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And once the storm is over, you won’t remember how you made it through, how 

you managed to survive. You won’t even be sure, whether the storm is really over. 

But one thing is certain. When you come out of the storm, you won’t be the same 

person who walked in. That’s what this storm’s all about. 

Haruki Murakami 
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Abstract 

Germline variants are increasingly recognized as contributors to hematological 

malignancies, influencing disease risk, treatment outcomes, and long-term complications, 

particularly in the context of allogeneic hematopoietic stem cell transplantation (HSCT). 

Despite their clinical relevance, routine analysis of germline predisposition has remained 

underutilized in many hematologic patient populations. As prognosis in hematological 

disorders has improved, fertility concerns are increasingly recognized as an important 

component of comprehensive care for pediatric and adolescent patients. However, the 

impact of the disease itself on reproductive capacity remains poorly understood. 

This thesis aimed to investigate the prevalence of cancer-predisposing germline variants in 

pediatric and adult patients with severe hematological diseases, assess the impact of these 

variants on HSCT, and evaluate fertility preservation potential in prepubertal boys with 

these diseases. 

The work is based on four sub-studies using exome sequencing, clinical data, and 

histological evaluation. Study populations included patients with acute lymphoblastic 

leukemia (n = 148), HSCT recipients and donors (n = 877 and 669, respectively), and 

pediatric patients undergoing testicular tissue biopsy for fertility preservation (n = 43). 

Variant analyses focused on genes predisposing to hematological disorders and solid 

cancers and clinically significant secondary findings. 

Pathogenic or likely pathogenic germline variants were identified in 10% of patients with 

acute lymphoblastic leukemia. Enrichment was most notable in hematological malignancy 

genes in children and solid tumor predisposition genes in adults, suggesting age-related 

patterns of inherited risk.  

Among allogeneic HSCT recipients, 17.8% carried clinically relevant germline variants. 

CHEK2 variants were the most prevalent and significantly enriched compared to control 

population but not associated with short-term transplant outcomes. A notable proportion 

of patients with related donors had not undergone germline testing prior to HSCT, 

indicating a missed opportunity for informed donor selection. 

In the fertility preservation cohort, testicular biopsies from prepubertal boys with severe 

hematological diseases revealed that 49% had reduced spermatogonial counts, and 19% 

showed severely depleted germ cell numbers before receiving any cytotoxic treatment. The 

most pronounced depletion was observed in patients with Fanconi anemia and other 

inherited bone marrow failure syndromes, indicating a disease-related impairment of 

spermatogenesis. 

This thesis highlights the prevalence and clinical impact of germline predisposition in 

hematological patients. Furthermore, the results emphasize the importance of genetic 

analysis and early fertility preservation measures as part of developing more individualized 

and long-term treatment strategies in hematology. 
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Tiivistelmä 

Ituratavariantit tunnetaan yhä laajemmin hematologisten maligniteettien riskitekijöinä. 

Ne voivat vaikuttaa paitsi sairastumisriskiin, myös hoitovasteeseen ja 

pitkäaikaiskomplikaatioihin, erityisesti allogeenisen hematopoieettisen kantasolusiirron 

(KSS) yhteydessä. Kliinisestä merkityksestään huolimatta iturataan liittyvän alttiuden 

tutkiminen ei ole vakiintunut käytäntö useissa hematologisissa potilasryhmissä. 

Hematologisten sairauksien ennusteen parantuessa hedelmällisyyteen liittyvät kysymykset 

tunnistetaan yhä paremmin tärkeäksi osaksi kokonaisvaltaista hoitoa. Itse sairauksien 

vaikutuksista hedelmällisyyteen tiedetään kuitenkin vielä vähän. 

Tässä väitöskirjassa tutkittiin syöpäriskiä lisäävien ituratavarianttien esiintyvyyttä lapsi- ja 

aikuispotilailla, joilla on vakava hematologinen sairaus, sekä arvioitiin näiden varianttien 

vaikutusta kantasolusiirtoon. Lisäksi selvitettiin hedelmällisyyden säilyttämisen 

mahdollisuuksia näitä sairauksia sairastavilla pojilla ennen murrosikää. 

Väitöskirja perustuu neljään osatyöhön, joissa hyödynnettiin eksomisekvensointidataa, 

kliinisiä tietoja ja histologista näytteitä. Tutkimusaineistoon sisältyi akuuttiin 

lymfoblastileukemiaan sairastuneita potilaita (n = 148), kantasolusiirtopotilaita ja heidän 

luovuttajiaan (n = 877 ja 669) sekä esimurrosikäisiä poikia, joilta oli otettu kivesbiopsia 

hedelmällisyyden säilyttämiseksi (n = 43). Varianttianalyysit kohdistuivat hematologisille 

ja kiinteille syöville altistaviin geeneihin sekä kliinisesti merkittäviin sivulöydöksiin. 

Akuuttia lymfoblastileukemiaa sairastavista potilaista 10 %:lla todettiin patogeeninen tai 

todennäköisesti patogeeninen ituratavariantti. Varianttien rikastumista havaittiin 

erityisesti lapsipotilailla hematologisiin maligniteetteihin ja aikuispotilailla kiinteisiin 

kasvaimiin liittyvissä geeneissä, mikä viittaa erilaisiin perinnöllisen alttiuden muotoihin. 

Allogeenisen KSS:n saaneista potilaista 17,8 %:lla todettiin kliinisesti merkittävä 

ituratavariantti. CHEK2-variantit olivat näistä yleisimpiä ja väestökontrolleihin verrattuna 

rikastuneita, mutta ne eivät vaikuttaneet lyhyen aikavälin siirron tuloksiin. Merkittävä osa 

sukulaisluovuttajalta kantasolusiirteen saaneista potilaista ei ollut saanut geneettistä 

diagnoosia ennen kantasolusiirtoa, mikä paljastaa hukatun mahdollisuuden huomioida 

perinnöllinen alttius luovuttajavalinnassa. 

Vaikeaa hematologista sairautta sairastavista esimurrosikäisistä pojista 49 %:lla oli 

vähentynyt siittiöiden kantasolujen määrä jo ennen sytotoksista hoitoa. 19 %:lla havaittiin 

vaikea-asteista sukusolujen katoa. Merkittävimmät löydökset koskivat Fanconin anemiaa 

ja muita perinnöllisiä luuytimen vajaatoimintaa sairastavia potilaita, mikä viittaa itse 

sairauteen liittyvään häiriöön siittiöiden tuotannossa. 

Tämä väitöskirja tuo esiin ituratavarianttien yleisyyden ja kliinisen merkityksen 

hematologisilla potilailla. Tämän lisäksi tulokset korostavat geneettisen analyysin ja 

varhaisien toimien hedelmällisyyden säilyttämiseksi tärkeyttä osana yksilöllisempien ja 

pitkäjänteisempien hoitolinjojen kehittämistä hematologiassa.  
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1 Introduction 

The history of hematological diseases is, in many ways, a story of medical 

perseverance. From the early 19th century descriptions of leukemia and lymphoma 

to the development of radiation and chemotherapy, the journey to understand and 

treat blood cancers has been long and complex. These diseases gradually became 

better defined, first through clinical observation and later through advances in 

pathology, cytogenetics, and molecular biology. 

One of the most transformative steps in hematology was the development of 

hematopoietic stem cell transplantation (HSCT). Once an experimental and highly 

risky procedure, allogeneic hematopoietic stem cell transplantation has evolved 

into a potentially curative option for many malignant and non-malignant 

hematological disorders. The early decades of HSCT were marked by numerous 

setbacks as graft failures, infections, and severe graft-versus-host disease were 

common. Despite these challenges, determined researchers continued to push the 

field forward, refining conditioning regimens, improving donor matching, and 

developing effective strategies for immune suppression. Over the past six decades, 

improvements in donor matching, conditioning regimens, and supportive care have 

transformed HSCT from an experimental therapy into a cornerstone of modern 

hematology. 

At the same time, our understanding of inherited susceptibility to hematological 

malignancies has grown rapidly. What was once thought to be limited to rare 

familial syndromes is now recognized as a more widespread phenomenon. 

Germline predisposition can exist even in patients without a known family history 

or syndromic features, and these inherited variants may influence disease 

development, treatment response, and long-term complications. For patients 

undergoing HSCT, these germline findings can have important clinical 

implications, including donor selection, conditioning intensity, and long-term 

monitoring. 

The Finnish population represents a well-characterized genetic isolate, shaped 

by multiple historical population bottlenecks, founder effects, and relative 

geographic and cultural isolation. These events have led to a unique population 

structure with reduced genetic diversity and enrichment of certain rare variants and 

mutations that are either very uncommon or absent in other populations. Beyond 

the well-known conditions, also known as Finnish Disease Heritage, the genetic 
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isolate status of the Finnish population also enables the identification of novel 

disease-associated variants. 

In the context of hematological diseases, the Finnish population offers a 

particularly valuable opportunity to explore the role of rare variants and founder 

mutations that may be overlooked in more genetically heterogeneous populations. 

The enrichment of certain variants, combined with comprehensive nationwide 

health records, high-quality biobank data, and centralized diagnostic practices, 

enables powerful genotype-phenotype correlation studies. This unique genetic 

landscape enhances our ability to uncover disease mechanisms, improve risk 

stratification, and potentially identify targets for personalized therapies. 

The first HSCT in Finland was performed in 1974. Since then, the number of 

HSCT procedures has increased rapidly. In Finland, approximately 150 allogeneic 

HSCTs are performed annually, with 20–30 involving pediatric patients. Pediatric 

patients are treated exclusively at the New Children's Hospital in Helsinki, while 

allogeneic stem cell transplantations for adults are conducted in Helsinki and 

Turku. While leukemia remains the predominant indication for adult 

transplantations, pediatric HSCTs increasingly address congenital disorders of 

hematopoiesis and the immune system. In Finland, haploidentical transplantations 

were introduced in 2014 for adult patients and extended to pediatric patients in 

2017, expanding the donor pool to half-matched family members and improving 

treatment options when a fully matched donor is unavailable. 

Another emerging area of interest is fertility preservation. Especially in pediatric 

and adolescent patients, concerns about long-term quality of life, including 

reproductive health, are gaining more attention. While it is well known that 

chemotherapy and radiation impair fertility, recent research suggests that reduced 

fertility may also be associated with the disease itself or with inherited 

predisposition, even before treatment begins. 

This thesis focuses on exploring the prevalence of germline variants in patients 

with severe hematological disorders, their implications in the setting of HSCT and 

fertility preservation. Drawing data from both pediatric and adult patient cohorts, 

and combining clinical, genetic, and histological analyses, the goal is to provide a 

deeper understanding of how inherited factors shape not only disease risk but also 

patient care. 
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2 Review of the literature 

2.1 Hematopoiesis 

Blood cell production, known as hematopoiesis, is a tightly regulated process 

essential for maintaining homeostasis and immune function. It occurs primarily in 

the bone marrow, where hematopoietic stem cells (HSCs) differentiate into mature 

blood cells with specialized functions. The balance between proliferation, 

differentiation, and apoptosis ensures the continuous renewal of blood components 

while preventing uncontrolled growth or dysfunction. Disruptions in this process 

can lead to hematological malignancies, highlighting the importance of 

understanding normal hematopoiesis in disease pathogenesis and treatment 

strategies. 

2.1.1 Hematopoietic stem cells 

Hematopoiesis originates from stem cells, which reside in specialized bone marrow 

niches and possess both self-renewal capacity and multipotency. Classically, these 

stem cells have been thought to differentiate through a hierarchical process, giving 

rise to two primary progenitor lineages: common myeloid progenitors (CMPs) and 

common lymphoid progenitors (CLPs). Myeloid progenitors further differentiate 

into erythrocytes, megakaryocytes, granulocytes (neutrophils, eosinophils, and 

basophils), and monocytes, while lymphoid progenitors give rise to T cells, B cells, 

and natural killer (NK) cells. Hematopoiesis and the differentiation process is 

tightly regulated by transcription factors and influenced by a complex network of 

cytokines and signaling pathways that ensure proper lineage specification and 

cellular homeostasis. Dysregulation at any stage of this process can lead to 

ineffective hematopoiesis, immune deficiencies, or malignant transformation. 

Although this classical hierarchical model has been central for understanding 

hematopoiesis, recent studies have revealed greater complexity, including early 

lineage priming already at the level of hematopoietic stem cells and the existence of 

multiple differentiation routes leading to the same lineage outcome. 1–4 
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2.1.2 Roles of differentiated blood cells  

The differentiation of hematopoietic stem cells follows a hierarchical pathway to 

generate functionally distinct blood cell types (Figure 1). The common myeloid 

progenitor gives rise to two major progenitor populations: megakaryocyte-

erythroid progenitors (MEPs) and granulocyte-macrophage progenitors (GMP). 

The MEP lineage is responsible for producing erythrocytes and platelets. Under 

the influence of erythropoietin, MEPs differentiate into erythroblasts, which 

mature into erythrocytes capable of oxygen transport via hemoglobin. These cells 

maintain systemic oxygenation and carbon dioxide removal, with their production 

finely tuned to oxygen availability. Alternatively, MEPs can differentiate into 

megakaryocytes, which produce platelets. The differentiation of megakaryocytes is 

driven by thrombopoietin, and the mature platelets play an essential role in 

hemostasis by aggregating at sites of vascular injury. 

Figure 1.  Differentiation of hematopoietic stem cells into myeloid and lymphoid lineages. 
Created with BioRender.com 
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The GMP lineage gives rise to granulocytes, including neutrophils, eosinophils, 

and basophils, and monocytes. Neutrophils are the most abundant type of white 

blood cell and serve as the first responders to infections, utilizing phagocytosis and 

the release of antimicrobial substances to eliminate pathogens. Eosinophils are 

specialized in combating parasitic infections and regulating allergic responses, 

while basophils, along with mast cells, play a role in inflammation by releasing 

histamine and other mediators upon activation. Monocytes circulate in the 

bloodstream and, upon entering tissues, differentiate into macrophages or 

dendritic cells, both of which are crucial for antigen presentation and immune 

modulation. 

In parallel to myeloid differentiation, the common lymphoid progenitor gives 

rise to T cells, B cells, and natural killer cells, which coordinate adaptive and innate 

immune responses. While myeloid cells are primarily involved in immediate 

immune defense and tissue homeostasis, lymphoid cells regulate long-term 

immunity, antigen-specific responses, and immune memory. 

The intricate differentiation of hematopoietic progenitors into distinct cell types 

ensures a dynamic and adaptable hematopoietic system. Any disruptions in this 

tightly regulated process due to genetic mutations, epigenetic alterations, or 

external stressors can contribute to hematological malignancies, emphasizing the 

need for a comprehensive understanding of normal hematopoiesis. 

2.2 Clonal hematopoiesis and malignant transformation 

2.2.1 Clonal hematopoiesis 

Clonal hematopoiesis (CH) refers to the expansion of hematopoietic stem and 

progenitor cells that acquire somatic mutations conferring a selective advantage.5  

CH is strongly an age-related process, with prevalence rising sharply after the fifth 

decade of life and up to 10–20% of individuals over 70 harbor detectable CH 

clones.5 Beyond age, environmental factors such as smoking, chemotherapy, and 

chronic inflammation contribute to CH development by inducing deoxyribonucleic 

acid (DNA) damage and promoting the selection for resistant clones.6 This 

phenomenon is increasingly recognized as a key intermediary state between normal 

hematopoiesis and hematological malignancies.7 Emerging evidence suggests that 

inherited genetic factors play a crucial role in influencing the susceptibility to CH 

and its progression.8–10 

CH arises from mutations in key regulatory genes, most commonly DNMT3A, 

TET2, and ASXL1, which are involved in epigenetic modification and 

transcriptional regulation.5 However, inherited mutations in genes regulating DNA 

repair, chromatin remodeling, and telomere maintenance may predispose 

individuals to the acquisition and expansion of such clones.9–11 Defects in DNA 
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damage response genes, such as those involved in homologous recombination or 

mismatch repair pathways, can create a cellular environment where mutations 

accumulate more readily, facilitating clonal selection.10 Similarly, germline 

mutations in telomere biology disorder (TBD) genes can lead to premature 

hematopoietic stem cell exhaustion, favoring the outgrowth of clones with 

increased proliferative potential.12 

A subset of CH, termed clonal hematopoiesis of indeterminate potential (CHIP), 

is defined by the presence of somatic mutations in leukemia-associated genes at a 

variant allele fraction (VAF) ≥2% without overt hematological malignancy.13 CHIP 

is generally asymptomatic and the transformation of CH into malignancy is 

relatively rare, 0.5–1% per year.5 Individuals with inherited predisposition 

syndromes, including those with mutations in hematopoietic transcription factors 

or tumor suppressor genes, may experience accelerated clonal expansion due to a 

reduced capacity for normal hematopoietic regeneration.8–10 Moreover, CH is 

emerging as a factor influencing outcomes in hematopoietic stem cell 

transplantation, as donor-derived CHIP increases the risk of graft failure and 

secondary malignancies.12 

In conclusion, CH represents a dynamic state of hematopoiesis that bridges 

normal hematopoiesis and malignant transformation. Recognizing its clinical 

significance is essential for the advancement of personalized medicine, particularly 

in hematological malignancy surveillance and risk management. Furthermore, 

acknowledging the influence of inherited genetic factors will be crucial in refining 

risk prediction and developing targeted interventions for individuals. 

2.2.2 Malignant transformation in hematopoietic cells 

Cancer arises from the progressive accumulation of genetic and epigenetic 

alterations that disrupt normal cellular homeostasis, leading to uncontrolled 

proliferation, resistance to cell death, and immune evasion.14,15 While the 

fundamental mechanisms of oncogenesis are shared across different cancer types, 

the manifestation of these processes varies between solid tumors and hematological 

malignancies.16,17 Unlike solid tumors, which form localized masses and invade 

surrounding tissues, hematological cancers originate from cells of the blood and 

immune system, inherently circulating within the body and exploiting specialized 

niches like the bone marrow and lymphoid organs. 

The Hallmarks of Cancer, a conceptual framework proposed by Hanahan and 

Weinberg, provides a comprehensive model to understand the biological traits that 

enable malignant transformation.14,15,18 Initially described as six core features, later 

expanded to eight, and further refined in 2022, these hallmarks encompass the 

ability of cancer cells to sustain proliferative signaling, evade growth suppressors, 

resist cell death, enable replicative immortality, induce or access vasculature, 
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activate invasion and metastasis, reprogram metabolism, and evade immune 

destruction.14,15 In addition to these core hallmarks, enabling characteristics, 

genomic instability and tumor-promoting inflammation further drive 

oncogenesis.15,19,20  

Recently, the Hallmarks of Cancer framework have been proposed to include 

new hallmarks (unlocking phenotypic plasticity and senescent cells) and enabling 

characteristics (nonmutational epigenetic reprogramming and polymorphic 

microbiomes).15 While these emerging capabilities are primarily studied in solid 

tumors, their implications in hematological malignancies are increasingly 

recognized, particularly in the context of differentiation blockades and lineage 

switching, which contribute to disease progression and therapeutic resistance.21,22 

The role of epigenetic reprogramming is particularly relevant in hematopoietic 

malignancies, where such changes contribute to altered stem cell function and 

clonal dominance.5 

Figure 2.  The Hallmarks of Cancer including eight hallmark capabilities (red) and two enabling 
characteristics (turquoise). Created with BioRender.com 



 

8 

Clonal hematopoiesis represents an early evolutionary step in malignant 

transformation, where genetic and epigenetic alterations accumulate in 

hematopoietic stem cells, conferring a selective advantage.5,23 This process 

exemplifies several hallmarks of cancer at a pre-malignant stage, including 

sustained proliferative signaling and genome instability. Understanding these 

distinct aspects of hematological malignancies is essential for advancing 

personalized treatment and monitoring strategies, ultimately improving patient 

outcomes.24 

2.3 Clinical characteristics of hematological 
malignancies and disorders 

Hematological malignancies are a diverse group of cancers affecting the blood, bone 

marrow, and hematopoietic system. Unlike solid tumors, these cancers originate 

from blood-forming cells and typically involve widespread systemic disease from 

the outset. 

Hematological malignancies are broadly classified into leukemias, 

myelodysplastic syndromes (MDS), myeloproliferative neoplasms (MPNs), and 

plasma cell disorders.25,26 Leukemias are further divided into acute and chronic 

forms based on disease progression, as well as into lymphoid and myeloid 

leukemias according to the lineage of the affected blood cells. Acute lymphoblastic 

leukemia (ALL) arises from immature lymphoid progenitor cells, while acute 

myeloid leukemia (AML) originates from myeloid precursors. Similarly, chronic 

lymphocytic leukemia (CLL) develops from mature lymphoid cells, whereas chronic 

myeloid leukemia (CML) affects myeloid cells. 

MDS is characterized by ineffective blood cell production and a risk of 

progression to acute leukemia, whereas MPNs involve excessive blood cell 

production due to mutations in key regulatory genes. Plasma cell disorders, such as 

multiple myeloma (MM), result from the uncontrolled proliferation of plasma cells, 

leading to abnormal antibody production and associated organ damage. Other 

hematological malignancies include myelodysplastic/myeloproliferative 

neoplasms (MDS/MPNs), histiocytic neoplasms, and other rare bone marrow 

disorders. 

Although lymphomas also arise from hematopoietic cells, they are generally 

considered separate from blood cancers due to their primary involvement of 

lymphoid tissues. 

The incidence of hematological malignancies has increased in recent years, 

partly due to improved diagnostics and an aging population. Advances in molecular 

profiling and targeted therapies have significantly improved outcomes, but 

challenges remain in disease monitoring, treatment resistance, and complications 

related to hematopoietic stem cell transplantation. As survival rates improve, 
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aspects such as fertility preservation and long-term health effects are gaining more 

attention in patient care. 

In addition to hematological malignancies, non-malignant hematological 

disorders comprise a heterogeneous group of diseases affecting blood cell 

development and function. Although their clinical manifestations and prognoses 

vary widely, the most severe forms rely on allogeneic hematopoietic stem cell 

transplantation (HSCT) as a curative treatment. 

2.3.1 Acute lymphoblastic leukemia (ALL) 

ALL is an aggressive malignancy of lymphoid progenitor cells, leading to the 

uncontrolled proliferation of immature lymphoblasts in the bone marrow and 

peripheral blood. It is the most common leukemia in children but also occurs in 

adults, where it generally has a poorer prognosis.27,28 The incidence of ALL follows 

a bimodal distribution, with the highest peak in children at the of age 2–5 years and 

a second, smaller peak in older adults. 

ALL is classified into B-cell ALL (B-ALL) and T-cell ALL (T-ALL) based on the 

cell of origin.29,30 B-ALL accounts for the majority of cases, while T-ALL is less 

common and often presents with a high white blood cell count or mediastinal 

involvement.26,30 Genetic abnormalities play a key role in the classification and 

prognosis of ALL, with the Philadelphia chromosome (Ph+ ALL) being the most 

common cytogenetic abnormality in adult patients.29,30 The Philadelphia 

chromosome results from a t(9;22) translocation, which creates the BCR-ABL1 

fusion gene, leading to uncontrolled tyrosine kinase activity and increased cell 

proliferation.29 Other genetic alterations, such as KMT2A rearrangements, ETV6-

RUNX1 fusion, and hyperdiploidy, also influence disease progression and 

treatment.26,29,30 

The clinical presentation is often nonspecific, with symptoms related to bone 

marrow failure, such as anemia, thrombocytopenia, and neutropenia, as well as 

bone and joint pain, fever, organomegaly, bruising and lymphadenopathy. In some 

cases, leukemic infiltration of the central nervous system may occur. Diagnosis is 

based on bone marrow examination, immunophenotyping, and genetic testing to 

guide risk stratification.30 

Treatment consists of multi-phase chemotherapy with central nervous system 

prophylaxis, and in high-risk cases refractory to intensive chemotherapy, 

hematopoietic stem cell transplantation. In children, treatment outcomes have 

improved significantly, with a 5-year survival rate exceeding 90%, as a result of 

intensive chemotherapy regimens and risk-adapted treatment strategies.27 In 

contrast, adult patients continue to face worse outcomes, with a 5-year survival rate 

below 50%, particularly in older populations.28 Targeted therapies, such as tyrosine 

kinase inhibitors for Ph+ ALL, and immunotherapies like blinatumomab and 
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chimeric antigen receptor (CAR) T-cell therapy, have improved survival in relapsed 

and refractory cases.28,30 However, challenges remain, particularly in adult 

patients, where treatment-related toxicities and long-term complications continue 

to impact survival and quality of life.28,30 

While most cases of acute lymphoblastic leukemia occur sporadically, inherited 

genetic predisposition plays a role in a subset of patients.26,29 Germline mutations 

in genes such as PAX5, IKZF1, and TP53 have been linked to familial ALL and 

increased leukemia risk.29,30 

2.3.2 Myelodysplastic syndrome (MDS) and acute myeloid 
leukemia (AML) 

MDS and AML are hematological malignancies that arise from myeloid progenitor 

cells and share overlapping genetic and clinical features.29 MDS is a heterogeneous 

group of clonal hematopoietic disorders characterized by ineffective hematopoiesis, 

cytopenias, and dysplastic bone marrow morphology.25,29 The disease course ranges 

from indolent cases requiring only supportive care to high-risk forms that progress 

to AML.25,29 

AML, in contrast, is a rapidly progressing malignancy marked by the 

uncontrolled proliferation of immature myeloid blasts in the bone marrow and 

peripheral blood.25,29 Traditionally, AML was defined by a blast threshold of 20% in 

the bone marrow, but modern classifications recognize that cases with 10–19% 

blasts exist in a transitional state between high-risk MDS and overt AML.25,29,31 This 

distinction reflects the evolving understanding that MDS and AML are part of a 

single disease spectrum, rather than completely separate entities. 

MDS primarily affects elderly individuals, with incidence significantly 

increasing after the age of 70. AML is also more common in older adults, with a 

median age at diagnosis of approximately 70 years, and its incidence increases 

significantly with advancing age. Risk factors for both diseases include genetic 

predisposition, environmental exposures, and clonal hematopoiesis.5,25,29 

Recent classifications emphasize the molecular landscape of MDS and AML, 

moving beyond purely morphological criteria. Key genetic mutations include TP53, 

SF3B1, RUNX1, and ASXL1 in MDS, with TP53 alterations conferring a particularly 

poor prognosis.25,29,31 In AML, genetic markers like FLT3 internal tandem 

duplication (FLT3-ITD), NPM1, and CEBPA mutations guide risk stratification and 

targeted therapy selection.25,29 

Patients with MDS often present with fatigue, anemia, recurrent infections, and 

bleeding tendency due to bone marrow failure, whereas AML symptoms develop 

more acutely, with rapidly progressing cytopenias, leukocytosis, and systemic 

complications. Diagnosis is based on bone marrow biopsy, cytogenetics, and 

molecular analysis.25,29 
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Treatment strategies depend on disease severity and patient characteristics.32,33 

Low-risk MDS is often managed with supportive therapy, erythropoiesis-

stimulating agents, or hypomethylating agents, while high-risk MDS and AML 

require intensive chemotherapy, targeted therapies, or hematopoietic stem cell 

transplantation in eligible patients.32,33 Newer targeted treatments have improved 

outcomes in AML, but prognosis remains poor in older adults, where survival rates 

remain below 30% at five years.34 

While myelodysplastic syndromes and acute myeloid leukemia are typically 

acquired, they can also develop in individuals with an inherited genetic 

predisposition. Germline mutations in RUNX1, GATA2, CEBPA, and DDX41, for 

example, increase susceptibility to these malignancies, often manifesting as early-

onset or therapy-related disease.25,29,35 Familial MDS/AML syndromes may present 

with bone marrow failure, immune dysregulation, or other systemic features before 

leukemic transformation, highlighting the importance of genetic screening in high-

risk individuals.25,29,35 

2.3.3 Myeloproliferative neoplasms (MPNs) 

MPNs are a heterogeneous group of hematological malignancies characterized by 

clonal proliferation of myeloid lineage cells. The latest edition of the World Health 

Organization (WHO) Classification of Haematolymphoid Tumours and the 

International Consensus Classification (ICC) have refined the classification of 

MPNs by integrating morphologic, molecular, and clinical attributes to improve 

diagnostic accuracy and risk stratification.25,36–38 The major entities in this category 

include chronic myeloid leukemia, polycythemia vera (PV), essential 

thrombocythemia (ET), primary myelofibrosis (PMF), chronic neutrophilic 

leukemia, chronic eosinophilic leukemia, juvenile myelomonocytic leukemia 

(JMML), and myeloproliferative neoplasm, not otherwise specified (MPN-

NOS).25,36,37 These disorders are largely distinguished by clinical presentation, 

peripheral blood counts, and the presence of key driver mutations, particularly in 

the JAK2, CALR, and MPL genes.25,36 The JAK2 V617F mutation is the most 

common molecular aberration in MPNs, detected in almost all cases of PV and in a 

significant proportion of ET and PMF patients, while CALR and MPL mutations are 

more specific to ET and PMF but are absent in PV.25,36 

In addition to classical MPNs, there is a hybrid category of MDS/MPNs, which 

includes disorders that exhibit both dysplastic and proliferative hematologic 

features.25,38 This category includes chronic myelomonocytic leukemia (CMML), 

MDS/MPN with neutrophilia, MDS/MPN with SF3B1 mutation and 

thrombocytosis (MDS/MPN-SF3B1-T), as well as MDS/MPN NOS.25,37,38 These 

entities are characterized by both ineffective hematopoiesis and proliferative 
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activity, often posing diagnostic challenges and requiring integration of 

morphologic, cytogenetic, and molecular findings for accurate classification.38,39 

Clinically, MPNs present with chronic proliferation of myeloid cells, leading to 

variable manifestations and complications.36 PV is characterized by excessive 

erythrocyte production, often accompanied by leukocytosis, thrombocytosis, and 

an increased risk of thrombotic events.36 ET is distinguished by sustained 

thrombocytosis, which predisposes patients to both thrombotic and hemorrhagic 

complications.36 PMF, in contrast, follows a more aggressive course, leading to 

progressive bone marrow fibrosis, extramedullary hematopoiesis, cytopenias, and 

systemic symptoms, often culminating in secondary acute myeloid leukemia.36 

Unlike these Philadelphia chromosome-negative neoplasms, chronic myeloid 

leukemia is defined by the presence of the BCR-ABL1 fusion gene, which drives 

uncontrolled proliferation of granulocytic precursors and, without treatment, leads 

to disease progression.25 

Risk stratification in MPNs is essential for prognosis and treatment decisions. 

Scoring systems incorporate clinical variables and high-risk genetic mutations to 

predict disease progression and patient survival.37,40,41 Myelofibrosis, in particular, 

is associated with a higher burden of high-risk mutations, which correlate with poor 

overall survival (OS) and an increased likelihood of leukemic transformation.25,38,41 

The treatment of MPNs is guided by disease type, risk stratification, and 

symptom burden.36,42 For high-risk PV and ET, cytoreductive therapy, typically 

with hydroxyurea or interferon-α, is recommended to reduce thrombotic 

complications.36,42 In PMF, JAK inhibitors have significantly improved symptom 

control and splenomegaly reduction, particularly in intermediate- and high-risk 

cases.36,42 However, for patients with advanced myelofibrosis or those with poor 

prognostic features, allogeneic hematopoietic stem cell transplantation remains the 

only curative approach, though its applicability is often limited by age and 

comorbidities.41,43 Advances in genetic profiling have refined the classification and 

prognostication of MPNs, allowing for more personalized treatment 

approaches.36,40 

2.3.4 Lymphoproliferative disorders 

Lymphoproliferative disorders or lymphoid neoplasms, encompass a diverse group 

of hematological malignancies arising from the clonal proliferation of B cells, T 

cells, or natural killer cells. These disorders range from indolent conditions with 

slow progression to highly aggressive malignancies. According to the 5th edition of 

the WHO classification of hematolymphoid tumors, lymphoid neoplasms are 

classified based on morphology, immunophenotype, genetic alterations, and 

clinical behavior.26 
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This category includes acute leukemias, which have been addressed in an earlier 

section, as well as lymphomas, which are also part of the lymphoid neoplasms but 

are not covered in this discussion.26 Instead, the focus here is on chronic 

lymphoproliferative disorders and plasma cell neoplasms. 

Chronic lymphocytic leukemia is the most prevalent leukemia in adults, with an 

incidence increasing with age; the median age at diagnosis is 70 years, and it is rare 

in individuals under 45.44 CLL is characterized by the clonal expansion of CD5-

positive (cluster of differentiation 5) B lymphocytes, accumulating in the blood, 

bone marrow, and lymphoid tissues.26,44 The disease course is highly variable, with 

some patients remaining asymptomatic for years, while others experience rapid 

disease progression.44 While pharmacological therapies improve survival, CLL 

remains incurable without allogeneic hematopoietic stem cell transplantation, 

which is considered for younger patients with high-risk or refractory disease.44 

Multiple myeloma is a malignancy of terminally differentiated plasma cells, 

primarily affecting individuals over 65 years old, with only 2% of cases occurring in 

patients younger than 40.45 It typically evolves from monoclonal gammopathy of 

undetermined significance, which progresses to symptomatic MM at a rate of 

approximately 1% per year.45,46 The disease is characterized by clonal plasma cell 

expansion in the bone marrow, overproduction of monoclonal immunoglobulins, 

osteolytic bone lesions, anemia, and renal dysfunction.45,46 

Risk stratification in MM is based on cytogenetic abnormalities and biochemical 

markers.45,47 Treatment typically includes immunomodulatory drugs, proteasome 

inhibitors, and monoclonal antibodies.45 Autologous hematopoietic stem cell 

transplantation is the standard approach for eligible patients, whereas allogeneic 

HSCT offers a potential cure for selected high-risk patients, though its use is limited 

by high toxicity and complications.45 The development of CAR T-cell therapy and 

bispecific antibodies has improved outcomes in relapsed disease.48 Plasma cell 

leukemia is a rare and aggressive form of myeloma, characterized by circulating 

plasma cells in peripheral blood and a poor prognosis, requiring intensive 

therapy.25,45 

2.3.5 Bone marrow failure (BMF) 

BMF is a broad term encompassing a spectrum of disorders characterized by the 

inability of hematopoietic stem cells to produce adequate numbers of blood 

cells.49,50 It can be classified into inherited and acquired forms, with varying 

implications for disease progression, treatment, and prognosis.49,50 Inherited BMF 

syndromes, such as Fanconi anemia (FA), dyskeratosis congenita (DC), Diamond-

Blackfan anemia (DBA), and Shwachman-Diamond syndrome (SDS), are 

associated with increased risks of hematological malignancies and other systemic 

complications.50,51 Acquired BMF, most notably aplastic anemia (AA), is frequently 
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immune-mediated and can be secondary to various environmental, infectious, or 

idiopathic causes.50,52 

The pathogenesis of inherited BMF syndromes is typically linked to genetic 

mutations affecting DNA repair, ribosomal biogenesis, or telomere maintenance.49–

51 For instance, FA results from mutations in genes involved in the FA/BRCA 

(Fanconi anemia/Breast Cancer susceptibility) pathway, leading to genomic 

instability and increased cancer susceptibility.49,51 DC is associated with defects in 

telomere maintenance, which predisposes patients to premature cellular 

senescence and hematopoietic failure.49,50 DBA is caused by mutations in ribosomal 

protein genes, impairing erythropoiesis.49,50 

In contrast, acquired aplastic anemia is largely mediated by autoimmune 

mechanisms. Autoreactive cytotoxic T lymphocytes attack hematopoietic 

progenitors, leading to bone marrow hypocellularity and pancytopenia.49,50 

Environmental triggers such as viral infections, toxins, drugs, or radiation exposure 

have been implicated in acquired BMF, though the precise mechanisms remain 

incompletely understood.53 

Patients with BMF typically present with signs of cytopenias, including anemia-

related fatigue, thrombocytopenia-associated bleeding, and neutropenia-driven 

infections.49,50 Inherited forms often have syndromic features, such as congenital 

anomalies in Fanconi anemia or skin and nail abnormalities in dyskeratosis 

congenita.49,50 Diagnosis involves a combination of clinical assessment, bone 

marrow biopsy, and genetic or molecular testing to differentiate between inherited 

and acquired etiologies.49,50 

The treatment of BMF varies based on etiology, severity, and patient-specific 

factors. Hematopoietic stem cell transplantation is the preferred curative option for 

many inherited and severe acquired cases, particularly in younger patients with 

matched donors.49 In acquired aplastic anemia, first-line treatment consists of 

immunosuppressive therapy with cyclosporine and anti-thymocyte globulin, 

combined with a thrombopoietin receptor agonist in severe cases without a suitable 

HSCT donor.49,52,54 

The prognosis of BMF has improved significantly with advances in supportive 

care, transplantation techniques, and targeted therapies.49,51,55 However, long-term 

risks such as clonal evolution to myelodysplastic syndromes or acute myeloid 

leukemia remain concerns, particularly in inherited forms.51,55 

2.3.6 Other hematological disorders 

In addition to the previously discussed hematological malignancies and bone 

marrow failure, rare and severe hematological disorders encompass a diverse group 

of conditions affecting blood cells and hematopoietic function. These diseases can 

lead to severe cytopenias, systemic inflammation, or progressive organ damage. 
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They can be categorized by the primary cell type or system involved, including 

histiocytic and dendritic cell disorders, mast cell disorders, erythroid disorders, 

bone disorders, and metabolic disorders with hematologic involvement. While 

many rare disorders exist, this section focuses on five conditions with 

representation in our patient cohorts: histiocytosis, mastocytosis, 

hemoglobinopathies, osteopetrosis, and adrenoleukodystrophy.  

Histiocytosis comprises a heterogeneous group of disorders characterized by the 

proliferation of histiocytes, which can lead to systemic inflammation and organ 

dysfunction.25,56–58 Key subtypes include Langerhans cell histiocytosis (LCH), 

Erdheim-Chester disease (ECD), and hemophagocytic lymphohistiocytosis 

(HLH).25,57,58 LCH is a clonal neoplasm driven by MAPK pathway mutations, often 

affecting bones, skin, and the central nervous system.25,56 ECD is a non-Langerhans 

histiocytosis frequently associated with BRAF V600E mutations and characterized 

by multi-organ involvement, including cardiovascular and skeletal manifestations

.25,58 HLH is a hyperinflammatory syndrome, which results from immune 

dysregulation and is associated with cytokine storm and multi-organ failure.25,57 

HSCT is considered in refractory cases of HLH and select patients with severe LCH 

or ECD.25,56–58 

Mastocytosis is a clonal disorder characterized by the abnormal proliferation 

and accumulation of mast cells in one or more organs.25 It can be classified into 

cutaneous mastocytosis, which primarily affects the skin, and systemic 

mastocytosis (SM), which involves the bone marrow and other organs.25,59,60 SM is 

further divided into bone marrow, indolent, smoldering, and aggressive 

mastocytosis, and mast cell leukemia subtypes.25,61 Mast cell proliferation is 

typically driven by constitutive activation of the KIT receptor, and the majority of 

cases are associated with KIT D816V mutations.25,59 Clinical manifestations vary 

from mild mediator-related symptoms (flushing, anaphylaxis) to severe organ 

dysfunction.25,61,62 Treatment is based on disease severity, ranging from 

symptomatic management in indolent cases to cytoreductive therapies and 

hematopoietic stem cell transplantation in advanced SM.25,59,63 

Hemoglobinopathies are inherited disorders affecting hemoglobin structure or 

production, with sickle cell disease and thalassemia being the most clinically 

significant.64–67 Sickle cell disease is caused by biallelic point mutations in the β-

globin gene, causing hemoglobin polymerization leading to hemolysis, vaso-

occlusive crises, and progressive organ damage.67 Thalassemia results from 

impaired globin chain synthesis leading to an imbalance with globin chains.65,68 α-

thalassemia results from deletions or mutations affecting one to four α-globin gene 

copies, reducing α-globin chain production.68 Disease severity depends on the 

number of affected genes, ranging from an asymptomatic carrier state and mild 

anemia to chronic hemolytic anemia and lethal hydrops fetalis.64,69 β-thalassemia 

results from mutations or deletions in β-globin gene, leading to ineffective 
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erythropoiesis.65 The disease spectrum ranges from the asymptomatic carrier state 

to moderate (β-thalassemia intermedia) or severe transfusion-dependent anemia 

(β-thalassemia major).65,70 Management of hemoglobinopathies includes regular 

blood transfusions and iron chelation therapy to prevent iron overload and 

associated complications.67,69,70 For severe cases, hematopoietic stem cell 

transplantation remains the only curative option, while emerging gene therapies 

offer promising alternatives.67,69,70 

Osteopetrosis is a rare genetic disorder caused by defective osteoclast-mediated 

bone resorption, leading to increased bone density and skeletal fragility.71 The 

disease varies in severity, with autosomal recessive osteopetrosis presenting in 

infancy with bone marrow failure, cranial nerve compression, and recurrent 

fractures, while autosomal dominant osteopetrosis is typically milder and 

diagnosed in adolescence or adulthood.71 HSCT is the only curative option for 

severe forms as it restores osteoclast function.71 

X-linked adrenoleukodystrophy is a metabolic disorder caused by mutations in 

ABCD1, leading to the accumulation of very-long-chain fatty acids and progressive 

demyelination of the central nervous system.72,73 The disease manifests in 

childhood as cerebral adrenoleukodystrophy, adolescent/adult 

adrenomyeloneuropathy, or adrenal insufficiency.72 HSCT is the only established 

therapy for early-stage cerebral adrenoleukodystrophy, preventing further 

neurological decline, but it does not reverse existing damage.72,73 

2.3.7 Inborn errors of immunity (IEIs) 

Inborn errors of immunity, previously known as primary immunodeficiencies, 

encompass a broad and expanding spectrum of genetic disorders affecting immune 

system function.74,75 These conditions can manifest as increased susceptibility to 

infections, immune dysregulation, autoimmunity, autoinflammation, allergy, and 

predisposition to malignancy.74,75 Recent advances in genetic and molecular 

technologies have significantly enhanced the identification, classification, and 

treatment of these disorders, with a total of approximately 500 genetic defects now 

recognized in relation to IEIs.74–77 

The early identification of IEIs is crucial, as it enables timely interventions that 

can significantly improve clinical outcomes.75 Newborn screening programs, 

particularly for severe combined immunodeficiency (SCID), have revolutionized 

early detection and management.78,79 These programs facilitate early hematopoietic 

stem cell transplantation before severe infections develop, leading to improved 

survival rates.78,79 The role of next-generation sequencing in diagnosing IEIs has 

grown substantially, improving the ability to detect both common and rare immune 

defects as many IEIs present with variable clinical phenotypes, complicating early 

recognition.75,76,80 Comprehensive genomic evaluations have demonstrated that 
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many previously undiagnosed immune disorders are linked to genetic 

mutations.76,77 

Hematopoietic stem cell transplantation remains the definitive curative 

treatment for many IEIs, particularly for SCID.79 Advances in gene therapy also 

hold promise for correcting specific monogenic defects, providing a potential 

alternative for patients without suitable donors.75,80 

2.4 Germline predisposition to hematological 
malignancies 

Inherited genetic predisposition significantly contributes to the risk of developing 

hematological malignancies, affecting both children and adults. Approximately 5–

15 % of hematological malignancies are now recognized as arising from germline 

predisposition mutations, with growing awareness due to advances in genetic 

diagnostics.81–83 These inherited factors typically follow autosomal dominant 

inheritance patterns, although penetrance and phenotypic expressivity can vary 

widely, even within affected families.82,84,85 Germline mutations may lead directly 

to hematological malignancies or predispose carriers through syndromes 

characterized by pre-existing organ dysfunctions, platelet disorders, or bone 

marrow failure.25,29,86 

The expanding identification of germline predisposition syndromes has 

emphasized the clinical importance of early genetic diagnosis, personalized 

monitoring, and informed treatment decisions, particularly regarding donor 

selection for hematopoietic stem cell transplantation.29,85,87 The complexity of these 

syndromes necessitates comprehensive genetic counseling and careful clinical 

management to optimize patient outcomes and reduce secondary malignancy 

risks.81,83,86 This chapter provides an overview of key genes and syndromes involved 

in hereditary predisposition to hematological malignancies, aiming to clarify 

clinical implications, diagnostic approaches, and management strategies informed 

by the latest genetic research. 

In addition, inherited cancer predisposition often arises from germline 

mutations in genes that govern fundamental cellular processes, such as DNA repair, 

cell cycle regulation, apoptosis, and chromatin remodeling.88 While many 

predisposition genes are associated with specific cancer types, there is substantial 

overlap in cancer risk across different tissues due to the broad functional impact of 

these pathways.89 For example, alterations in DNA damage response genes like 

BRCA1/2, ATM, and CHEK2 are linked to a spectrum of malignancies, including 

both solid tumors and hematological cancers.88,89 Although these genes are 

predominantly associated with solid tumors, they have also been reported in 

hematological malignancies, typically as rare findings and often considered low- to 

moderate-risk genes in this context.90,91 Their exact role in the pathogenesis of 
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hematological malignancies remains unclear, highlighting the need for further 

research.91 This shared vulnerability underscores the importance of considering 

broad genetic panels in cancer predisposition testing, as well as the clinical 

relevance of detecting germline variants even in unexpected cancer types. 

2.4.1 Genes with an inherited risk of hematological malignancies 

Germline mutations in the CEBPA (CCAAT/enhancer-binding protein alpha) gene 

significantly predispose individuals to AML, characterized by autosomal dominant 

inheritance and high penetrance.85,92–94 These mutations typically occur at the N-

terminal region, resulting in disrupted protein translation and an increased 

expression of the truncated p30 isoform, which impairs normal myeloid 

differentiation.92,94 Leukemic transformation frequently involves acquiring an 

additional somatic mutation in the C-terminal domain of CEBPA, further 

compromising its function.92,93 AML linked to germline CEBPA mutations typically 

presents at a younger age and has a favorable initial prognosis, but often recurs as 

independent leukemic episodes, necessitating careful monitoring and tailored 

treatment strategies.93,94 

Germline mutations in the DDX41 (DEAD-box helicase 41) gene represent one 

of the most common inherited factors predisposing adults to myeloid malignancies, 

notably MDS and AML.95,96  These mutations follow an autosomal dominant 

inheritance pattern and typically consist of loss-of-function variants, primarily 

truncating or frameshift mutations, manifesting clinically later in adulthood 

(median onset around 65–70 years).95–97 Affected individuals frequently acquire a 

secondary somatic mutation — most commonly the recurrent p.Arg525His variant 

— leading to biallelic impairment and subsequent disease development.96,97 

Clinically, these conditions often exhibit bone marrow hypocellularity and 

preceding cytopenias, and typically follow an indolent course with a comparatively 

favorable prognosis.95,96 Given the hereditary nature and clinical significance of 

DDX41 mutations, regular surveillance, and cautious selection of donors for 

hematopoietic stem cell transplantation are essential components of 

management.95,97 

Biallelic germline mutations in the ERCC6L2 (ERCC excision repair 6 like 2) 

gene predispose individuals to severe hematological disorders, primarily 

characterized by BMF and a significantly elevated risk of developing myeloid 

malignancies, particularly MDS and AML.98–100 ERCC6L2 functions crucially in 

DNA replication, DNA repair pathways including non-homologous end joining, and 

maintaining genomic stability by alleviating replication stress at complex 

chromosomal regions, such as centromeres.100–102 Clinically, ERCC6L2-related 

disease typically presents as early-onset BMF that often progresses into MDS and 

AML, frequently characterized by somatic TP53 mutations and erythroid 
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predominance.99,100 The hematological phenotype is severe despite relatively mild 

peripheral blood abnormalities, underscoring the necessity for timely diagnosis and 

regular surveillance.100 Due to the aggressive nature of ERCC6L2-related 

malignancies and poor prognosis once leukemic transformation occurs, early 

intervention with hematopoietic stem cell transplantation is recommended. 

Germline mutations in RUNX1 (RUNX family transcription factor 1), a 

transcription factor crucial for hematopoiesis, cause an autosomal dominantly 

inherited condition known as familial platelet disorder with predisposition to 

myeloid malignancies.103,104 Individuals carrying these mutations typically exhibit 

mild-to-moderate thrombocytopenia and platelet dysfunction, with a significantly 

increased risk of developing MDS and AML, among other hematological 

malignancies.103,105,106 Leukemic transformation in RUNX1-associated familial 

disease involves acquiring secondary somatic mutations, frequently affecting genes 

such as TET2, DNMT3A, ASXL1, and BCOR, leading to clonal hematopoiesis and 

eventual malignant progression.106,107 Although penetrance is incomplete, 

approximately 35-45% of mutation carriers develop hematological malignancies 

over their lifetime, underscoring tailored clinical management including 

consideration for hematopoietic stem cell transplantation.103,104,108 

Germline mutations in ANKRD26 (Ankyrin Repeat Domain Containing 26) 

cause an autosomal dominant disorder known as ANKRD26-related 

thrombocytopenia, characterized by moderate thrombocytopenia, normal platelet 

size, and increased predisposition to hematological malignancies, especially 

myeloid neoplasms such AML, MDS, and CMML.109,110 Pathogenic mutations occur 

predominantly in the 5' untranslated region of the ANKRD26 gene, disrupting the 

inhibitory binding of transcription factors RUNX1 and FLI1, leading to persistent 

ANKRD26 overexpression in megakaryocytes.110,111 This aberrant overexpression 

causes hyperactivation of the thrombopoietin/MPL signaling pathway, particularly 

via MAPK/ERK1/2 signaling, which impairs normal proplatelet formation and 

contributes to leukemic predisposition.109,111 The variable penetrance and risk for 

malignancy necessitate ongoing surveillance and individualized management 

strategies for affected individuals and their families.94,109 

Germline mutations in ETV6 (ETS variant transcription factor 6), encoding an 

essential transcription factor involved in hematopoiesis, cause an autosomal 

dominant disorder characterized primarily by mild to moderate thrombocytopenia 

and significantly increased risk of hematological malignancies, particularly ALL 

and less commonly, AML and MDS.112–115 These mutations typically involve 

missense, nonsense, or frameshift variants affecting primarily the ETS domain 

responsible for sequence specific DNA-binding and protein-protein interaction and 

lead to impaired transcriptional repression, altered megakaryocyte differentiation, 

and defective platelet formation.113,114 Although platelet counts are generally low, 

platelet size remains normal, distinguishing ETV6-related thrombocytopenia from 
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many other inherited platelet disorders.113 The predisposition to malignancy, 

particularly childhood B-cell ALL, underscores the importance of early genetic 

screening, vigilant clinical surveillance, and tailored management strategies in 

affected families.94,112,115 

Germline mutations in TP53 (Tumor Protein P53), a tumor suppressor gene, 

cause Li-Fraumeni syndrome (LFS), an autosomal dominant condition 

characterized by a high risk of various malignancies, including hematological 

cancers such as AML, MDS, ALL, and therapy-related myeloid neoplasms.84,94,116,117 

TP53 mutations often result in loss-of-function, severely impairing DNA repair, cell 

cycle regulation, and apoptosis, thus predisposing individuals to early cancer 

development and secondary malignancies following therapy.116,118 LFS-associated 

hematological malignancies frequently exhibit complex karyotypes, aggressive 

disease courses, resistance to conventional therapies, and poor clinical 

outcomes.116–118 Importantly, germline TP53 mutations substantially increase the 

risk of therapy-related leukemias and secondary malignancies, underscoring the 

need for personalized treatment and surveillance strategies, and cautious 

consideration of treatment-related risks.94,116,117 

Germline mutations in PAX5 (Paired Box 5), a critical transcription factor 

essential for B-cell lineage differentiation, predispose individuals primarily to 

familial B-cell precursor acute lymphoblastic leukemia in an autosomal dominant 

inheritance pattern with incomplete penetrance.119–121 Mutations commonly involve 

highly conserved DNA-binding domains, notably the paired domain or the 

octapeptide domain, leading to impaired DNA-binding affinity, disruption of 

normal transcriptional regulation, and compromised B-cell differentiation.119–121 

Leukemic progression requires additional somatic genetic alterations, often 

involving loss of the wild-type PAX5 allele, resulting in biallelic dysfunction and 

leukemogenesis.121,122 Germline PAX5-associated leukemia generally manifests at 

various ages, ranging from early childhood to adulthood, with diverse cytogenetic 

abnormalities and clinical outcomes, emphasizing the necessity for tailored 

surveillance and family screening in affected individuals.119,120,122 

Germline mutations in IKZF1 (IKAROS Family Zinc Finger 1), encoding the 

transcription factor essential for lymphoid differentiation and hematopoiesis, 

predispose individuals primarily to B-ALL, typically following an autosomal 

dominant inheritance pattern with incomplete penetrance.123–125 Mutations 

predominantly affect DNA-binding zinc-finger domains, impairing IKAROS 

function through loss of DNA binding, abnormal nuclear localization, altered 

transcriptional regulation, and disturbed hematopoietic differentiation.123,124 

Germline IKZF1 variants contribute to aberrant cell adhesion, altered bone marrow 

niche interactions, and reduced sensitivity to antileukemic therapies, emphasizing 

their clinical impact in leukemogenesis and disease prognosis.123,125 Recognition of 
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germline IKZF1 mutations is vital for targeted surveillance and tailored therapeutic 

management in affected individuals and families.124,125 

2.4.2 Syndromes with a risk of hematological malignancies 

GATA2 deficiency, caused by germline mutations in GATA2, encoding a critical 

hematopoietic transcription factor, predispose individuals to a spectrum of myeloid 

malignancies, including MDS, AML, and CMML, with an autosomal dominant 

inheritance and incomplete penetrance.85,126–129 Patients typically present during 

adolescence or early adulthood, manifesting with cytopenias, immunodeficiency 

(characterized by monocytopenia, B and NK cell lymphopenia), and a heightened 

susceptibility to infections, particularly mycobacterial and viral.126,128 Pathogenic 

GATA2 mutations include truncating variants, missense mutations affecting the 

zinc finger 2 domain, and noncoding alterations in regulatory enhancer regions, all 

leading predominantly to haploinsufficiency.127–129 Progression to advanced 

myeloid malignancies frequently involves secondary somatic events, notably 

monosomy 7, trisomy 8, and mutations in genes such as ASXL1 and STAG2.126,129 

Given the high risk of malignancy and severe infections, early identification, close 

monitoring, and timely consideration of hematopoietic stem cell transplantation 

are essential components in managing GATA2 deficiency.126,128 

Germline mutations in SAMD9 and SAMD9L, located on chromosome 7q21, 

predispose individuals to pediatric MDS, BMF, and AML, frequently associated 

with monosomy 7.130–132 These gain-of-function mutations typically exhibit 

autosomal dominant inheritance with variable penetrance and diverse clinical 

outcomes, ranging from transient cytopenias and spontaneous recovery through 

hematopoietic revertant mosaicism, to rapid progression toward severe 

hematological malignancies.132–134 SAMD9 mutations are specifically linked to 

MIRAGE syndrome, characterized by multisystem involvement including growth 

restriction, immunodeficiency, adrenal insufficiency, and genital anomalies, 

alongside significant hematological risks.130,132 Conversely, SAMD9L mutations are 

associated with ataxia-pancytopenia syndrome, presenting neurological 

abnormalities such as cerebellar dysfunction and significant predisposition to 

myeloid malignancies, particularly with monosomy 7.131,134 Clinical management 

involves careful monitoring and individualized treatment strategies, including early 

consideration of hematopoietic stem cell transplantation, given the high risk of 

leukemic transformation.94,132,133 

Fanconi anemia is a rare, predominantly autosomal recessive syndrome caused 

by germline mutations in at least 22 genes involved in the FA/BRCA DNA repair 

pathway, leading to genomic instability and hypersensitivity to DNA crosslinking 

agents.135–137 FA is characterized by congenital malformations, progressive bone 

marrow failure, endocrine dysfunction, and a markedly elevated risk for 
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hematological malignancies, primarily MDS and AML.138–140 Individuals with FA 

exhibit extreme chromosome fragility, which correlates with disease severity, onset 

of bone marrow failure, and increased cancer risk.140 Hematopoietic stem cell 

transplantation remains the primary curative treatment for hematological 

complications; however, HSCT itself does not eliminate the increased risk of solid 

malignancies, such as squamous cell carcinomas, which persist lifelong.139,141 The 

prognosis of FA strongly depends on the genetic subtype and mutation type, with 

varying clinical outcomes and malignancy risks across different genotypes.135,137,140 

Shwachman-Diamond syndrome is an autosomal recessive inherited bone 

marrow failure syndrome (BMFS), characterized by exocrine pancreatic 

insufficiency, neutropenia, skeletal abnormalities, and significantly increased risk 

of hematological malignancies, predominantly MDS and AML.142–144 Most patients 

(~90%) carry biallelic mutations in the SBDS gene, crucial for ribosome maturation 

and cellular proliferation, resulting in impaired ribosomal function and severe 

translational stress.142,145,146 Hematological malignancies occur in 10–30% of SDS 

patients and are associated with poor prognosis due to therapy-resistant disease 

and significant treatment-related toxicities.144,147 Somatic clonal evolution, 

including recurrent mutations in genes such as TP53 and EIF6, significantly 

influences disease progression and malignant transformation.146,148 Early 

diagnosis, rigorous hematological surveillance, and timely consideration of 

hematopoietic stem cell transplantation remain essential in managing patients with 

SDS to mitigate malignant progression and improve outcomes.144,147 

Telomere biology disorders are a heterogeneous group of inherited conditions 

characterized by critically short telomeres, resulting from germline mutations in 

genes essential for telomere maintenance.149–151 These disorders include 

Dyskeratosis congenita as the prototypic syndrome, along with more severe 

pediatric variants such as Hoyeraal-Hreidarsson, Revesz, and Coats plus 

syndromes.149–151 DC and related TBDs exhibit multisystem clinical manifestations 

including mucocutaneous features, progressive bone marrow failure, pulmonary 

fibrosis, liver abnormalities, and notably a high risk of hematological malignancies, 

particularly MDS and AML.149,152,153 Inheritance patterns can be autosomal 

dominant, autosomal recessive, X-linked recessive, or arise de novo, with 

autosomal recessive and X-linked forms often associated with more severe 

phenotypes and earlier disease onset, leading to worse clinical outcomes and higher 

malignancy risk.150,152 Due to significant cancer predisposition and progressive 

nature of TBDs, vigilant clinical surveillance and individualized management 

approaches are essential in patient care.149,152,153 

Severe congenital neutropenia (SCN) encompasses a group of inherited bone 

marrow disorders characterized by profound neutropenia, impaired granulocyte 

maturation, and heightened susceptibility to life-threatening bacterial infections 

from early infancy.154–156 Germline mutations in SCN involve multiple genes, 
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notably ELANE, HAX1, and G6PC3, among others, with inheritance patterns 

ranging from autosomal dominant to autosomal recessive.154,157 Individuals with 

SCN have an increased lifelong risk of developing MDS and AML.154,158 

Granulocyte-colony-stimulating factor therapy has improved survival significantly 

but does not eliminate the risk of malignant transformation; thus, hematopoietic 

stem cell transplantation remains the only curative treatment for selected high-risk 

patients.155,158 

Diamond-Blackfan anemia is a rare inherited bone marrow failure syndrome 

primarily characterized by congenital erythroid aplasia, various congenital 

anomalies, and a significantly elevated risk of hematological malignancies, mainly 

MDS and AML.159,160 DBA is predominantly caused by heterozygous mutations in 

ribosomal protein genes, disrupting ribosomal RNA processing and causing 

nucleolar stress, p53 activation, cell-cycle arrest, and apoptosis, which collectively 

impair erythroid differentiation and increase the risk of malignant 

transformation.160 Approximately 20-30% of DBA patients progress to 

hematological malignancies by adulthood, with cancer risks further exacerbated by 

prolonged steroid use and chronic iron overload due to repeated transfusions.159,160 

Optimal clinical management involves regular hematologic and cancer surveillance, 

early iron chelation therapy, and timely consideration of hematopoietic stem cell 

transplantation.159,160 

RASopathies are a heterogeneous group of genetic syndromes caused by 

germline mutations in genes encoding components of the RAS/MAPK signaling 

pathway, leading to dysregulated cellular proliferation, differentiation, and 

survival.161 Syndromes within this group include neurofibromatosis type 1 (NF1), 

Noonan syndrome, CBL syndrome (Noonan syndrome-like disorder), 

cardiofaciocutaneous syndrome, and Costello syndrome, each characterized by 

distinct yet overlapping clinical features and increased predisposition to 

malignancies, especially JMML.29,161,162 JMML associated with NF1 occurs through 

germline heterozygous NF1 mutations and a subsequent somatic second-hit event, 

causing loss of neurofibromin function and hyperactivation of RAS signaling, with 

frequent somatic loss of heterozygosity via uniparental disomy.161,163 Similarly, 

JMML linked to Noonan syndrome and CBL syndrome involves germline 

mutations in PTPN11 or CBL, respectively, accompanied by acquired somatic 

alterations — often monosomy 7 or loss-of-heterozygosity.164–166 Understanding the 

molecular basis of these RASopathies and their unique mutation patterns is 

essential for accurate diagnosis, risk assessment, and personalized clinical 

management.29,161,166 

Several other constitutional syndromes are associated with significant risks for 

hematological malignancies. Down syndrome (trisomy 21) markedly elevates the 

risk for hematological cancers, especially ALL and AML, often presenting in 

childhood.167 Bloom syndrome, an autosomal recessive chromosomal instability 
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disorder characterized by severe growth restriction, immunodeficiency, and early 

onset of cancers, frequently presents hematological malignancies.168 Constitutional 

mismatch repair deficiency, resulting from biallelic mutations in DNA mismatch 

repair genes (MLH1, MSH2, MSH6, and PMS2), manifests predominantly in 

childhood with aggressive and early-onset malignancies, including hematological 

cancers.169 Nijmegen breakage syndrome, caused by biallelic mutations in the NBN 

gene, is associated with immunodeficiency, radiosensitivity, and high risk of 

hematological malignancies, especially lymphoid neoplasms, due to impaired DNA 

repair and chromosomal instability.170,171 Ataxia-telangiectasia is an autosomal 

recessive disorder resulting from mutations in the ATM gene characterized by 

progressive neurological decline, immunodeficiency, and markedly elevated risk for 

lymphoid malignancies, reflecting defective DNA damage response and genomic 

instability.172,173 

2.4.3 Clinical significance of inherited mutations 

Inherited mutations significantly influence clinical outcomes in hematological 

malignancies, impacting prognosis, treatment decisions, and surveillance 

strategies. Germline predisposition is associated with earlier disease onset, unique 

disease phenotypes, and distinctive clinical courses compared to sporadic 

cases.83,85,174 Inherited mutations can be categorized based on their underlying 

molecular pathways, highlighting specific risks and management challenges. For 

example, mutations in DNA repair genes (e.g., mutations in TP53 associated with 

Li-Fraumeni syndrome and Fanconi anemia-related genes) confer a heightened risk 

not only for hematological malignancies but also for solid tumors and therapy-

related cancers.117,135,137 Mutations affecting hematopoietic transcription factors are 

typically associated with distinctive hematological manifestations, including 

cytopenias or immunodeficiency, and predispose primarily to myeloid 

malignancies.104,107,126 Additionally, inherited defects may concurrently predispose 

individuals to hematological malignancies and reproductive disorders such as 

azoospermia.175,176 Defects in biological pathways regulating genomic integrity, 

specifically in DNA repair genes, have been implicated in both impaired 

spermatogenesis and elevated cancer risk due to their essential role in maintaining 

genomic stability during germ cell development.176,177 For example, biallelic FANCA 

and FANCM mutations have been identified in individuals with non-obstructive 

azoospermia, with some cases also showing mild hematological abnormalities 

suggestive of previously unrecognized Fanconi anemia.178–180 Understanding these 

overlapping genetic susceptibilities and pathway-specific risks helps tailor clinical 

surveillance, therapeutic strategies, and fertility preservation appropriately for 

patients with inherited mutations. 
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Management of individuals with germline predisposition to hematological 

malignancies requires coordinated multidisciplinary care involving hematologists, 

genetic counselors, transplant specialists, and psychosocial support providers. For 

individuals with an identified genetic predisposition, surveillance typically includes 

regular monitoring for early detection of disease progression or malignant 

transformation.94,181 Recognizing these germline variants is crucial in selecting 

compatible donors and planning conditioning regimens, as unrecognized inherited 

conditions significantly increase risks for transplant-related complications, 

including severe graft-versus-host disease, organ toxicity, graft rejection, and 

secondary malignancies.182,183 It is also important to identify affected family 

members when considering potential stem cell donors, to avoid transplant-related 

complications and improve outcomes. Identifying specific germline mutations 

enables tailored prophylactic measures and conditioning adjustments aimed at 

minimizing transplant-related complications and optimizing overall 

outcomes.83,94,174,182 

Additionally, patients benefit from preventive measures including lifestyle 

modifications, infection prophylaxis, iron chelation therapy to mitigate 

transfusion-related iron overload, and fertility preservation strategies before 

initiating treatments that could impair reproductive capability.94,174 

2.4.4 Diagnostic approaches and genetic testing 

Diagnostic evaluation for germline predisposition to hematological malignancies 

involves a thorough clinical assessment, including detailed personal and family 

history, physical examination, and identification of patterns consistent with 

hereditary predisposition. Comprehensive next-generation sequencing panels 

targeting known predisposition genes and others are increasingly utilized to 

identify pathogenic or likely pathogenic variants, enabling accurate diagnosis and 

familial risk assessment.83,94 Accurate tissue sampling is essential for 

differentiating germline from somatic variants; thus, testing typically involves 

cultured skin fibroblasts rather than peripheral blood or bone marrow samples, 

which may harbor somatic mutations.94 Genetic counseling is critical throughout 

the diagnostic process, providing clarity about test results, implications for 

management, and importance of cascade testing among relatives.85,174,181 

Incorporating genetic testing into standard clinical practice facilitates timely 

diagnosis and personalized management strategies, significantly enhancing patient 

care. 
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2.4.5 Ethical considerations in genetic testing 

Genetic counseling for germline predisposition to hematological malignancies 

involves addressing multiple ethical dimensions, including informed consent, 

confidentiality, and disclosure of genetic risk to family members. Genetic 

counselors face the challenge of balancing individual patient autonomy and privacy 

with ethical obligations toward informing at-risk relatives who could benefit from 

preventive surveillance or interventions.184 Ethical issues also arise in managing 

uncertain or incidental genetic findings, such as uncovering unrelated hereditary 

cancer syndromes during broad panel testing, and navigating potential implications 

associated with hereditary diagnoses.83,184 Counselors must ensure clear, 

comprehensive communication about medical, psychological, and social 

implications of genetic testing results, enabling informed decision-making.174,184 

2.5 Hematopoietic stem cell transplantation (HSCT) 

Hematopoietic stem cell transplantation has evolved dramatically over recent 

decades, becoming an essential and potentially curative treatment for a variety of 

malignant and non-malignant hematological diseases.185,186 Originally developed 

over 60 years ago, HSCT utilizes hematopoietic stem cells derived from bone 

marrow, peripheral blood, or umbilical cord blood to reconstitute a patient’s 

hematopoietic system following high-dose chemotherapy with or without 

radiation.186 

The annual global activity in HSCT continues to increase, driven by 

advancements in donor selection, improved conditioning regimens, and enhanced 

supportive care strategies, leading to better patient outcomes and expanded 

eligibility.186–189 Allogeneic HSCT has notably risen in prevalence due to improved 

techniques such as haploidentical transplants and the widespread adoption of 

peripheral blood stem cells as a primary stem cell source, reflecting greater donor 

availability and improved engraftment success.185,186,188 

Today, indications for HSCT span a broad spectrum, including hematological 

malignancies as well as inherited conditions like bone marrow failure syndromes 

and hemoglobinopathies.185,188,189 Despite advances, HSCT remains associated with 

significant risks and complications, such as graft-versus-host disease (GVHD), 

infections, graft failure, and late effects, highlighting the importance of 

multidisciplinary care and comprehensive patient management strategies to 

optimize outcomes and quality of life post-transplant.190,191 
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2.5.1 Indications and patient selection 

Hematopoietic stem cell transplantation has become an essential therapeutic 

approach for a diverse array of hematological conditions.192 Its indications broadly 

include malignant disorders such as acute leukemia, myelodysplastic syndromes, 

myeloproliferative neoplasms, and lymphomas, as well as nonmalignant disorders 

like bone marrow failure syndromes, hemoglobinopathies, inherited metabolic 

disorders, and immunodeficiencies.188,189,192,193 The selection of appropriate 

candidates for transplantation involves careful assessment of both disease-related 

and patient-related factors.192,194 

Patient selection criteria include disease risk stratification, patient's overall 

health status, age, and comorbidity profile. Tools such as the European Society for 

Blood and Marrow Transplantation (EBMT) Acute Leukemia score and the Disease 

Risk Index have been developed to predict post-transplant outcomes, helping 

clinicians identify patients who are most likely to benefit from HSCT.194,195 For 

instance, the Disease Risk Index categorizes patients based on the specific disease, 

cytogenetics, and remission status at transplantation, which correlates strongly 

with overall survival and progression-free survival, primarily due to variations in 

relapse risk.194 

Patient comorbidities significantly influence transplant-related risks.196 The 

Hematopoietic Cell Transplantation Comorbidity Index quantifies these risks by 

categorizing patients into low, intermediate, and high-risk groups, predicting non-

relapse mortality (NRM) and OS post-transplant.197 This index is widely utilized to 

assess patient suitability and tailor transplant conditioning regimens accordingly. 

Particularly in nonmalignant diseases, HSCT aims at correcting underlying 

hematologic deficiencies without the added benefit of graft-versus-leukemia effects; 

thus, reduced-intensity conditioning regimens and donor selection strategies are 

carefully employed to minimize complications.198 Age alone is no longer an 

exclusion criterion; rather, biological age, assessed via comorbidities and 

performance status, is considered critical in decision-making.197 

Overall, patient selection for HSCT is guided by an intricate balance between 

potential risks and the curative benefits, necessitating a comprehensive pre-

transplant evaluation to optimize patient outcomes and resource utilization.192,193 

2.5.2 Treatment protocol and conditioning regimens 

Allogeneic hematopoietic stem cell transplantation involves a complex, multi-step 

clinical protocol, beginning with patient evaluation, donor selection, and stem cell 

procurement, followed by conditioning therapy, transplantation, and 

comprehensive post-transplant care. 

Initially, patients undergo thorough clinical assessments to determine their 

suitability for transplantation, including evaluation of disease status, overall 
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physical health, comorbidities, and performance status. Optimal donor selection 

involves careful matching of human leukocyte antigen (HLA) types to reduce the 

risk of graft-versus-host disease and graft rejection.199 Sources of hematopoietic 

stem cells include peripheral blood, bone marrow, or umbilical cord blood, each 

with distinct clinical considerations and implications for transplantation 

outcomes.200,201 

Conditioning therapy is a crucial preparatory step designed to eradicate residual 

malignant cells, suppress the recipient's immune response to prevent rejection, and 

create a conducive bone marrow environment for engraftment. Conditioning 

regimens are broadly classified into myeloablative conditioning (MAC), reduced-

intensity conditioning (RIC), and non-myeloablative conditioning.202 MAC 

regimens involve high-dose chemotherapy, often combined with total body 

irradiation (TBI), and are typically reserved for younger, medically fit patients due 

to their potential for significant organ toxicity.203–205 RIC and non-myeloablative 

conditioning regimens use lower chemotherapy doses, minimizing toxicity while 

maintaining sufficient immunosuppressive effects to facilitate engraftment.206 

These less-intensive regimens have expanded the eligibility of HSCT to include 

older patients and those with substantial comorbidities.207 

Following conditioning, donor stem cells are administered intravenously, 

homing to the bone marrow and repopulating hematopoietic cells, a process known 

as engraftment. Successful engraftment is closely monitored through regular blood 

counts and assessments of donor chimerism. Post-transplant care involves rigorous 

management of potential complications such as GVHD, infections, and graft failure, 

alongside long-term follow-up to monitor disease recurrence and manage late 

effects of treatment.190,191,208–210 

Comprehensive supportive care strategies, including prophylactic antibiotics, 

antiviral and antifungal therapies, nutritional support, and psychosocial care, are 

integral components of the HSCT process, essential for optimizing patient 

outcomes and quality of life post-transplant.211,212 

2.5.3 Donor selection 

Donor selection is a critical factor determining the success of allogeneic 

hematopoietic stem cell transplantation. The process involves careful evaluation of 

several key criteria to minimize transplant-related complications, optimize graft-

versus-leukemia effects, and improve overall patient survival. 

HLA matching remains the cornerstone of donor selection. Optimal outcomes 

are generally achieved with fully HLA-matched donors. Mismatches at the critical 

loci significantly increase the risk of GVHD, graft rejection, and overall transplant-

related mortality.199,213,214 When multiple equally matched donors are available, 

additional donor-specific characteristics such as age, gender, blood group 
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compatibility, and cytomegalovirus serostatus become important secondary 

considerations.199,213,214 

Donor age is particularly influential, with younger donors (typically aged 18–30 

years) associated with better transplant outcomes and improved overall 

survival.215,216 Additionally, the sex of the donor can influence outcomes, as male 

donors have been associated with better event-free survival rates compared to 

female donors, irrespective of recipient sex.199,215 

For patients without a fully matched sibling or unrelated donor, alternative 

donor sources such as haploidentical family donors and, to a lesser extent, umbilical 

cord blood provide viable options.199,214 Haploidentical transplants have become 

increasingly popular due to the availability of effective post-transplant 

immunosuppressive regimens, significantly expanding the donor pool and offering 

comparable outcomes to matched unrelated donors.199,214 

In summary, selecting the most suitable donor involves meticulous balancing of 

HLA compatibility, donor age, gender, viral serostatus, and emerging predictive 

modeling techniques, all aimed at enhancing transplantation outcomes and patient 

survival. 

2.5.4 Complications and follow-up 

Hematopoietic stem cell transplantation is associated with numerous 

complications that significantly impact patient outcomes and quality of life, 

requiring meticulous follow-up care and monitoring.211,217,218 Complications 

following HSCT can be broadly categorized into acute and chronic, with varying 

presentations depending on patient-specific factors, donor type, conditioning 

regimen, and underlying disease.211,218 

Acute complications typically occur within the first 100 days post-transplant and 

include infections, GVHD, organ toxicity, and graft failure.218 GVHD, resulting from 

immune reactions between donor T-cells and recipient tissues, is one of the most 

severe complications, contributing substantially to transplant-related morbidity 

and mortality.208,218 Prophylactic strategies using immunosuppressive agents, post-

transplant cyclophosphamide, and graft manipulation have significantly reduced 

the incidence of severe GVHD but remain critical to manage optimally.208 

Chronic complications represent a major concern for long-term survivors, often 

occurring months to years after transplantation. Among these, chronic GVHD 

remains a persistent risk factor for late morbidity.219 Other chronic issues include 

secondary malignancies, organ dysfunction such as cardiac, pulmonary, hepatic, 

renal, endocrine disturbances, and musculoskeletal complications.210,217 

Late mortality and secondary neoplasms constitute severe long-term risks for 

survivors.217,220 NRM has decreased significantly over recent decades due to 

improved transplantation techniques, better supportive care, and refined GVHD 
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prophylaxis, yet remains considerable.218,221 Post-transplant lymphoproliferative 

disorders, hematological malignancies, and solid tumors pose persistent threats to 

HSCT survivors, emphasizing the necessity for lifelong cancer 

surveillance.191,210,217,220 

Hematopoietic stem cell transplantation, especially when preceded by 

conditioning regimens involving high-dose chemotherapy and TBI, represents one 

of the most gonadotoxic treatments, significantly increasing the risk of infertility 

and potentially causing irreversible ovarian and testicular dysfunction.222–224 The 

cumulative dosage and the patient's age at the time of treatment are key 

determinants of infertility risk.222,225 Young adult patients, who commonly undergo 

intense chemotherapy and HSCT, face especially high risks for infertility.223,226,227 

Studies have shown that the prevalence of infertility after HSCT exceeds 60% in 

female patients and ranges from 30% to 40% in male patients, depending on the 

underlying condition and intensity of the treatment.223,228,229 The use of reduced-

intensity conditioning has been explored to mitigate fertility risks, yet a significant 

proportion of patients still experience gonadal dysfunction even with milder 

regimens.230,231 

In conclusion, successful long-term outcomes following hematopoietic stem cell 

transplantation depend on pre-treatment planning, proactive complication 

management, and structured, multidisciplinary follow-up care. Fertility 

preservation strategies should be integrated into the care of young patients prior to 

treatment.230,232 International guidelines have established detailed 

recommendations for monitoring survivors, advocating a multidisciplinary 

approach to manage physical and psychological health comprehensively.191,211 Given 

the risk of disease recurrence and diverse spectrum of acute and chronic 

complications lifelong surveillance is essential.191,211 

2.5.5 Fertility preservation before HSCT 

As survival rates improve for patients with hematological malignancies, fertility 

preservation has emerged as a crucial component of comprehensive patient care.230 

Fertility impairment following treatment for hematological malignancies 

necessitates proactive and thorough counseling about fertility preservation. 

Fertility preservation strategies aiming at safeguarding or restoring reproductive 

potential should be discussed and implemented promptly prior to initiating 

gonadotoxic treatments to maximize reproductive potential and enhance post-

treatment quality of life.226,227,233,234 

Established fertility preservation methods for post-pubertal patients include 

embryo and oocyte cryopreservation in females and sperm cryopreservation in 

males, all of which should be offered promptly prior to initiating gonadotoxic 

therapies.223,230 In females, oocyte or embryo cryopreservation following controlled 
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ovarian stimulation is generally the preferred first-line strategy due to its high 

success rate and established clinical safety profile.226,235 Ovarian tissue 

cryopreservation has shown increasing promise and is particularly valuable when 

urgent initiation of chemotherapy precludes conventional methods of fertility 

preservation.235,236 Sperm cryopreservation remains the golden standard for male 

patients.227 

Testicular tissue cryopreservation is an emerging fertility preservation strategy, 

particularly significant for prepubertal boys undergoing gonadotoxic cancer 

treatments who are unable to produce mature sperm for conventional sperm 

cryopreservation.237,238 This experimental approach aims at preserving 

spermatogonial stem cells, the precursors for sperm production, which could 

potentially restore fertility through future transplantation or in vitro maturation 

techniques.237,238 

Preclinical studies have demonstrated the potential feasibility and effectiveness 

of testicular tissue cryopreservation as a fertility restoration strategy in primates.239 

Human clinical experiences, although limited and still largely experimental, have 

also shown promising results in terms of graft survival and integrity of testicular 

tissue architecture after transplantation, despite not yet achieving mature sperm 

production in clinical settings.240 

A critical aspect of evaluating the viability of testicular tissue cryopreservation 

as a fertility preservation strategy involves assessing the presence and quantity of 

spermatogonia in the preserved tissue.241 Spermatogonial quantity and quality are 

essential metrics for evaluating fertility restoration potential.242,243 Chemotherapy 

has been demonstrated to significantly impact spermatogonial counts, and 

preliminary studies have reported reduced numbers of spermatogonia in patients 

with hematological disorders even prior to initiating potentially sterilizing 

treatments, but as research evidence remains limited, definitive conclusions for 

specific patient groups cannot yet be drawn.242,243 This reduction poses significant 

concerns about the effectiveness of testicular tissue cryopreservation as a fertility 

preservation option in these patients.244 

Given the invasive nature and potential risks associated with testicular tissue 

cryopreservation, its application should be carefully considered and limited to 

patients most likely to benefit.237,238 Ongoing research and advancements are 

required to refine this method and enhance its reliability, safety, and effectiveness 

in clinical practice. 
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3 Aims of the study 

The aim of this thesis was to deepen the understanding of germline predisposition 

in malignant and severe hematological diseases, its clinical relevance in allogeneic 

hematopoietic stem cell transplantation, and its implications for fertility.  

 

 

 

The specific aims were: 

1. To investigate the prevalence of germline variants predisposing individuals 

to malignant and severe hematological disorders 

2. To analyze the impact of germline mutations on the outcomes of allogeneic 

hematopoietic stem cell transplantation 

3. To explore the fertility potential in male patients with severe inherited and 

acquired hematological diseases 



 

33 

4 Material and methods 

4.1 Patients and tissue samples 

4.1.1 Acute lymphoblastic leukemia patients (I) 

Whole exome sequencing (WES) data from freshly collected or biobanked samples 

of 148 acute lymphoblastic leukemia patients, including 61 adults (16–70 years) and 

87 pediatric patients (0–16 years), were analyzed to assess the prevalence of cancer-

predisposing germline variants. The adult cohort was diagnosed at Helsinki 

University Hospital (HUH) between 2008 and 2019, and WES was performed on 

skin samples, except for one remission blood sample. The pediatric cohort consisted 

of patients treated with allogeneic hematopoietic stem cell transplantation 

according to HUH protocols between 1998 and 2019, with exome sequencing 

conducted on blood samples collected at the time of HLA typing for HSCT. Clinical 

data from all patients were available for analysis. Patient characteristics are 

summarized in Table 1. 

Table 1.  Characteristics of adult and pediatric patients with acute lymphoblastic leukemia.  

Characteristic Adults (n = 61) Children (n = 87) 

Number of patients 61 87 

 Male 40 (66%) 59 (68%) 

 Female 21 (34%) 28 (32%) 

Age at diagnosis, years 16–70 (median 36) 0–16 (median 6) 

ALL subtype   

 B-ALL 36 (59%) 66 (76%) 

 T-ALL 17 (28%) 11 (13%) 

 Ph-ALL 8 (13%) 10 (11%) 

Source of DNA Skin* Blood 

ALL, acute lymphoblastic leukemia; Ph-ALL, Ph-positive B-ALL 

*One adult patient’s DNA was extracted from blood in remission 
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4.1.2 HSCT recipients and donors (II and IV) 

We analyzed exome data from patients who had undergone hematopoietic stem cell 

transplantation to assess the prevalence of clinically relevant germline variants and 

their impact on transplantation outcomes. To validate findings on the most 

common variants, we included an additional cohort of patients with available single 

nucleotide polymorphism (SNP) array data. Clinical data from all patients were 

available for analysis, and patient characteristics are summarized in Table 2. 

Furthermore, we utilized a set of respective transplant donors, including their 

clinical data and available WES or SNP array data. 

The first adult patient cohort (adult cohort 1) consisted of 141 patients who 

underwent hematopoietic stem cell transplantation and had provided samples to 

the Finnish Hematological Registry and Biobank (FHRB) or for academic research 

purposes. HSCT was performed between 1999 and 2019 at Helsinki University 

Hospital (n = 134) or Turku University Hospital (TUH, n = 7). At the time of 

transplantation, patients were between 17 and 70 years old (mean age 45.8 years, 

median 48.2 years). DNA for exome sequencing was extracted from skin biopsies 

(n = 138), bone marrow samples (n = 2), or peripheral blood samples (n = 1).  

The second adult patient cohort (adult cohort 2) consisted of 138 patients from 

the Finnish Bone Marrow Transplantation Registry. HSCT was performed between 

2002 and 2016 at Helsinki University Hospital (HUH, n = 47) or Turku University 

Hospital (TUH, n = 91). Patients who overlapped with the first adult cohort, as well 

as adult patients who underwent HSCT for solid cancer and pediatric patients, were 

excluded. At the time of transplantation, patients were between 16 and 69 years old 

(mean age 49.1 years, median 52.0 years). DNA for exome sequencing was extracted 

from blood samples collected for HLA typing prior to transplantation. The two adult 

patient cohorts did not differ significantly in terms of age, gender, or distribution of 

diagnoses.  

We also analyzed a set of pediatric patients who underwent hematopoietic stem 

cell transplantation to compare the prevalence of germline variants and to further 

analyze the significance of these variants. The pediatric patient cohort consisted of 

153 patients treated in Finland between 2001 and 2020 and for whom exome 

sequencing data was available covering 43.5% of all pediatric transplant recipients 

during that time. At the time of transplantation, patients were between 0 and 18 

years old (mean age 8.7 years, median 8.2 years). DNA for exome sequencing was 

extracted from blood samples collected for HLA typing prior to transplantation. 

Clinical characteristics, including age, gender, and diagnosis distribution, did not 

differ significantly between patients with and without exome sequencing data. 

To strengthen the analyses of the impact of two CHEK2 variants, c.1229del and 

c.470T>C, we used an independent cohort (adult cohort 3) from the Finnish Bone 

Marrow Transplantation Registry, which consisted of 486 adult patients with SNP 

array data. HSCT was performed between 1993 and 2018 at HUH and TUH. At the 
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time of transplantation, patients were between 18 and 70 years old (mean age 47.9 

years, median 50.1 years).  

We included clinical and, when available, genetic data of the transplant donors 

in our analysis. The WES data was available for 130 donors of adult patients and 32 

donors of pediatric patients. 507 transplant donors had SNP arrays performed. We 

used donors’ clinical information gathered during the HSCT protocol for the 

analysis. 

Table 2.  Patient characteristics. Study II included all patients from pediatric cohort and adult 
cohort 1 and 2. Study IV included patients with malignant hematological disease from all 
cohorts (AA/BMF, immunodeficiencies and other diseases were excluded) 

Characteristic 

Adult 

cohort 1 

(n = 141) 

Adult 

cohort 2 

(n = 138) 

Adult 

cohort 3 

(n=486) 

Pediatric 

cohort 

(n=153) 

Number of patients 141 138 486 153 

Male 69 (49%) 68 (50%) 259 (53%) 102 (67%) 

Female 72 (51%) 68 (50%) 227 (47%) 51 (33%) 

NA - 2 - - 

Age at HSCT, 

years (mean) 

17 – 70 

(45.8) 

16 – 69 

(49.1) 

18 – 70 

(47.9) 

0 – 18 

(8.7) 

Diagnoses, n (%)     

Acute leukemia 97 (68.8%) 79 (57.2%) 249 (51.2%) 110 (71.9%) 

Lymphoproliferative 

disease 
12 (8.5%) 30 (21.7%) 112 (23.0%) 0 (0%) 

Myeloproliferative 

neoplasms 
16 11.3%) 11 (8.0%) 72 (14.8%) 6 (3.9%) 

Myelodysplastic 

neoplasms 
13 (9.2%) 10 (7.2%) 53 (10.9%) 7 (4.6%) 

Aplastic anemia / 

Bone marrow failure 
3 (2.1%) 8 (5.8%) 0 (0%) 11 (7.2%) 

Primary 

immunodeficiency 
0 (0%) 0 (0%) 0 (0%) 8 (5.2%) 

Other 0 (0%) 0 (0%) 0 (0%) 11 (7.2%) 

Source of transplant, 

n (MUD/MFD) 
111/30 0/138 168/318 86/67 

Type of transplant, n 

(PB/BM/CB/NA) 
121/19/1/0 101/33/0/4 283/203/0/0 0/130/23/0 

Conditioning, 

n (MAC/RIC/NA) 
118/23/0 93/43/2 386/100/0 143/10/0 

BM, bone marrow; CB, cord blood; MAC, myeloablative conditioning; MFD, matched family 
donor; MUD, matched unrelated donor; NA, not applicable, PB, peripheral blood; RIC, reduced-
intensity conditioning 
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4.1.3 Pediatric patients undergoing fertility preservation (III) 

We analyzed testicular tissue samples from 43 prepubertal patients (mean age 6.9 

years, range 0.4–15.9 years) with severe hematological diseases who underwent 

testicular tissue cryopreservation prior to hematopoietic stem cell transplantation. 

Except for one patient with secondary MDS who had been treated for acute 

lymphoblastic leukemia, none had received chemotherapy before biopsy. 

Clinical data provided by treating physicians — including diagnosis, genetic 

findings, and testicular volumes — were evaluated alongside histological analysis of 

testicular tissues. Samples were collected for research purposes with a focus on 

fertility preservation. Patients with a high risk of infection or bleeding were 

excluded. 

A total of 18 patients were included in the Nordic fertility preservation program 

‘NORDFERTIL’, while 25 participated in the German program ‘Androprotect’, 

based at the Centre of Reproductive Medicine and Andrology (Münster, Germany). 

Patients were categorized into three groups based on disease phenotype: aplastic 

anemia/bone marrow failure syndrome (AA/BMFS), immunodeficiencies 

(IMMUNO), and myelodysplasia/myeloproliferative neoplasms (MDS/MPN). 

Patient characteristics are summarized in Table 3. 

 

Table 3.  Patient information prepubertal boys included in the study III. 

Characteristic AA/BMFS IMMUNO MDS/MPN 

Number of 

patients 
9 21 13 

Age, years 

(median) 
4.1–10.8 (7.7) 0.4–13.3 (4.8) 0.6–15.9 (7.2) 

Diagnoses, n Aplastic anemia (3) 

Bone marrow  

failure (1) 

Congenital 

amegakaryocytic 

thrombocytopenia (1) 

Diamond-Blackfan 

anemia (1) 

Fanconi anemia (3) 

Chronic granulomatous 

disease (6) 

Chronic neutropenia (2) 

Hyper-IgE syndrome (1) 

Hyper IgM syndrome (3) 

Hyperinflammatory 

syndrome (5) 

IPEX syndrome (1) 

Lymphoproliferative 

syndrome (2) 

Severe combined 

immunodeficiency (1) 

Juvenile 

myelomonocytic 

leukemia (3) 

Myelodysplastic 

syndrome (10) 
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4.1.4 Ethics declaration 

Ethical approvals for the studies I, II, and IV were obtained from the Ethics 

Committees of Helsinki University Hospital and Turku University Hospital, and the 

Finnish National Supervisory Authority for Welfare and Health (Valvira) (adult 

patients from HUH, TUH and FHRB #206/13/03/03/2016, #303/13/03/01/2011; 

pediatric patients from HUH and TUH HUS/114/2018, HUS/284/2019, and 

V/3235/2019; Finnish Red Cross, Blood Service patients V/74832/2017, 

HUS/2152/2020, ETMK 78/2012). Samples and data were collected after written 

informed consent (living individuals), or authorization by the ethics committee 

(deceased patients). 

Ethical approvals for use of testicular tissue samples (Study III) were obtained 

from the Ethics Board of Karolinska Institutet and the Regional Ethics Board in 

Stockholm (Dnr 2013-2129-31/3 and Dnr 2014-267-31/4), the Ethics Board of the 

University of Helsinki (426/13/03/03/2015, 192/13/03/03/2013) and Turku 

University Hospital (Dnr 1905-32/300/05), and the Ethics Committee of the 

Medical Faculty of Münster (no 2011-520-f-S). 

4.2 Genetic analyses 

4.2.1 Sample preparation and DNA sequencing (pediatric 
patients) 

DNA for exome sequencing was extracted from blood samples collected for HLA 

typing before transplantation. Exome sequencing and sample preparation of 

pediatric patient samples were carried out at Blueprint Genetics (Helsinki, 

Finland). Genomic DNA was extracted from the samples using a spin column 

method. The extracted DNA underwent random fragmentation through an 

isothermal, non-contact sonochemistry approach, followed by purification with 

solid-phase reversible immobilization (SPRI) beads. The resulting DNA fragments 

were subjected to end-repair and sequencing adapters were ligated to both ends. 

To obtain an optimal fragment size, adapter-ligated DNA libraries were size-

selected using SPRI beads before undergoing amplification via ligation-mediated 

PCR. Post-amplification, the libraries were purified and subjected to target 

enrichment through a hybridization-based capture method. This step enabled the 

selective enrichment of the whole exome as well as predefined non-coding regions 

using the xGen Exome Research Panel and custom-designed capture probes 

(Integrated DNA Technologies, Coralville, Iowa, USA). 

Library quality control involved verifying fragment size and concentration to 

ensure appropriate sequencing performance while eliminating any remaining 

primer-dimers. Illumina sequencing system with paired-end sequencing (2x150 
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base pairs) was used to sequence captured libraries. The raw sequencing reads 

underwent quality assessment before being aligned to the GRCh37 human 

reference genome using the Burrows-Wheeler Aligner algorithm.245,246 GATK was 

used for duplicate read marking, local realignment of indels, base quality score 

recalibration, and variant calling.247 

 

4.2.2 Sample preparation and DNA sequencing (adult patients) 

DNA for exome sequencing was obtained from skin, blood, or bone marrow samples 

of adult patients. In adult cohort 1, DNA was extracted from cultured skin 

fibroblasts collected as germline controls or retrieved from the Finnish 

Hematological Registry and Biobank, and sequencing was performed at the 

Institute for Molecular Medicine Finland (FIMM) and the Biomedicum Functional 

Genomics Unit (FuGU). For three patients without available skin samples, DNA 

from blood or bone marrow sample was used. In adult cohort 2, DNA was extracted 

from blood samples collected for HLA typing prior to transplantation through the 

Finnish Bone Marrow Transplantation Registry and sequenced at the McGill 

Genome Centre. 

Exomes produced at FIMM (Helsinki, Finland) were captured using Nimblegen 

SeqCap EZ MedExome kit (Roche NimbleGen, Madison, WI, USA), Agilent 

SureSelect v5 Exome, or Agilent SureSelect XT Clinical Research Exome (Agilent, 

Santa Clara, CA, USA) capture kits, and sequenced using Illumina HiSeq 

Sequencing System (Illumina, San Diego, CA, USA). Illumina reads were merged 

with SeqPrep (v0.4.5) and paired reads were trimmed using Q2. Reads shorter than 

36 base pairs were discarded. Both paired and single-end reads were then aligned 

to the human reference genome GRCh37 with Burrows-Wheeler Aligner.245,246 

Reads that aligned to multiple genomic locations were removed. The Genome 

Analysis Toolkit (GATK) Indel Realignment (v2.2-16) was used to refine mapped 

reads, and duplicate reads arising from polymerase chain reaction (PCR) 

amplification were eliminated using Picard MarkDuplicates (v1.90). SAMtools 

mpileup (v0.1.19) was used for variant calling and alternative alleles were 

determined based on quality ratio.248 

Exomes produced at FuGU (Helsinki, Finland) were captured using a 

Nimblegen SeqCap EZ MedExome kit (Roche NimbleGen, Madison, WI, USA and 

sequenced using Illumina HiSeq Sequencing System (Illumina, San Diego, CA, 

USA). Trimmomatic software was used to perform quality trimming on the exome 

sequencing data and then it was aligned to the GRCh37 human reference genome 

using the Burrows-Wheeler Aligner algorithm.245,246 Picard MarkDuplicates 

(v2.8.1) was used to remove PCR duplicates. GATK Best Practices workflow, which 
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includes base quality score recalibration, was followed to refine mapped reads.247,249 

GATK HaplotypeCaller was used to call single-nucleotide and short-indel variants. 

Exomes produced at the McGill Genome Centre (McGill University, Montreal, 

Canada) using a custom panel targeting the whole exome and sequenced using 

Illumina HiSeq 2000 system. The resulting reads were aligned to the GRCh37/hg19 

reference genome. Variant calling was performed with GATK v3.2-2 

HaplotypeCaller, generating aligned BAM, gVCF, and VCF files. Base quality score 

recalibration and SNP/INDEL discovery were carried out using GATK v3.6-0 

VariantRecalibrator and ApplyRecalibration tools, following GATK Best 

Practices.247,249,250 The data were further filtered using a genotype quality threshold 

of >18, selected to maximize genotype similarity between duplicated samples. 

Variant annotation was performed with snpEff v4.2 using default settings. 

4.2.3 Single nucleotide polymorphism (SNP) array data 

The SNP array data were produced at the Finnish Institute of Molecular Medicine 

in Helsinki, Finland, and the McGill Genome Centre, Montreal, Canada. At FIMM, 

the samples were genotyped using Illumina Immunochip v1, Immunoarray v2, 

Illumina Global Screening Array v2 or v3. At McGill Genome Centre, the samples 

were genotyped using exome sequencing pipeline. Data was harmonized with a lift-

over to the GRCh38 human reference genome by genome-wide SNP imputation. 

THL Biobank’s SISu v3 reference panel was used in lift-over and imputation.  

4.2.4 Gene panels 

We constructed a comprehensive list of 93 genes known to predispose individuals 

to acute lymphoblastic leukemia or other hematological malignancies based on 

published literature to determine the prevalence of cancer-predisposing gene 

variants in acute lymphoblastic leukemia. To further expand our analysis, we 

compiled an additional list of 70 genes associated with germline predisposition to 

cancer. This gene set was derived from two genomic resources: the Catalogue of 

Somatic Mutations in Cancer (COSMIC) Cancer Gene Census 

(https://cancer.sanger.ac.uk/census, version 94, Tier 1) and the National Human 

Genome Research Institute (NHGRI) Clinical Genomics Database 

(https://research.nhgri.nih.gov/CGD/, accessed 05/03/2021).251 The COSMIC is a 

database that categorizes genes with strong experimental and clinical evidence of 

involvement in cancer development. It distinguishes genes that drive tumorigenesis 

through either germline or somatic mutations. The NHGRI Clinical Genomics 

Database is an evidence-based resource that links specific genes to clinical 

disorders, particularly those with a hereditary component. Both of these provide 
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curated information on genes implicated in inherited diseases by integrating 

findings from scientific literature and clinical genetic studies. 

To identify germline variants with potential clinical significance that could 

impact the success of hematopoietic stem cell transplantation, we used three 

distinct gene panels. Variants in these genes may increase the risk of relapse or 

donor cell–derived leukemia in the setting of a related donor, predispose patients 

to secondary cancers particularly after intensive chemotherapy or radiation, and 

give rise to other conditions that require specific considerations in comprehensive 

patient management. First, we compiled a Hematology Panel consisting of 189 

genes recognized to predispose to or cause hematological malignancies, cytopenia 

syndromes, and inborn errors of immunity. Second, we gathered an Oncology Panel 

of 114 genes linked to solid tumor predisposition. Third, we included a list of 73 

genes based on the American College of Medical Genetics and Genomics (ACMG) 

Secondary Findings 3.0 (SF 3.0) Panel.252 The ACMG SF Panel consists of genes for 

which pathogenic variants are known to cause serious but preventable conditions. 

These genes have been curated by ACMG to guide clinical decision-making, as they 

are associated with disorders that have established medical management 

recommendations. 

4.2.5 Variant analyses 

Variants were analyzed using BasePlayer, an interactive visualization and analysis 

tool designed for exploring next-generation sequencing data.253 Findings were 

visually validated with BasePlayer, which enables efficient review of genomic 

variants, examination of read alignments, and validation of results through a 

graphical interface. When available, somatic exome sequencing data were used for 

further validation. 

Genome Aggregation Database (GnomAD) non-cancer databases (whole 

database and Finnish population) were used as controls (versions 2.1 and 4.1.0).254–

256 Variants with a minor allele frequency higher than 0.05 were excluded. To filter 

out poor-quality variants, a 1000 Genomes mappability pilot mask track was 

applied, along with quality measures requiring genotype quality ≥ 20, QUAL ≥ 20, 

site coverage > 6 reads, and allelic fraction ≥ 30%.257 

Variants were classified according to ACMG guidelines into benign, likely 

benign, variant of uncertain significance (VUS), likely pathogenic (LP), or 

pathogenic (P) using two different classification tools: InterVar (version 2.0.2) and 

VarSome (versions 10.1.1–10.2.3).258,259 ACMG guidelines classify variants using a 

weighted system, where different pieces of evidence are combined to determine the 

likelihood of pathogenicity or benignity based on population frequency, 

computational predictions, functional studies, familial segregation analysis, type of 

genetic alteration, and literature evidence.260 
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For some patients, DNA was extracted from blood samples collected for HLA 

typing at different stages of the disease, requiring the filtering of somatic mutations. 

We filtered somatic mutations by considering the variant allele frequency, 

characteristics of the variant, and stage of the patient’s disease. In addition, we used 

gnomAD (germline variants) and COSMIC (somatic variants) databases to evaluate 

the origin of the variant. 

4.3 Testicular biopsy and analysis of spermatogonial 
numbers 

4.3.1 Sample collection 

The NORDFERTIL cohort comprises testicular samples collected from prepubertal 

boys in Sweden, Finland, and Iceland who were at a very high risk of infertility due 

to impending hematopoietic stem cell transplantation or testicular radiotherapy. 

These boys were offered an experimental procedure involving the cryopreservation 

of testicular tissue. Both the parents and, when appropriate, the patients themselves 

received verbal and written information about the research project and provided 

written informed consent. Clinical treatment details were documented and pseudo-

anonymized before being entered into the research database. Testicular tissue was 

obtained through a unilateral open biopsy, with less than 20% of the volume of one 

testicle being sampled. Of the collected tissue, two-thirds were cryopreserved for 

potential future fertility preservation, and the remaining third was anonymized and 

transported to the NORDFERTIL research laboratory at Karolinska Institutet. The 

inclusion criteria for the study required participants to have a very high risk of 

therapy-related infertility and a testicular volume below 10 ml, as measured by an 

orchidometer and patients with a high risk of bleeding or infection were excluded 

from participation.243 

Androprotect is an interdisciplinary network coordinated by the Centrum for 

Reproductive Medicine and Andrology at the University Hospital Münster, working 

in collaboration with pediatric oncology centers across Germany. The sample 

cohort comprises of testicular biopsies collected from prepubertal boys prior to the 

initiation of gonadotoxic therapy. During this procedure, a small volume of 

testicular tissue is collected and is immediately processed for cryopreservation. The 

cryopreservation of immature testicular tissue enables scientific research which 

aims to safeguard these spermatogonial stem cells to preserve fertility through 

refertilization techniques. The patients and their parents received verbal and 

written information about the research project and gave their written informed 

consent.261 



 

42 

4.3.2 Sample preparation and histological evaluation 

Testicular biopsy samples obtained from the NORDFERTIL program were 

preserved using either formalin or Bouin’s solution, and biopsies from the 

Androprotect program were fixed in Bouin’s solution. Following fixation, the 

samples were embedded in paraffin and cut into 3–5 μm sections. Sections were 

stained using periodic acid-Schiff staining or immunostained using germ cell-

specific marker MAGEA4, both of which have been previously validated as equally 

effective to detect spermatogonia.243,262 

At Karolinska Institutet, image analysis was performed using a fluorescence 

microscope (Eclipse E800, Nikon, Japan) and in Münster, images were acquired 

with the PreciPoint M8 microscope/scanner and subsequently analyzed using the 

ViewPoint light software (1.0.0.9628, PreciPoint, Freising, Germany). 

Spermatogonia were identified based on their morphology, location, and MAGEA4 

expression. To ensure an unbiased evaluation, a blinded approach was applied. All 

round tubular cross-sections within the tissue sections were examined and 

categorized into two groups: tubules containing spermatogonia and tubules 

composed solely of somatic Sertoli cells. To enable comparisons between samples, 

the mean number of spermatogonia per round tubular cross-section (S/T) was 

calculated. Additionally, the fertility index (FI) was determined as the percentage 

of tubular cross-sections that contained spermatogonia. 

4.3.3 Reference values 

To establish reference values for spermatogonial numbers across different age 

groups, we conducted a systematic review of published quantitative histological 

studies and combined reference values for different age groups from birth to 

adulthood.262 The reference studies provided data on the number of spermatogonia 

per round tubular cross-section and the fertility index at various developmental 

stages.263–266 

Reference values were determined separately for each year of age from birth to 

10 years. For older individuals, we defined broader age groups: prepubertal (10–14 

years), adolescent (14–18 years), and adult (25–40 years). The reference values for 

ages 0–10 and 10–14 years were derived from multiple datasets, whereas values for 

the older age groups (14–18 and 25–40 years) were based on a single study.262 

In cases where studies reported median values and ranges instead of means and 

standard deviations (SD), we applied statistical conversion formulas to estimate 

these values.267 When multiple datasets existed for the same age group, we 

calculated combined means and SDs using established statistical formulas for 

pooled data. Since raw S/T values were not normally distributed, we transformed 

the S/T values on a log-transformed scale using base-e log transformation.268 
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The reference dataset was based on published histological data of healthy 

prepubertal and adolescent males. To establish thresholds for low and severely 

depleted spermatogonial numbers, additional analyses included testicular tissue 

samples from patients with Klinefelter syndrome and from individuals exposed to 

alkylating chemotherapy, both known to significantly impact spermatogonial 

survival.269 Patients with Klinefelter syndrome consistently exhibited S/T Z-scores 

below -7 SD, supporting this as a threshold for severe germ cell depletion. Similarly, 

patients who had received high cumulative doses of alkylating agents (>4,000 

mg/m² cyclophosphamide equivalent dose) also had S/T Z-scores below -7 SD, 

further confirming the validity of this cutoff. This threshold represents a nearly 

complete absence of spermatogonia. In contrast, patients who had undergone non-

alkylating chemotherapy typically had spermatogonial counts within -3 SD to the 

normal range, supporting the use of -3 SD as a clinically meaningful threshold for 

detecting moderate germ cell depletion.262 This cutoff corresponds to a 

spermatogonial count below the 0.15th percentile of the reference population, 

indicating a significant reduction in the germ cell pool. 

4.3.4 Z-scores for patient samples 

After calculating the spermatogonial numbers in samples, we calculated Z-score for 

each sample by comparing individual S/T values to the corresponding reference 

mean and SD for their age group. The Z-score for each sample was calculated with 

following equation: Z = (x - M)/SD, where x is the individual sample value, M is the 

reference mean, and SD is the reference standard deviation. 

By applying these Z-scores to testicular tissue samples from patients, we were 

able to compare patient samples across different developmental stages. This 

allowed us to quantify the impact of genetic conditions and chemotherapy exposure 

on spermatogonial numbers.  

4.4 Statistical methods 

Variant frequencies identified in adult and pediatric ALL patients were compared 

with those from population-matched Finnish controls (gnomAD Finns) using a 

two-sided Fisher's exact test. The Benjamini-Hochberg procedure was employed to 

correct for multiple testing.  

A two-sided Fisher's exact test was also used to compare the frequencies of 

germline variants between adult and pediatric stem cell recipients and between 

stem cell recipients and the Finnish control population (gnomAD Finns). 

Additionally, a two-sided Fisher's exact test was employed to compare the 

prevalence of GVHD across patient groups. Clinical outcomes, including OS, 

relapse rate (RR), and NRM, were evaluated using Kaplan-Meier estimates and log-
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rank tests. Odds ratios (OR) were calculated by dividing the odds in the first group 

by the odds in the second group, with 95 % confidence intervals (CI) computed 

using the Woolf method (logarithmic approximation). Multivariate analyses were 

performed using the Cox regression model. The proportional hazards assumption 

was evaluated using Schoenfeld residuals, and no major violations were observed. 

Differences in spermatogonial quantities among patient phenotype groups were 

analyzed using the Pearson chi-squared test. Pearson correlation was also used to 

explore the relationship between S/T Z-scores and ferritin levels. 
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5 Results 

5.1 Cancer-predisposing variants in acute lymphoblastic 
leukemia patients 

5.1.1 Frequency and description of the germline variants 

Pathogenic or likely pathogenic germline variants in genes associated with 

hematological malignancies or solid cancers were identified in 5 out of 61 (8%) adult 

patients and 10 out of 87 (11%) pediatric patients.270 The majority of these variants 

had been previously linked to an increased cancer risk, occurring in 4/61 (8%) 

adults and 8/87 (9%) pediatric patients. The variants are listed in Table 4. 

Additionally, 6/61 adults and 11/87 pediatric patients carried heterozygous P/LP 

variants in genes typically associated with autosomal recessive inheritance.  

A pathogenic variant in a high-risk leukemia predisposition gene, RUNX1 

p.Arg204Gln, was detected in one adult patient. In addition, a truncating variant in 

SAMD9 (p.Ser844ValfsTer10) was identified in a pediatric patient. This variant was 

classified as a VUS due to the lack of functional data and segregation analysis. While 

most pathogenic SAMD9 variants are missense, a few rare loss-of-function variants 

have also been reported in patients with myelodysplastic syndrome.271,272 Germline 

variants in RUNX1 and SAMD9 are primarily associated with myeloid 

malignancies, though a predisposition to lymphoid malignancies has also been 

described.273,274 

Among genes linked to syndromic predisposition to acute lymphoblastic 

leukemia, we identified two P/LP variants: one in TP53 (p.Gly245Ser), associated 

with Li-Fraumeni syndrome, and one in LZTR1 (c.2407-1G>A), linked to Noonan 

syndrome. 

Additionally, a pediatric patient was compound heterozygous for two MUTYH 

hotspot variants (p.Gly396Asp and p.Tyr179Cys). In PMS2, we detected pathogenic 

heterozygous variants (p.Tyr255Ter and p.Glu109GlyfsTer30) in one adult and one 

pediatric patient, respectively, despite no known family history of colorectal cancer. 

Furthermore, heterozygous P/LP variants were identified in genes associated 

with solid tumor predisposition, including BRCA1 (n=1), BRIP1 (n=1), and CHEK2 

(n=6), all of which are linked to breast cancer susceptibility. Additionally, RET 

(n=1) was identified, predisposing to multiple endocrine neoplasia, as well as SDHB 
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(n=1) and SDHC (n=1), both known to confer a risk for familial paraganglioma-

pheochromocytoma. 

 

Table 4.  Pathogenic and likely pathogenic variants in autosomal dominant genes or compound 
heterozygous in patients with acute lymphoblastic leukemia 

Patient Gene Inheritance 
Germline disease  

association for gene 

Conclusion of 

pathogenicity 
Variant 

A1 BRCA1  AR/AD  
Fanconi anemia/ 

Breast cancer  
Pathogenic 

c.4097-2A>G  

(splice site variant)  

P1 BRIP1  AR/AD  
Fanconi anemia/ 

Breast cancer  

Likely 

pathogenic 

c.3440dup 

(p.Asn1147LysfsTer2)  

P2* CHEK2  AD  
Tumor predisposition 

syndrome 
Pathogenic 

c.1100del 

(p.Thr367MetfsTer15) 

P3 CHEK2  AD  
Tumor predisposition 

syndrome 
Pathogenic 

c.1100del 

(p.Thr367MetfsTer15) 

P4 CHEK2  AD  
Tumor predisposition 

syndrome 
Pathogenic 

c.1100del 

(p.Thr367MetfsTer15) 

P5 CHEK2  AD  
Tumor predisposition 

syndrome 
Pathogenic 

c.1100del 

(p.Thr367MetfsTer15) 

P6 CHEK2  AD  
Tumor predisposition 

syndrome 
Pathogenic 

c.1100del 

(p.Thr367MetfsTer15) 

A2 CHEK2  AD  
Tumor predisposition 

syndrome 
Pathogenic 

c.1100del 

(p.Thr367MetfsTer15) 

P2* LZTR1  
AR, AD/  

AD 

Noonan syndrome/ 

Schwannomatosis 

Likely 

pathogenic 

c.2407-1G>A  

(splice site variant)  

P7* MUTYH AR 
Familial adenomatous  

polyposis 

Pathogenic 
c.1187G>A  

(p.Gly396Asp)  

Pathogenic 
c.536A>G  

(p.Tyr179Cys)  

P8 PMS2  AD/AR 

Lynch Syndrome/ 

Mismatch repair cancer 

syndrome 

Pathogenic 
c.765C>A  

(p.Tyr255Ter)  

A3 PMS2  AD/AR 

Lynch Syndrome/ 

Mismatch repair cancer 

syndrome 

Pathogenic 

c.325dup 

(p.Glu109GlyfsTer30)

  

A4* RET  AD  
Multiple endocrine  

neoplasia  
Pathogenic 

c.2410G>A  

(p.Val804Met)  

A5 RUNX1  AD  

Familial platelet 

disorder with 

predisposition to AML  

Pathogenic 
c.611G>A  

(p.Arg204Gln)  

A4* SDHB  AD  

Pheochromocytoma/ 

Paraganglioma 

syndrome 

Likely 

pathogenic 

c.177G>C  

(p.Gln59His)  

P9 SDHC  AD  

Pheochromocytoma/ 

Paraganglioma 

syndrome 

Likely 

pathogenic 

c.380A>G  

(p.His127Arg)  

P10 TP53 AD  Li-Fraumeni syndrome Pathogenic 
c.733G>A 

(p.Gly245Ser)  

AD, autosomal dominant; AR autosomal recessive; BM, bone marrow; CB, cord blood; MAC, 
myeloablative conditioning; MFD, matched family donor; MUD, matched unrelated donor; NA, 
not applicable, PB, peripheral blood; RIC, reduced-intensity conditioning 
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5.1.2 Enrichment of the cancer-predisposing variants 

We analyzed the prevalence of pathogenic or likely pathogenic germline variants in 

ALL patients and compared it to the non-cancer Finnish control data from 

GnomAD to assess the frequency of harmful germline variants. We observed a 2.6-

fold enrichment (95% CI 1.5–4.2, p = 0.00071) of these variants in the combined 

adult and pediatric patient cohort. The enrichment was particularly pronounced in 

solid cancer predisposition genes among adults (4.2-fold, 95% CI 1.3–10.5, p = 

0.0094) and in genes predisposing to hematological malignancies among children 

(2.5-fold, 95% CI 1.0–5.4, p = 0.031). In the entire acute lymphoblastic leukemia 

patient cohort, both hematological malignancy risk genes (OR 2.1, 95% CI 1.0–4.0, 

p = 0.035) and solid cancer risk genes (OR 3.0, 95% CI 1.3–6.0, p = 0.0046) were 

significantly enriched compared to the Finnish control population. 

The most significant differences in the frequency of pathogenic and likely 

pathogenic variants between patients and population-matched controls were 

observed in PMS2, DNAJC21, and MUTYH, with ORs of 48.9 (95% CI 4.1–434.6, p 

= 0.0018), 4.1 (95% CI 1.3–10.0, p = 0.0098), and 5.1 (95% CI 1.8–11.7, p = 0.0016), 

respectively. 
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Figure 3.  Enrichment of pathogenic variants in patients with acute lymphoblastic leukemia 
compared to healthy controls (gnomAD Finns) in genes with known predisposition to 
hematological malignancies and cancer-predisposition genes. CI, confidence interval. 
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5.2 Germline variants in hematopoietic stem cell 
recipients 

5.2.1 Frequency and distribution of pathogenic variants in 
patients 

In our study, the prevalence and clinical significance of pathogenic and likely 

pathogenic germline variants were investigated in 432 patients who had undergone 

allogeneic hematopoietic stem cell transplantation.275 The patient cohort included 

both adults and children, and the analysis focused on genes associated with 

hematological malignancies, solid tumors, and significant secondary findings.  

Overall, 17.8% of patients were found to carry at least one clinically relevant 

germline variant, with a higher prevalence in pediatric patients (22.9%) compared 

to adults (15.1%). These variants were identified in genes involved in hematological 

disease predisposition, solid tumor predisposition, and in genes included in the 

ACMG secondary findings list. The most frequently affected genes in the entire 

cohort were CHEK2 (n = 13), FANCM (n = 11), GATA2 (n = 5), and HOXB13 (n = 

5), and ANKRD26 (n = 3). The most frequently mutated genes, CHEK2 and 

FANCM, are both involved in DNA damage repair.   

A significant finding of the study was that only 65% (11/17) of the pediatric 

patients and 50% (5/10) of the adult patients with a harmful germline variant in 

gene predisposing to the hematological disease had received a genetic diagnosis 

prior to the hematopoietic stem transplantation. This suggests that a considerable 

number of patients underwent transplantation without prior knowledge of their 

underlying genetic predisposition, which could have affected donor selection, 

conditioning regimens, and post-transplant outcomes and follow-up.   

Among the genes predisposing to hematological malignancies, cytopenia, and 

inborn errors of immunity bone marrow failure syndromes, variants were identified 

in 5.4% of adult patients and 11.1% of pediatric patients. The prevalence was 

significantly higher in pediatric patients and was largely attributable to the higher 

frequency of variants in pediatric patients with inherited bone marrow failure 

syndromes and primary immunodeficiencies. In contrast, variants in genes 

predisposing to solid tumors were identified in 10.4% of adult patients and 12.4% 

of pediatric patients, with no significant difference between the two age groups. 

In the ACMG secondary findings panel, which includes genes with clinically 

actionable mutations, pathogenic or likely pathogenic variants were identified in 

2.2% of adult patients and 7.2% of pediatric patients, with a statistically significant 

difference between the groups. Ten of the seventeen identified variants were in 

genes predisposing to cancer but seven involved other non-cancer genes. These 

included three patients with truncating variants in the TTN gene, associated with 

dilated cardiomyopathy. Two pediatric patients were found to be homozygous for 
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the HFE p.C282Y variant, which is associated with hereditary hemochromatosis. 

Additionally, two patients were found to carry pathogenic variants in OTC, an X-

linked gene associated with a urea cycle disorder.   

5.2.2 CHEK2 prevalence and association to hematological 
malignancies 

Given the high prevalence of CHEK2 variants in the Finnish population, their role 

in hematological malignancy risk and post-transplant outcomes was further 

examined in 877 HSCT recipients with malignant hematological disease.276 In 

addition to the pathogenic c.1229del (p.Cys410SerfsTer4) variant, the analysis 

included c.470T>C (p.Ile157Thr), a variant with conflicting evidence regarding its 

pathogenicity. Both variants were significantly enriched in the patient population 

compared to Finnish controls. The c.1229del variant was found in 4.1% of patients 

and was associated with a 2.5-fold increased risk of hematological malignancies, 

while the c.470T>C variant was present in 9.4% of patients and was associated with 

a 1.9-fold increased risk. 

5.2.3 Influence of germline mutations on HSCT outcomes 

In our analysis of hematopoietic stem cell transplantation outcomes, only patients 

with malignant diseases were included. Among them, germline variants in genes 

associated with hematological malignancy predisposition (Hematology panel) were 

identified in 3.6% of cases (n = 14/386), while 17.6% (n = 68/386) carried a variant 

in the Oncology panel. The most prevalent variants within the Oncology panel were 

in CHEK2 (11.4%, n = 44/386), and therefore, these patients were analyzed 

separately in further analyses. 

Patients with Hematology panel variants had a significantly lower overall 

survival in Kaplan-Meier analysis (p = .021) compared to those without an 

identified germline variant (Figure 4). The reduced survival was driven by a slight 

but not statistically significant increase in early NRM and RR. Within this group, 

three patients died from transplant-related complications within six months post-

HSCT. Five patients died after relapse during follow-up. These included two 

patients with acute lymphoblastic leukemia who carried TP53 and RUNX1 variants, 

and three patients with acute myeloid leukemia who carried ERCC6L2, GATA2, and 

DDX41 variants. In contrast, the presence of a germline variant in the Oncology 

panel did not significantly impact OS, RR, or NRM in the five-year follow-up period. 
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No significant differences were observed in the incidence of acute (severe or all 

stages) or chronic (extensive or all stages) graft-versus-host disease between the 

groups analyzed (Figure 5). 
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Figure 4.  5-year survival of patients in adult cohort 1, adult cohort 2 and pediatric cohort after 
allogeneic hematopoietic stem cell transplantation. Patients were grouped by identified 
germline variant into hematology panel and cancer panel variant groups and compared 
to patients with no identified variant. 

Figure 5.  Rates of acute and chronic graft-versus-host disease (GVHD) by germline variant status 
in recipients 
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5.2.4 CHEK2 variants and HSCT outcomes 

Despite the clear association between CHEK2 variants and hematological 

malignancy susceptibility, the presence of these variants did not significantly 

impact OS, RR, or NRM following transplantation. Additionally, no association was 

detected between CHEK2 variants and either acute or chronic graft-versus-host 

disease (Figure 6). Analyses were conducted on all patients carrying a CHEK2 

variant, as well as separately on those carrying either the c.1229del (n = 33) or 

c.470T>C (n = 79) variant, with three patients carrying both variants excluded from 

the analyses. 

An exception to this finding was observed in homozygous carriers of the 

c.1229del variant, who exhibited an increased risk of early mortality. Both affected 

patients died within the first year post-HSCT due to non-relapse-related causes, 

suggesting that biallelic loss of CHEK2 function may lead to heightened 

vulnerability to transplant-related complications. In contrast, among the five 

patients homozygous for the c.470T>C variant, two experienced relapse, leading to 

the death of one patient. The remaining four, including the one with relapse, 

survived until the end of the follow-up period. The median follow-up time for these 

patients were 5.2 years. These findings suggest that, unlike the c.1229del variant, 

homozygosity for c.470T>C did not appear to negatively impact overall prognosis 

following HSCT. 

5.2.5 CHEK2 variants in transplant donors 

To further investigate the relevance of CHEK2 variants, the study also analyzed 

their prevalence in HSCT donors. Among 669 donors, 2.5% carried the c.1229del 

variant, while 7.0% carried the c.470T>C variant. The prevalence of these variants 

II II

I I

0%

20%

40%

60%

80%

100%

CHEK2
variant carrier

CHEK2
wild-type

Chronic GVHD

III-IV III-IV

I-II I-II

0%

20%

40%

60%

80%

100%

CHEK2
variant carrier

CHEK2
wild-type

Acute GVHD

Figure 6.  Rates of acute and chronic graft-versus-host disease (GVHD) by germline CHEK2 
variant status in recipients. 
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in donors was higher than in Finnish population controls but lower than in HSCT 

recipients, reinforcing the notion that CHEK2 carriers are at increased risk for 

hematological malignancies but are not necessarily unsuitable as donors. 

Recipients of grafts from CHEK2 variant carriers did not show significant 

differences in OS, RR, or NRM compared to recipients of wild-type donor grafts, 

indicating that the presence of these variants in donors does not negatively impact 

transplant success. 

An intriguing finding was that all three patients who received a transplant from 

homozygous CHEK2 variant carriers (one with c.1229del and two with c.470T>C) 

were alive at the end of the follow-up period (median follow-up time 6.5 years). 

Although one patient experienced relapse, the overall survival of these recipients 

suggests that, despite the small sample size, having a homozygous CHEK2 carrier 

as a donor does not necessarily lead to a poor outcome. 

5.3 Spermatogonial quantity in patients with severe 
hematological diseases 

Our study examined testicular tissue samples from 43 prepubertal patients 

diagnosed with severe hematological diseases and were scheduled for 

hematopoietic stem cell transplantation. Since HSCT involves high-dose 

chemotherapy, sometimes accompanied by TBI, which can severely impact fertility, 

patients were offered cryopreservation of immature testicular tissue prior to 

gonadotoxic treatment. The patient cohort consisted of three major diagnostic 

groups: aplastic anemia/bone marrow failure syndromes (AA/BMFS), 

immunodeficiencies (IMMUNO), and myelodysplastic 

syndromes/myeloproliferative neoplasms (MDS/MPN). 

5.3.1 Spermatogonial numbers 

A key finding was that 49% (21/43) of prepubertal patients had spermatogonial 

numbers below the normal range (−3 SD), and 19% (8/43) had a severely depleted 

spermatogonial pool (−7 SD or lower). Notably, significant variation was observed 

between disease groups. The results are demonstrated in Figure 7. 

Patients with Fanconi anemia showed markedly reduced spermatogonial 

numbers, with all samples from the three cases containing only individual cells or 

none at all, indicating near-total depletion of the spermatogonial pool. Patients with 

other inherited bone marrow failure syndromes, such as congenital 

amegakaryocytic thrombocytopenia and ERCC6L2-related BMFS, also showed 

reduced spermatogonial counts, with Z-scores of −3.2 and −6.8, respectively. In 

contrast, patients with acquired aplastic anemia had more variable spermatogonial 

numbers, ranging from normal to slightly reduced levels. 
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Among patients with immunodeficiencies, the median spermatogonial Z-score 

was −1.9, with considerable variation within the group. Patients with chronic 

granulomatous disease had moderately decreased spermatogonial numbers, with 

values ranging from −7.0 to −1.2. In contrast, patients with hyper-IgM and hyper-

IgE syndromes had spermatogonial counts within the normal range, suggesting that 

certain immune disorders may have a minimal direct impact on spermatogenesis. 

Notably, two patients with X-linked lymphoproliferative syndrome (germline 

SH2D1A mutations) had significantly reduced spermatogonial numbers (Z-scores 

−3.4 and −7.2), raising the possibility that underlying immune dysregulation may 

affect germ cell survival. 

 

In the MDS/MPN group, spermatogonial numbers were highly variable. While 

the median spermatogonial Z-score was −2.7, some patients had values as low as 

−20.5. Among the ten MDS patients, seven had normal spermatogonial counts, 

including one patient with GATA2 mutation and another with secondary MDS 

following previous acute lymphoblastic leukemia treatment. Notably, no germline 

mutations were identified in JMML patients, and their spermatogonial counts were 

either normal or only slightly reduced. 
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Figure 7.  Number of spermatogonia per round tubular cross section in patients with severe 
hematological disease. Data are plotted on lines corresponding to the Z-scores for the 
reference mean values. AA/BMFS, aplastic anemia/bone marrow failure syndrome; 
IMMUNO, immunodeficiencies; MDS/MPN, myelodysplasia/myeloproliferative 
neoplasms (MDS/MPN). 
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5.3.2 Fertility index and the impact of blood transfusions and iron 
load 

In addition to spermatogonial counts, the fertility index, which represents the 

proportion of tubules containing spermatogonia, was assessed (graph below). The 

FI values showed significant variability between disease groups. The AA/BMFS 

group had a median FI Z-score of −6.1, while the IMMUNO group had a median of 

−2.9, and the MDS/MPN group had a median of −4.2. Notably, patients with 

Fanconi anemia had the lowest FI values, further reinforcing the notion that germ 

cell depletion in FA patients begins early in life. 

Interestingly, no clear correlation was observed between blood transfusion 

history and spermatogonial depletion, as 44% of regularly transfused patients had 

normal spermatogonial numbers, compared to 31% of those with infrequent or no 

transfusions. 

5.3.3 Impact of underlying disease on spermatogonial numbers 

These findings indicate that severe hematological diseases can significantly affect 

spermatogonial numbers even before exposure to gonadotoxic HSCT regimens. The 

degree of spermatogonial depletion appears to be largely dependent on the 
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underlying disease and its genetic basis, Fanconi anemia and inherited bone 

marrow failure syndromes showing the most severe germ cell loss. In contrast, most 

immunodeficiencies and acquired bone marrow failure conditions appear to have a 

lesser impact on spermatogonial numbers, preserving the potential for future 

fertility restoration in these patients. 
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6 Discussion 

In recent years, inherited pathogenic variants in cancer predisposition genes have 

been increasingly recognized as important contributors to hematological 

malignancies in both children and adults. These variants may not only predispose 

individuals to the development of malignancies, but also carry significant clinical 

implications that extend throughout the entire diagnostic and treatment 

pathway.83,94,174 

Despite growing recognition of germline predisposition syndromes, their role in 

routine clinical care has remained limited. The discovery of a germline variant can 

influence key decisions, such as the choice of stem cell donor, particularly when 

related donors are considered, the conditioning regimen, and long-term 

surveillance strategies for secondary malignancies or treatment-related 

complications.174 In addition, inherited bone marrow failure syndromes and other 

predisposing conditions are associated with increased vulnerability to treatment-

related toxicity, making early recognition essential.51,183 

Equally important, many hematological diseases affect children and young 

adults, for whom long-term quality of life, including fertility, remains a major 

concern.222,230 There is growing awareness that the underlying disease itself, even 

before initiation of cytotoxic therapy, may already impair reproductive capacity, 

particularly in prepubertal patients with inherited marrow failure or malignant 

disease.222 However, data on spermatogonial counts and fertility preservation 

potential in these patients remain scarce. 

The motivation for this thesis was to address these gaps. Using exome 

sequencing and clinical data, the studies aim to identify the frequency and spectrum 

of germline variants associated with hematological malignancies, evaluate their 

clinical relevance, and assess the impact of severe hematological diseases on 

spermatogonial development. 

6.1 Broadening the spectrum of germline predisposition 

Inherited variants, particularly in genes involved in DNA repair, transcription 

regulation, and hematopoietic development, have been shown to play a role in both 

pediatric and adult leukemogenesis.81,82,84,87 While traditionally associated with 

rare familial syndromes, such variants are now being increasingly identified across 
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unselected patient populations, including those without suggestive family 

history.81,84 

Multiple studies have shown that a notable proportion of patients with 

hematological malignancies carry pathogenic or likely pathogenic germline variants 

in known cancer predisposition genes.82,83,85,87,183 In our data set of allogeneic 

hematopoietic stem cell transplant recipients, we found the prevalence of high-

penetrance germline variants predisposing to hematological malignancies 

comparable to previous reports: 5.4% in adult patients and 11.1% in pediatric 

patients. In addition, we found that 10.4% and 12.4% of adult and pediatric HSCT 

recipients, respectively, have a pathogenic or likely pathogenic variant in genes 

predisposing to solid cancer.  

In our cohort of over 870 patients undergoing allogeneic HSCT, including more 

than 110 individuals carrying a CHEK2 variant, representing the largest published 

series of hematological malignancy patients with CHEK2 variants to date, two 

variants (c.1229del and c.470T>C) were significantly enriched compared to 

population-matched controls, with odds ratios of 2.5 and 1.9, respectively. Although 

CHEK2 has traditionally been considered primarily a solid tumor risk gene, our 

study adds to the growing body of evidence supporting its relevance in 

hematological malignancy susceptibility. 90,91,182,277 Our findings support a 

moderate increase in hematological malignancy risk associated with CHEK2 

variants, reinforcing its emerging role in hematology. CHEK2 is a key component 

of the DNA damage response pathway and plays a central role in maintaining 

genomic stability by regulating cell cycle arrest, DNA repair, and apoptosis in 

response to genotoxic stress.278 Germline pathogenic variants in CHEK2 are well 

established as moderate-risk alleles for several solid tumors — most notably breast 

cancer, but also prostate, colorectal, and thyroid cancers — highlighting the 

complexity of managing individuals with such variants.277,278 CHEK2 may represent 

one of the more common inherited risk factors for hematological malignancies, 

underscoring the need for gene-specific considerations in germline testing and 

long-term follow-up of affected individuals. 

In acute lymphoblastic leukemia, germline predisposition has long been 

recognized in pediatric cohorts, but recent findings confirm that adult patients may 

also harbor germline variants that influence disease risk.279 In our study, germline 

exome data from both children and adults with ALL revealed a 2.6-fold enrichment 

of pathogenic or likely pathogenic variants compared to the Finnish general 

population. This enrichment was most notable in solid tumor predisposition genes 

among adults, with a 4.2-fold increase compared to the general population, and in 

genes associated with hematological malignancies among children, where a 2.5-fold 

increase was observed. These findings support the hypothesis that inherited 

predisposition contributes meaningfully to leukemogenesis across age groups. 
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The increasing detection of germline variants raises important considerations 

for clinical practice. While germline variants may not always be the primary driver 

of malignancy, their presence may modulate disease biology, treatment sensitivity, 

and long-term outcomes.182 For example, patients with inherited bone marrow 

failure syndromes are more likely to develop treatment-related complications and 

may require tailored conditioning regimens for HSCT.51,183 Moreover, the discovery 

of a germline predisposition may have implications for at-risk family members, 

necessitating genetic counseling and cascade testing.83,94 

Despite their clinical relevance, germline variants remain under-recognized in 

hematology. Many patients proceed to transplantation or high-intensity treatment 

without any prior germline evaluation. While current guidelines focus on selected 

high-risk groups, such as those with early-onset disease, strong family history, or 

suggestive clinical features, our findings challenge this narrow approach. We 

identified germline variants even in patients without these traditional risk 

indicators, highlighting that relying solely on predefined clinical criteria may miss 

a substantial proportion of carriers. These results support a broader, perhaps even 

universal, consideration of germline testing in patients with hematological 

malignancies, as identifying a predisposition can have significant implications for 

treatment planning, donor selection, family counseling, and long-term surveillance. 

In conclusion, germline predisposition represents an underutilized yet highly 

informative layer of precision medicine in hematology. Broader awareness, clearer 

clinical guidelines, and integration of genetic testing into diagnostic workflows are 

essential steps toward improving patient care. 

6.2 Secondary findings in allogeneic HSCT recipients 

In our cohort of allogeneic HSCT recipients, clinically actionable germline variants 

in ACMG secondary findings genes were more frequent in pediatric patients than 

in adults. Most of the identified variants predisposed to cancer, but several involved 

non-cancer genes with potential relevance for transplant care. These variants may 

be more common in pediatric patients due to the high penetrance and early onset 

of genetic disorders that increase cancer risk, while other associated disorders may 

not yet have manifested at the time of diagnosis. For instance, truncating variants 

in TTN, observed in three patients, may increase susceptibility to dilated 

cardiomyopathy and warrant particular attention when cardiotoxic conditioning 

regimens are used. Two pediatric patients carried homozygous HFE variants, 

conferring risk of iron overload syndromes, which could contribute to hepatic 

complications after transplantation if not recognized and managed. Additionally, 

pathogenic variants in the X-linked OTC gene were identified in two patients; OTC 

deficiency can manifest as hyperammonemia under metabolic stress, suggesting 

that anticipatory metabolic management might be required in the transplant 
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setting. Together, these findings highlight the importance of considering actionable 

germline variants in HSCT recipients, especially among pediatric patients, where 

such variants may be more common and clinically more significant with longer 

expected post-transplant survival that increases the likelihood of clinical 

manifestations over time. 

6.3 The role of genetic testing in stem cell 
transplantation 

The role of germline genetic testing in optimizing HSCT outcomes is only beginning 

to be appreciated.174 Our studies underscore the growing relevance of incorporating 

germline genetic testing, both for recipients and potential donors, into the pre-

transplantation evaluation. 

Germline variants identified in our cohort included those associated with 

hematological malignancy risk, cancer predisposition, and systemic conditions with 

potential transplant implications. These variants were present in approximately 

18% of all patients, including 15% of adults and 23% of pediatric recipients. 

Although most transplant protocols today do not include routine germline testing 

outside of known inherited bone marrow failure syndromes, our findings suggest 

that this may leave a significant proportion of clinically relevant variants undetected 

at the time of transplant. 

Some of these variants may directly influence transplant outcomes. In our data, 

patients carrying pathogenic or likely pathogenic variants in genes associated with 

hematological malignancies experienced significantly lower overall survival 

compared to those without such variants, driven by both increased relapse risk and 

NRM. This observation aligns with the idea that patients with inherited 

predisposition may require adapted conditioning regimens, such as reduced-

intensity conditioning in the context of DNA repair disorders or bone marrow 

failure syndromes, to avoid excessive toxicity. Moreover, recognizing germline 

variants before HSCT allows clinicians to consider long-term surveillance strategies 

tailored to inherited cancer risks.94,183 

A significant proportion of the patients in our cohort had not undergone genetic 

testing prior to HSCT, including many who had related donors. This is an important 

clinical gap: what is not tested for cannot be accounted for in transplant planning. 

In our data, more than half of the patients with a family donor had no prior germline 

evaluation, despite the possibility of shared inherited risk. As genetic testing 

becomes more widespread, germline predisposition is increasingly identified in 

patients without typical features of inherited disease, highlighting the importance 

of systematic genetic evaluation.83,174,183 

While germline variants in cancer predisposition genes did not significantly 

affect five-year post-transplant outcomes in our cohorts, their potential impact on 
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long-term health should not be underestimated. These genes, particularly those 

involved in DNA repair pathways, may increase the risk of secondary malignancies 

following HSCT, especially in patients exposed to intensive chemotherapy and 

TBI.277,278 CHEK2 was among the most commonly observed variants in our studies, 

and while heterozygous carriers showed no difference in OS or RR, biallelic carriers 

had early post-transplant mortality. Given the cumulative genotoxic stress from 

both underlying disease and treatment, patients harboring such variants may 

benefit from tailored long-term surveillance and cancer prevention strategies as 

part of post-HSCT follow-up.174 

Additionally, the detection of secondary finding variants offers opportunities for 

proactive management and genetic counseling — not only for the patient but 

potentially also for family members who may share the same germline risk. 

Incorporating ACMG SF variant analysis into pre-HSCT genetic testing can thus 

provide added value beyond disease-specific diagnostics. It supports a broader shift 

toward precision medicine and long-term survivorship care in hematology. 

Although rare, our results also highlight the possibility of clinically relevant 

germline variants in stem cell donors. In our studies, we observed shared 

pathogenic variants in familial donors, confirming that inherited predisposition can 

complicate donor selection. Even unrelated donors may occasionally carry variants 

of concern, including CHEK2, which was relatively frequent in both patients and 

donors in our Finnish cohort. Although CHEK2 carriership did not influence 5-year 

transplant outcomes, its long-term effects remain unknown and may require closer 

follow-up. 

6.4 Fertility considerations in hematological disorders 

Fertility preservation is an increasingly important aspect of care for pediatric and 

young adult patients undergoing treatment for hematological disorders.226,227,230 

While the gonadotoxic effects of chemotherapy and TBI used in conditioning 

regimens for HSCT are well known, our findings demonstrate that spermatogonial 

depletion may already be present before any cytotoxic therapy is initiated.226,227 

This suggests that underlying disease biology, genetic predisposition, and disease-

associated factors, such as chronic inflammation or transfusion dependency, can 

impair spermatogenesis independently of treatment.280 

In our multicenter study of prepubertal boys with severe hematologic 

conditions, testicular biopsies revealed decreased spermatogonial numbers in 

nearly half of the patients, with severely depleted germ cell pools observed in 19 %. 

Notably, the most pronounced depletion was seen in patients with Fanconi anemia 

and other inherited bone marrow failure syndromes. In contrast, boys with 

immunodeficiencies or aplastic anemia more often presented with germ cell counts 

within the normal age-adjusted range. These findings underscore the variability in 
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fertility preservation potential based on disease subtype and underlying 

pathophysiology. 

This pre-existing impairment has critical implications for testicular tissue 

cryopreservation, which remains the only fertility preservation option available for 

prepubertal boys.237 While the technique is still considered experimental, it is 

increasingly offered as part of fertility preservation programs worldwide.237 The 

success of future fertility restoration efforts, whether through autologous grafting, 

in vitro spermatogenesis, or spermatogonial stem cell transplantation, will likely 

depend on the quantity and quality of spermatogonia in the cryopreserved tissue. 

Given these considerations, fertility risk assessment should begin at the time of 

diagnosis, not only prior to initiating HSCT. Early referral to fertility preservation 

programs is essential, especially for patients with syndromic or genetically defined 

marrow failure conditions, where irreversible gonadal damage may already have 

occurred by the time of transplantation. For prepubertal boys with severe 

hematological diseases, appropriate counseling regarding the potential reduction 

in spermatogonial numbers is essential prior to testicular tissue cryopreservation. 

In conclusion, fertility preservation should be considered a core component of care 

in pediatric and young adult patients with hematological disorders. 

6.5 Strengths and limitations 

A major strength of this thesis is the use of large, population-based and clinically 

well-annotated cohorts, including over 870 patients who underwent HSCT and both 

pediatric and adult patients with acute lymphoblastic leukemia. The exome 

sequencing data was of high quality, and the analytical pipeline applied thorough 

classification criteria using several standardized methods enhancing the robustness 

and reproducibility of the findings. Additionally, the availability of donor 

genotyping in one study allowed preliminary evaluation of germline variants in 

stem cell donors which is an aspect rarely addressed in transplantation research. 

Another important strength lies in the comprehensive scope of genetic analysis, 

which extended beyond traditional genes associated with risk of hematological 

disorders to include germline variants potentially compromising the outcome 

HSCT.  Also, combining histological, genetic, and phenotypic data from patients 

with severe hematological disorders provides a unique perspective on a field that 

has received limited clinical attention. 

However, several limitations must also be acknowledged. First, despite the 

relatively large sample size, the absolute number of patients with individual rare 

variants remains small, which limits the statistical power to draw conclusions about 

specific genes or variants, especially regarding outcome measures such as relapse 

and survival. Second, in the ALL cohort, pediatric samples were often collected from 

peripheral blood at the time of HLA typing, which introduces a small but inherent 
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risk of misclassifying somatic variants as germline despite careful filtering and 

manual review. 

Finally, in the fertility preservation study, testicular samples were obtained in a 

clinical setting where some disease- or treatment-related factors may not have been 

fully controlled for. Furthermore, while the findings regarding spermatogonial 

depletion are compelling, the long-term fertility outcomes of these patients remain 

unknown, and the clinical applicability of testicular tissue cryopreservation remains 

experimental. 

Nonetheless, these findings provide valuable insights for improving genetic 

testing, guiding donor selection, and enhancing comprehensive, long-term patient 

care. 

6.6 Future directions and clinical recommendations 

The growing recognition of germline predisposition in hematological malignancies 

opens new avenues for more personalized and risk-adapted clinical approaches. 

While current clinical guidelines recommend genetic testing primarily for 

individuals with inherited bone marrow failure syndromes or strong familial 

backgrounds, our findings demonstrate that clinically relevant germline variants 

can also be identified in patients without classical phenotypes or family 

history.51,83,184,281 Given the therapeutic and donor-related implications, 

particularly in the setting of allogeneic hematopoietic stem cell transplantation, 

there is increasing justification for expanding germline testing beyond high-risk 

groups. Considering the emerging evidence and recent best-practice 

recommendations from the UK, current practices should be reconsidered, with 

broader germline testing extended especially to those undergoing allogeneic 

hematopoietic stem cell transplantation, and potentially to all patients with 

hematological malignancies.174 

While CHEK2 emerged as a particularly relevant gene in our data, its full clinical 

significance remains uncertain. Although no clear effect on short-term HSCT 

outcomes was observed, CHEK2 and other cancer predisposition variants may still 

have important implications for long-term risk and more research is needed before 

definitive clinical conclusions can be drawn.277,278 Future studies on CHEK2 should 

focus on understanding the underlying mechanisms to explain the risk for 

hematological malignancies and long-term follow-up of affected individuals, to 

determine whether these variants have late effects. Such research will be essential 

for developing personalized surveillance strategies and improving long-term 

outcomes in this growing patient population. 

While allogeneic hematopoietic stem cell transplantation replaces the recipient’s 

hematopoietic system, it does not replace the bone marrow microenvironment, 

which continues to influence stem cell behavior.282–284 The bone marrow niche 
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plays a key role in regulating hematopoiesis and may influence disease course.283,284 

Emerging research suggests that alterations in the niche can contribute not only to 

malignant transformation but also to chemoresistance and relapse.283,284 This 

raises the possibility that, in some cases, inherited predisposition may not be 

limited to hematopoietic cells themselves but could also involve the surrounding 

stromal microenvironment. Future studies are needed to explore the contribution 

of the germline niche to long-term transplant outcomes and malignant 

progression.283 

In the clinical context, fertility preservation should ideally be integrated early 

after diagnosis and supported by multidisciplinary collaboration. Establishing 

evidence-based guidelines and long-term follow-up strategies will help ensure that 

fertility care becomes a routine and equitable part of comprehensive care.237 Future 

research should focus on uncovering the underlying mechanisms of spermatogonial 

depletion in patients with hematological disorders, including the roles of genetic 

predisposition, as well as disease- and treatment-related factors.237 Also, further 

research is needed to confirm whether testicular tissue freezing is inadvisable for 

patients with Fanconi anemia. Standardized methods for evaluating and preserving 

testicular tissue, along with continued research into fertility restoration techniques, 

will be essential as these approaches move closer to clinical application. 

In summary, this work outlines several concrete directions for future research 

and clinical development. While these areas are already visible priorities, the 

comprehensive clinical and genetic datasets collected in this research may also 

serve as a foundation for future investigations beyond the current scope. As long-

term follow-up data continues to evolve, these resources will be invaluable in 

shaping more personalized, predictive, and preventive approaches in hematology. 
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7 Conclusions 

This thesis explored the prevalence and clinical implications of germline variants in 

patients with severe hematological disorders, focusing on their relevance in 

hematopoietic stem cell transplantation and fertility preservation. Through 

comprehensive analyses of germline genetic data of diverse patient cohorts, the 

studies demonstrated that pathogenic germline variants are relatively common not 

only in pediatric cases but also in unselected adult patients. Notably, the findings 

extend beyond classical inherited syndromes, revealing that significant germline 

predisposition can exist even in patients without suggestive family history or 

syndromic features. 

The identification of CHEK2 as a recurrent variant associated with 

hematological malignancies in the Finnish population provides new insights into 

moderate-risk cancer predisposition. Although CHEK2 did not affect short-term 

HSCT outcomes, its potential role in long-term risks, such as secondary 

malignancies, underlines the need for future surveillance strategies.  

In the context of fertility preservation, this work provides novel evidence that 

spermatogonial depletion may occur before any treatment is initiated, particularly 

in patients with inherited bone marrow failure syndromes. These findings stress the 

importance of offering fertility preservation at diagnosis and call for further 

investigation into the mechanisms behind impaired spermatogenesis in 

hematological diseases. 

In conclusion, this thesis highlights the clinical relevance of germline 

predisposition in hematological disorders and supports its integration into routine 

evaluation. Ultimately, close interdisciplinary collaboration between 

hematologists, geneticists, fertility specialists, and genetic counselors, along with 

standardized practices, will be key to translating genetic insights into individualized 

care and improved patient outcomes. 

 

  



 

65 

Acknowledgements 

This thesis was carried out in the Hematological Genetics Lab at the Department of 

Medical and Clinical Genetics and Research Programs Unit, Faculty of Medicine, 

University of Helsinki in 2019-2025. I wish to acknowledge the Doctoral 

Programme of Clinical Research and the University of Helsinki for their high-

quality education. I want to express my gratitude to all the financial support I have 

received: The Finnish Medical Foundation, the Finnish-Norwegian Medical 

Foundation, the Finnish Association of Hematology, the Ida Montin Foundation, 

the Biomedicum Helsinki Foundation, the Jalmari and Rauha Ahokas Foundation, 

the Orion Research Foundation, the Juhani Aho Medical Research Foundation, and 

the Cancer Foundation Finland. 

I would like to express my deepest gratitude to my supervisors, Ulla Wartiovaara-

Kautto and Outi Kilpivaara. Thank you for offering me the opportunity to work as 

part of your research group and for believing in me from the very beginning. I could 

never have anticipated where this project would lead me — and looking back now, 

it seems neither could you. Ulla, thank you for the knowledge and guidance you 

have given me, both in research and in clinical work. Your dedication and 

enthusiasm for hematology are truly extraordinary. Outi, thank you for your 

thoughtful approach and for being closer to reality. I am grateful for everything I 

have learned from you about genetics and research. Thank you both for entrusting 

me with responsibility in just the right measure. 

My sincerest thanks also go to professor Kirsi Jahnukainen. I am grateful for 

everything I have learned from you and for the people I have met through you. 

Thank you for giving me the chance to shine through my own strengths and for 

guiding me toward pediatrics, where I have found my place. I look forward to our 

future research projects together. 

I wish to acknowledge all my co-authors, both in this thesis and on other exciting 

projects, my still relatively short academic career has already led me to. Special 

thanks to Maarja Karu, for sharing the burden of the final study of this thesis — 

good luck with your own dissertation. Many thanks also to Esa Pitkänen, for your 

expertise and for providing the grounding my supervisors sometimes needed. I am 

deeply grateful to the staff at the Finnish Red Cross Blood Service, especially Jarmo 

Ritari, Kati Hyvärinen, and Jukka Partanen, and to all collaborators in the original 

publications: Lilli Leimi, Mikko Keränen, Caroline Heckman, Kim Vettenranta, 

Minna Koskenvuo, Riitta Niittyvuopio, Urpu Salmenniemi, Maija Itälä-Remes, and 



 

66 

colleagues from the NORDFERTIL and Androprotect projects, particularly Jan 

Stukenborg, Nina Neuhaus, and Miriam Funke. 

I warmly thank the pre-examiners of this thesis, docents Atte Nikkilä and Marjaana 

Säily, for your careful review and valuable comments that helped me improve the 

manuscript in its final stages. I also thank you, Marjaana, for agreeing to serve as 

my opponent. I look forward to a stimulating discussion and hope you will not be 

too harsh on me in front of my family. My gratitude extends as well to my thesis 

committee members, docents Samppa Ryhänen and Sanna Siitonen, for their 

support. 

I am grateful to all past and present members of our research group. Suvi and Lotta, 

thank you for welcoming me so warmly from the very beginning. Lotta, thank you 

for taking care of things so I never had to set foot in the lab. Suvi, thank you for 

inviting me into your project and guiding me to the right path after the rough start. 

Elina, you patiently introduced me to the topic step by step. Thank you, Jessica, 

Ilse, Tuulia, Cristina, Marja, and Laura — I have gained more from you than I could 

have ever imagined. For those of you still working on your thesis, I wish you 

perseverance. Not every day will be easy, but hopefully some days will be easier than 

others. Thank you Terhi, Anna, Sara, Suski, Siiri, Pia, Miika, and all the other 

members of the KiVa lab for your support and for allowing me to share this journey 

with you. It has been a privilege to work with colleagues like you. 

I also wish to thank the wonderful clinical teams I have had the pleasure of working 

with during these years — especially my colleagues in Pediatrics at Jorvi Hospital 

and the New Children’s Hospital. 

To my friends, my warmest thanks go to Joni and Riku. So much has already fit into 

the past years, and much more is yet to come. I know you are always there, even 

when life takes us in different directions for a while. Heartfelt thanks also to Santeri, 

Antti, and Mauno for keeping the group together and for all the unforgettable 

experiences, and to Anssi for peer support along the way — good luck with the final 

stretch of your own thesis. Thank you, Mika, especially for motivating me to run — 

now that the dissertation is complete, beating you will be one of my next goals. 

Thank you, Markus, for showing me this is possible; if you could do it, I know I can 

too. Thank you, Nora, for leading by example and offering your help. My thanks also 

to Kata, Mikko, Jenna, and many others who have been part of this journey. A big 

thank you to Tali Rovers FC for keeping me in good shape — especially during the 

long, cold winters. 

Finally, I owe my deepest gratitude to my family. You remind me of what truly 

matters in life. Thank you all for believing in me. Above all, thank you to my beloved 

wife, Katarina, for everything you have done to support me throughout my doctoral 

studies. I could not have achieved this without you. The past years have been wild, 

and the future promises to be the same. I will do my best to support you in your 

doctoral studies next. Thank you, Aaron and Kiira, — and Nuu-Nuu — for being in 

my life. You bring balance to my days, motivate me to work efficiently, give me a 

reason to come home on time, and make sure my thoughts stay away from work 



 

67 

during free time. I know you may be disappointed that this book does not include 

any beautiful pictures, but I hope one day you will appreciate it. Thank you to my 

dear siblings Arttu, Kitte, Kiia, and Sanna, and their spouses, and to my mother for 

all the support I have received. If I asked you what my research was about, the 

answer would, at best, be only a good guess — but that has never stopped you from 

encouraging me. Thank you for everything, Dad. Thank you, Irina, Pekka, and Zoja, 

for your endless support and for making this possible. 

Above all, I express my deepest gratitude to all the patients and their families who 

participated in our studies. 

And finally, my thanks to the many others I have not named here. Writing these 

acknowledgements makes me realize just how many people I must be grateful for 

during these past years. 



 

68 

References 

1.  Laurenti E, Göttgens B. From haematopoietic stem cells to complex differentiation 
landscapes. Nature. 2018;553(7689):418-426. doi:10.1038/nature25022 

2.  Liggett LA, Sankaran VG. Unraveling Hematopoiesis through the Lens of Genomics. Cell. 
2020;182(6):1384-1400. doi:10.1016/j.cell.2020.08.030 

3.  Brown G. Towards a New Understanding of Decision-Making by Hematopoietic Stem Cells. 
Int J Mol Sci. 2020;21(7):2362. doi:10.3390/ijms21072362 

4.  Cheng H, Zheng Z, Cheng T. New paradigms on hematopoietic stem cell differentiation. 
Protein Cell. 2020;11(1):34-44. doi:10.1007/s13238-019-0633-0 

5.  Jaiswal S, Ebert BL. Clonal hematopoiesis in human aging and disease. Science (80- ). 
2019;366(6465):eaan4673. doi:10.1126/science.aan4673 

6.  Joo LJ, Bradley CC, Lin SH, Scheet PA, Nead KT. Causes of Clonal Hematopoiesis: a 
Review. Curr Oncol Rep. 2023;25(3):211-220. doi:10.1007/s11912-023-01362-z 

7.  Kar SP, Quiros PM, Gu M, et al. Genome-wide analyses of 200,453 individuals yield new 
insights into the causes and consequences of clonal hematopoiesis. Nat Genet. 
2022;54(8):1155-1166. doi:10.1038/s41588-022-01121-z 

8.  Bick AG, Weinstock JS, Nandakumar SK, et al. Inherited causes of clonal haematopoiesis in 
97,691 whole genomes. Nature. 2020;586(7831):763-768. doi:10.1038/s41586-020-2819-2 

9.  Silver AJ, Bick AG, Savona MR. Germline risk of clonal haematopoiesis. Nat Rev Genet. 
2021;22(9):603-617. doi:10.1038/s41576-021-00356-6 

10.  Kessler MD, Damask A, O’Keeffe S, et al. Common and rare variant associations with clonal 
haematopoiesis phenotypes. Nature. 2022;612(7939):301-309. doi:10.1038/s41586-022-
05448-9 

11.  Wen S, Kuri-Morales P, Hu F, et al. Comparative analysis of the Mexico City Prospective 
Study and the UK Biobank identifies ancestry-specific effects on clonal hematopoiesis. Nat 
Genet. 2025;57(3):572-582. doi:10.1038/s41588-025-02085-6 

12.  Yoshida K. Clonal hematopoiesis in cancer predisposition syndromes. Int J Hematol. 
2025;122(3):351-357. doi:10.1007/s12185-024-03878-x 

13.  Bejar R. CHIP, ICUS, CCUS and other four-letter words. Leukemia. 2017;31(9):1869-1871. 
doi:10.1038/leu.2017.181 

14.  Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell. 
2011;144(5):646-674. doi:10.1016/j.cell.2011.02.013 

15.  Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022;12(1):31-46. 
doi:10.1158/2159-8290.CD-21-1059 

16.  Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA, Kinzler KW. Cancer 
Genome Landscapes. Science (80- ). 2013;339(6127):1546-1558. 
doi:10.1126/science.1235122 

17.  Martincorena I, Campbell PJ. Somatic mutation in cancer and normal cells. Science (80- ). 



 

69 

2015;349(6255):1483-1489. doi:10.1126/science.aab4082 

18.  Hanahan D, Weinberg RA. The Hallmarks of Cancer Review Douglas. Cell. 2000;100(7):57-
70. 

19.  Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability an evolving hallmark of 
cancer. Nat Rev Mol Cell Biol. 2010;11(3):220-228. doi:10.1038/nrm2858 

20.  Shen H, Laird PW. Interplay between the cancer genome and epigenome. Cell. 
2013;153(1):38-55. doi:10.1016/j.cell.2013.03.008 

21.  van Galen P, Hovestadt V, Wadsworth MH, et al. Single-Cell RNA-Seq Reveals AML 
Hierarchies Relevant to Disease Progression and Immunity. Cell. 2019;176(6):1265-
1281.e24. doi:10.1016/j.cell.2019.01.031 

22.  Corces MR, Buenrostro JD, Wu B, et al. Lineage-specific and single-cell chromatin 
accessibility charts human hematopoiesis and leukemia evolution. Nat Genet. 
2016;48(10):1193-1203. doi:10.1038/ng.3646 

23.  Young AL, Challen GA, Birmann BM, Druley TE. Clonal haematopoiesis harbouring AML-
associated mutations is ubiquitous in healthy adults. Nat Commun. 2016;7(1):12484. 
doi:10.1038/ncomms12484 

24.  Gillis NK, Ball M, Zhang Q, et al. Clonal haemopoiesis and therapy-related myeloid 
malignancies in elderly patients: a proof-of-concept, case-control study. Lancet Oncol. 
2017;18(1):112-121. doi:10.1016/S1470-2045(16)30627-1 

25.  Khoury JD, Solary E, Abla O, et al. The 5th edition of the World Health Organization 
Classification of Haematolymphoid Tumours: Myeloid and 
Histiocytic/Dendritic Neoplasms. Leukemia. 2022;36(7):1703-1719. doi:10.1038/s41375-
022-01613-1 

26.  Alaggio R, Amador C, Anagnostopoulos I, et al. The 5th edition of the World Health 
Organization Classification of Haematolymphoid Tumours: Lymphoid Neoplasms. 
Leukemia. 2022;36(7):1720-1748. doi:10.1038/s41375-022-01620-2 

27.  Hunger SP, Mullighan CG. Acute Lymphoblastic Leukemia in Children. Longo DL, ed. N 
Engl J Med. 2015;373(16):1541-1552. doi:10.1056/NEJMra1400972 

28.  Molina JC, Carraway HE. Treatment of Relapsed Acute Lymphocytic Leukemia in Adult 
Patients. Curr Treat Options Oncol. 2024;25(8):993-1010. doi:10.1007/s11864-024-01213-
4 

29.  Arber DA, Orazi A, Hasserjian RP, et al. International Consensus Classification of Myeloid 
Neoplasms and Acute Leukemias: integrating morphologic, clinical, and genomic data. 
Blood. 2022;140(11):1200-1228. doi:10.1182/blood.2022015850 

30.  Pagliaro L, Chen S-J, Herranz D, et al. Acute lymphoblastic leukaemia. Nat Rev Dis Prim. 
2024;10(1):41. doi:10.1038/s41572-024-00525-x 

31.  Hasserjian RP, Germing U, Malcovati L. Diagnosis and classification of myelodysplastic 
syndromes. Blood. 2023;142(26):2247-2257. doi:10.1182/blood.2023020078 

32.  Döhner H, Wei AH, Appelbaum FR, et al. Diagnosis and management of AML in adults: 
2022 recommendations from an international expert panel on behalf of the ELN. Blood. 
2022;140(12):1345-1377. doi:10.1182/blood.2022016867 

33.  Shimony S, Stahl M, Stone RM. Acute Myeloid Leukemia: 2025 Update on Diagnosis, Risk‐
Stratification, and Management. Am J Hematol. 2025;100(5):860-891. 
doi:10.1002/ajh.27625 

34.  Sedeta E, Jemal A, Nisotel L, Sung H. Survival difference between secondary and de novo 
acute myeloid leukemia by age, antecedent cancer types, and chemotherapy receipt. 
Cancer. 2024;130(11):1952-1963. doi:10.1002/cncr.35214 



 

70 

35.  Molteni E, Bono E, Gallì A, et al. Prevalence and clinical expression of germ line 
predisposition to myeloid neoplasms in adults with marrow hypocellularity. Blood. 
2023;142(7):643-657. doi:10.1182/blood.2022019304 

36.  Thiele J, Kvasnicka HM, Orazi A, et al. The international consensus classification of 
myeloid neoplasms and acute Leukemias: myeloproliferative neoplasms. Am J Hematol. 
2023;98(1):166-179. doi:10.1002/ajh.26751 

37.  Chen X, Patkar N, Tembhare P, et al. Fifth edition WHO classification: myeloid neoplasms. 
J Clin Pathol. 2025;78(5):335-345. doi:10.1136/jcp-2024-210022 

38.  Arber DA, Orazi A. Classification of Myelodysplastic, Myeloproliferative, and 
Myelodysplastic/Myeloproliferative Neoplasms: The Past, Present, and Future. Am J 
Hematol. 2025;100(S4):5-15. doi:10.1002/ajh.27656 

39.  Patnaik MM, Lasho T. Evidence-Based Minireview: Myelodysplastic 
syndrome/myeloproliferative neoplasm overlap syndromes: a focused review. Hematology. 
2020;2020(1):460-464. doi:10.1182/hematology.2020000163 

40.  Pasquer H, Kiladjian J-J, Benajiba L. Current myeloproliferative neoplasm scoring systems 
for clinical practice. Blood. 2025;145(3):257-276. doi:10.1182/blood.2024025459 

41.  Tefferi A, Guglielmelli P, Larson DR, et al. Long-term survival and blast transformation in 
molecularly annotated essential thrombocythemia, polycythemia vera, and myelofibrosis. 
Blood. 2014;124(16):2507-2513. doi:10.1182/blood-2014-05-579136 

42.  Lee JM, Lee G, Kim T, et al. Classification and Prognostic Stratification Based on Genomic 
Features in Myelodysplastic and Myeloproliferative Neoplasm- and Their Overlapping 
Conditions. Cancers (Basel). 2024;16(23):3-16. doi:10.3390/cancers16234121 

43.  McLornan D, Eikema DJ, Czerw T, et al. Trends in allogeneic haematopoietic cell 
transplantation for myelofibrosis in Europe between 1995 and 2018: a CMWP of EBMT 
retrospective analysis. Bone Marrow Transplant. 2021;56(9):2160-2172. 
doi:10.1038/s41409-021-01305-x 

44.  Hallek M, Al-Sawaf O. Chronic lymphocytic leukemia: 2022 update on diagnostic and 
therapeutic procedures. Am J Hematol. 2021;96(12):1679-1705. doi:10.1002/ajh.26367 

45.  Besliu C, Tanase AD, Rotaru I, et al. The Evolving Landscape in Multiple Myeloma: From 
Risk Stratification to T Cell-Directed Advanced Therapies. Cancers (Basel). 2025;17(3):1-
19. doi:10.3390/cancers17030525 

46.  El-Khoury H, Lee DJ, Alberge J-B, et al. Prevalence of monoclonal gammopathies and 
clinical outcomes in a high-risk US population screened by mass spectrometry: a 
multicentre cohort study. Lancet Haematol. 2022;9(5):e340-e349. doi:10.1016/S2352-
3026(22)00069-2 

47.  D’Agostino M, Cairns DA, Lahuerta JJ, et al. Second Revision of the International Staging 
System (R2-ISS) for Overall Survival in Multiple Myeloma: A European Myeloma Network 
(EMN) Report Within the HARMONY Project. J Clin Oncol. 2022;40(29):3406-3418. 
doi:10.1200/JCO.21.02614 

48.  Mishra A, Gupta A, Dagar G, et al. CAR-T-Cell Therapy in Multiple Myeloma: B-Cell 
Maturation Antigen (BCMA) and Beyond. Vaccines. 2023;11(11):1721. 
doi:10.3390/vaccines11111721 

49.  Kulasekararaj A, Cavenagh J, Dokal I, et al. Guidelines for the diagnosis and management 
of adult aplastic anaemia: A British Society for Haematology Guideline. Br J Haematol. 
2024;204(3):784-804. doi:10.1111/bjh.19236 

50.  DeZern AE, Churpek JE. Approach to the diagnosis of aplastic anemia. Blood Adv. 
2021;5(12):2660-2671. doi:10.1182/bloodadvances.2021004345 

51.  Alter BP, Giri N, Savage SA, Rosenberg PS. Cancer in the national cancer institute inherited 



 

71 

bone marrow failure syndrome cohort after fifteen years of follow-up. Haematologica. 
2018;103(1):30-39. doi:10.3324/haematol.2017.178111 

52.  Peslak SA, Olson T, Babushok D V. Diagnosis and Treatment of Aplastic Anemia. Curr 
Treat Options Oncol. 2017;18(12):70. doi:10.1007/s11864-017-0511-z 

53.  Solimando AG, Palumbo C, Pragnell MV, Bittrich M, Argentiero A, Krebs M. Aplastic 
Anemia as a Roadmap for Bone Marrow Failure: An Overview and a Clinical Workflow. Int 
J Mol Sci. 2022;23(19):11765. doi:10.3390/ijms231911765 

54.  Boddu P, Garcia‐Manero G, Ravandi F, et al. Clinical outcomes in adult patients with 
aplastic anemia: A single institution experience. Am J Hematol. 2017;92(12):1295-1302. 
doi:10.1002/ajh.24897 

55.  Fattizzo B, Gurnari C, Giammarco S, et al. Elderly Patients With Aplastic Anemia: 
Treatment Patterns and Outcomes in the Real World. Am J Hematol. 2025;100(4):584-591. 
doi:10.1002/ajh.27611 

56.  Goyal G, Tazi A, Go RS, et al. International expert consensus recommendations for the 
diagnosis and treatment of Langerhans cell histiocytosis in adults. Blood. 
2022;139(17):2601-2621. doi:10.1182/blood.2021014343 

57.  Emile JF, Abla O, Fraitag S, et al. Revised classification of histiocytoses and neoplasms of 
the macrophage-dendritic cell lineages. Blood. 2016;127(22):2672-2681. doi:10.1182/blood-
2016-01-690636 

58.  Diamond EL, Dagna L, Hyman DM, et al. Consensus guidelines for the diagnosis and 
clinical management of Erdheim-Chester disease. Blood. 2014;124(4):483-492. 
doi:10.1182/blood-2014-03-561381 

59.  Pardanani A. Systemic mastocytosis in adults: 2021 Update on diagnosis, risk stratification 
and management. Am J Hematol. 2021;96(4):508-525. doi:10.1002/ajh.26118 

60.  Valent P, Hartmann K, Hoermann G, et al. Harmonization of Diagnostic Criteria in 
Mastocytosis for Use in Clinical Practice: WHO vs ICC vs AIM/ECNM. J Allergy Clin 
Immunol Pract. 2024;12(12):3250-3260.e5. doi:10.1016/j.jaip.2024.08.044 

61.  Leguit RJ, Wang SA, George TI, Tzankov A, Orazi A. The international consensus 
classification of mastocytosis and related entities. Virchows Arch. 2023;482(1):99-112. 
doi:10.1007/s00428-022-03423-3 

62.  Cohen SS, Skovbo S, Vestergaard H, et al. Epidemiology of systemic mastocytosis in 
Denmark. Br J Haematol. 2014;166(4):521-528. doi:10.1111/bjh.12916 

63.  Gotlib J, Schwaab J, Shomali W, et al. Proposed European Competence Network on 
Mastocytosis—American Initiative in Mast Cell Diseases (ECNM-AIM) Response Criteria in 
Advanced Systemic Mastocytosis. J Allergy Clin Immunol Pract. 2022;10(8):2025-2038.e1. 
doi:10.1016/j.jaip.2022.05.034 

64.  Piel FB, Weatherall DJ. The α-Thalassemias. Longo DL, ed. N Engl J Med. 
2014;371(20):1908-1916. doi:10.1056/NEJMra1404415 

65.  Origa R. β-Thalassemia. Genet Med. 2017;19(6):609-619. doi:10.1038/gim.2016.173 

66.  Feuchtbaum L, Carter J, Dowray S, Currier RJ, Lorey F. Birth prevalence of disorders 
detectable through newborn screening by race/ethnicity. Genet Med. 2012;14(11):937-945. 
doi:10.1038/gim.2012.76 

67.  Brandow AM, Liem RI. Advances in the diagnosis and treatment of sickle cell disease. J 
Hematol Oncol. 2022;15(1):1-13. doi:10.1186/s13045-022-01237-z 

68.  Lal A, Vichinsky E. The Clinical Phenotypes of Alpha Thalassemia. Hematol Oncol Clin 
North Am. 2023;37(2):327-339. doi:10.1016/j.hoc.2022.12.004 

69.  Winger BA, Ajayi A, Vichinsky E. Diagnosis and Treatment of Alpha Thalassemia Major. 



 

72 

Hemoglobin. 2025;49(1):3-9. doi:10.1080/03630269.2024.2432899 

70.  Origa R, Issa L. Beta Thalassemia in Children: Established Approaches, Old Issues, New 
Non-Curative Therapies, and Perspectives on Healing. J Clin Med. 2024;13(22):6966. 
doi:10.3390/jcm13226966 

71.  Funck-Brentano T, Zillikens MC, Clunie G, Siggelkow H, Appelman-Dijkstra NM, Cohen-
Solal M. Osteopetrosis and related osteoclast disorders in adults: A review and knowledge 
gaps On behalf of the European calcified tissue society and ERN BOND. Eur J Med Genet. 
2024;69:104936. doi:10.1016/j.ejmg.2024.104936 

72.  Zuo X, Chen Z. From gene to therapy: a review of deciphering the role of ABCD1 in 
combating X-Linked adrenoleukodystrophy. Lipids Health Dis. 2024;23(1):369. 
doi:10.1186/s12944-024-02361-0 

73.  Wiens K, Berry SA, Choi H, et al. A report on state‐wide implementation of newborn 
screening for X‐linked Adrenoleukodystrophy. Am J Med Genet. 2019;179(7):1205-1213. 
doi:10.1002/ajmg.a.61171 

74.  Tangye SG, Al-Herz W, Bousfiha A, et al. Human Inborn Errors of Immunity: 2022 
Update on the Classification from the International Union of Immunological Societies 
Expert Committee. Vol 42. Springer US; 2022. doi:10.1007/s10875-022-01289-3 

75.  IJspeert H, Edwards ESJ, O’Hehir RE, Dalm VASH, van Zelm MC. Update on inborn errors 
of immunity. J Allergy Clin Immunol. 2025;155(3):740-751. 
doi:10.1016/j.jaci.2024.12.1075 

76.  Similuk MN, Yan J, Ghosh R, et al. Clinical exome sequencing of 1000 families with 
complex immune phenotypes: Toward comprehensive genomic evaluations. J Allergy Clin 
Immunol. 2022;150(4):947-954. doi:10.1016/j.jaci.2022.06.009 

77.  Yska HAF, Elsink K, Kuijpers TW, Frederix GWJ, van Gijn ME, van Montfrans JM. 
Diagnostic Yield of Next Generation Sequencing in Genetically Undiagnosed Patients with 
Primary Immunodeficiencies: a Systematic Review. J Clin Immunol. 2019;39(6):577-591. 
doi:10.1007/s10875-019-00656-x 

78.  Howley E, Golwala Z, Buckland M, et al. Impact of newborn screening for SCID on the 
management of congenital athymia. J Allergy Clin Immunol. 2024;153(1):330-334. 
doi:10.1016/j.jaci.2023.08.031 

79.  Lankester AC, Neven B, Mahlaoui N, et al. Hematopoietic cell transplantation in severe 
combined immunodeficiency: The SCETIDE 2006-2014 European cohort. J Allergy Clin 
Immunol. 2022;149(5):1744-1754.e8. doi:10.1016/j.jaci.2021.10.017 

80.  Akalu YT, Bogunovic D. Inborn errors of immunity: an expanding universe of disease and 
genetic architecture. Nat Rev Genet. 2024;25(3):184-195. doi:10.1038/s41576-023-00656-z 

81.  Reinig EF, Rubinstein JD, Patil AT, et al. Needle in a haystack or elephant in the room? 
Identifying germline predisposition syndromes in the setting of a new myeloid malignancy 
diagnosis. Leukemia. 2023;37(8):1589-1599. doi:10.1038/s41375-023-01955-4 

82.  Jerez J, Santiago M. Unraveling germline predisposition in hematological neoplasms: 
Navigating complexity in the genomic era. Blood Rev. 2024;64:101143. 
doi:10.1016/j.blre.2023.101143 

83.  Godley LA, DiNardo CD, Bolton K. Germline Predisposition in Hematologic Malignancies: 
Testing, Management, and Implications. Am Soc Clin Oncol Educ B. 2024;44(3):14-16. 
doi:10.1200/edbk_432218 

84.  Arai H, Matsui H, Chi SG, et al. Germline Variants and Characteristic Features of 
Hereditary Hematological Malignancy Syndrome. Int J Mol Sci. 2024;25(1):652. 
doi:10.3390/ijms25010652 

85.  Liu YC, Eldomery MK, Maciaszek JL, Klco JM. Inherited Predispositions to Myeloid 



 

73 

Neoplasms: Pathogenesis and Clinical Implications. Annu Rev Pathol. 2025;20(1):87-114. 
doi:10.1146/annurev-pathmechdis-111523-023420 

86.  Gener-Ricos G, Gerstein YS, Hammond D, Dinardo CD. Germline Predisposition to 
Myelodysplastic Syndromes. Cancer J (United States). 2023;29(3):143-151. 
doi:10.1097/PPO.0000000000000660 

87.  Thompson C, Ariagno S, Kohorst MA. Pediatric Germline Predisposition to Myeloid 
Neoplasms. Curr Hematol Malig Rep. 2022;17(6):266-274. doi:10.1007/s11899-022-
00681-5 

88.  Jahn A, Rump A, Widmann TJ, et al. Comprehensive cancer predisposition testing within 
the prospective MASTER trial identifies hereditary cancer patients and supports treatment 
decisions for rare cancers. Ann Oncol. 2022;33(11):1186-1199. 
doi:10.1016/j.annonc.2022.07.008 

89.  Garutti M, Foffano L, Mazzeo R, et al. Hereditary Cancer Syndromes: A Comprehensive 
Review with a Visual Tool. Genes (Basel). 2023;14(5):1025. doi:10.3390/genes14051025 

90.  Martins Rodrigues F, Jasielec J, Perpich M, et al. Germline predisposition in multiple 
myeloma. iScience. 2025;28(1):111620. doi:10.1016/j.isci.2024.111620 

91.  Stubbins RJ, Korotev S, Godley LA. Germline CHEK2 and ATM Variants in Myeloid and 
Other Hematopoietic Malignancies. Curr Hematol Malig Rep. 2022;17(4):94-104. 
doi:10.1007/s11899-022-00663-7 

92.  Yuan J, He R, Alkhateeb HB. Sporadic and Familial Acute Myeloid Leukemia with CEBPA 
Mutations. Curr Hematol Malig Rep. 2023;18(5):121-129. doi:10.1007/s11899-023-00699-
3 

93.  Tawana K, Wang J, Renneville A, et al. Disease evolution and outcomes in familial AML 
with germline CEBPA mutations. Blood. 2015;126(10):1214-1223. doi:10.1182/blood-2015-
05-647172 

94.  Trottier AM, Feurstein S, Godley LA. Germline predisposition to myeloid neoplasms: 
Characteristics and management of high versus variable penetrance disorders. Best Pract 
Res Clin Haematol. 2024;37(1):101537. doi:10.1016/j.beha.2024.101537 

95.  Baliakas P, Tesi B, Cammenga J, et al. How to manage patients with germline DDX41 
variants: Recommendations from the Nordic working group on germline predisposition for 
myeloid neoplasms. HemaSphere. 2024;8(8):3-7. doi:10.1002/hem3.145 

96.  Kida J, Chlon TM. Germline DDX41 mutations in myeloid neoplasms: the current clinical 
and molecular understanding. Curr Opin Hematol. 2025;32(2):67-76. 
doi:10.1097/MOH.0000000000000854 

97.  Kusne Y, Badar T, Lasho T, et al. Prevalence of cytopenia(s) and somatic variants in 
patients with DDX41 mutant germline predisposition syndrome. Br J Haematol. 
2025;206(4):1109-1120. doi:10.1111/bjh.20018 

98.  Tummala H, Kirwan M, Walne AJ, et al. ERCC6L2 mutations link a distinct bone-marrow-
failure syndrome to DNA repair and mitochondrial function. Am J Hum Genet. 
2014;94(2):246-256. doi:10.1016/j.ajhg.2014.01.007 

99.  Douglas SPM, Siipola P, Kovanen PE, et al. ERCC6L2 defines a novel entity within 
inherited acute myeloid leukemia. Blood. 2019;133(25):2724-2728. doi:10.1182/blood-
2019-01-896233 

100.  Hakkarainen M, Kaaja I, Douglas SPM, et al. The clinical picture of ERCC6L2 disease: from 
bone marrow failure to acute leukemia. Blood. 2023;141(23):2853-2866. 
doi:10.1182/blood.2022019425 

101.  Carnie CJ, Armstrong L, Sebesta M, et al. ERCC6L2 mitigates replication stress and 
promotes centromere stability. Cell Rep. 2023;42(4):112329. 



 

74 

doi:10.1016/j.celrep.2023.112329 

102.  Baccelli F, Leardini D, Cerasi S, Messelodi D, Bertuccio SN, Masetti R. ERCC6L2-related 
disease: a novel entity of bone marrow failure disorder with high risk of clonal evolution. 
Ann Hematol. 2023;102(4):699-705. doi:10.1007/s00277-023-05128-2 

103.  Ernst MPT, Versluis J, Valk PJM, et al. Disease characteristics and outcomes of acute 
myeloid leukemia in germline RUNX1 deficiency (Familial Platelet Disorder with associated 
Myeloid Malignancy). HemaSphere. 2025;9(1):e70057. doi:10.1002/hem3.70057 

104.  Sood R, Kamikubo Y, Liu P. Role of RUNX1 in hematological malignancies. Blood. 
2017;129(15):2070-2082. doi:10.1182/blood-2016-10-687830 

105.  Hayashi Y, Harada Y, Huang G, Harada H. Myeloid neoplasms with germ line RUNX1 
mutation. Int J Hematol. 2017;106(2):183-188. doi:10.1007/s12185-017-2258-5 

106.  Förster A, Decker M, Schlegelberger B, Ripperger T. Beyond Pathogenic RUNX1 Germline 
Variants: The Spectrum of Somatic Alterations in RUNX1-Familial Platelet Disorder with 
Predisposition to Hematologic Malignancies. Cancers (Basel). 2022;14(14):1-18. 
doi:10.3390/cancers14143431 

107.  Yu K, Deuitch N, Merguerian M, et al. Genomic landscape of patients with germline RUNX1 
variants and familial platelet disorder with myeloid malignancy. Blood Adv. 2024;8(2):497-
511. doi:10.1182/bloodadvances.2023011165 

108.  Yokota A, Huo L, Lan F, Wu J, Huang G. The Clinical, Molecular, and Mechanistic Basis of 
RUNX1 Mutations Identified in Hematological Malignancies. Mol Cells. 2020;43(2):145-
152. doi:10.14348/molcells.2019.0252 

109.  Sullivan MJ, Palmer EL, Botero JP. ANKRD26-Related Thrombocytopenia and 
Predisposition to Myeloid Neoplasms. Curr Hematol Malig Rep. 2022;17(5):105-112. 
doi:10.1007/s11899-022-00666-4 

110.  Pippucci T, Savoia A, Perrotta S, et al. Mutations in the 5′ UTR of ANKRD26, the Ankirin 
Repeat Domain 26 Gene, Cause an Autosomal-Dominant Form of Inherited 
Thrombocytopenia, THC2. Am J Hum Genet. 2011;88(1):115-120. 
doi:10.1016/j.ajhg.2010.12.006 

111.  Bluteau D, Balduini A, Balayn N, et al. Thrombocytopenia-associated mutations in the 
ANKRD26 regulatory region induce MAPK hyperactivation. J Clin Invest. 2014;124(2):580-
591. doi:10.1172/JCI71861 

112.  Feurstein S, Godley LA. Germline ETV6 mutations and predisposition to hematological 
malignancies. Int J Hematol. 2017;106(2):189-195. doi:10.1007/s12185-017-2259-4 

113.  Melazzini F, Palombo F, Balduini A, et al. Clinical and pathogenic features of ETV6-related 
thrombocytopenia with predisposition to acute lymphoblastic leukemia. Haematologica. 
2016;101(11):1333-1342. doi:10.3324/haematol.2016.147496 

114.  Noetzli L, Lo RW, Lee-Sherick AB, et al. Germline mutations in ETV6 are associated with 
thrombocytopenia, red cell macrocytosis and predisposition to lymphoblastic leukemia. 
Nat Genet. 2015;47(5):535-538. doi:10.1038/ng.3253 

115.  Moriyama T, Metzger ML, Wu G, et al. Germline genetic variation in ETV6 and risk of 
childhood acute lymphoblastic leukaemia: a systematic genetic study. Lancet Oncol. 
2015;16(16):1659-1666. doi:10.1016/S1470-2045(15)00369-1 

116.  Qian M, Cao X, Devidas M, et al. TP53 germline variations influence the predisposition and 
prognosis of b-cell acute lymphoblastic leukemia in children. J Clin Oncol. 2018;36(6):591-
599. doi:10.1200/JCO.2017.75.5215 

117.  Swaminathan M, Bannon SA, Routbort M, et al. Hematologic malignancies and Li-
Fraumeni syndrome. Cold Spring Harb Mol Case Stud. 2019;5(1):1-14. 
doi:10.1101/mcs.a003210 



 

75 

118.  Comeaux EQ, Mullighan CG. TP53 Mutations in Hypodiploid Acute Lymphoblastic 
Leukemia. Cold Spring Harb Perspect Med. 2017;7(3):a026286. 
doi:10.1101/cshperspect.a026286 

119.  Duployez N, Jamrog LA, Fregona V, et al. Germline PAX5 mutation predisposes to familial 
B-cell precursor acute lymphoblastic leukemia. Blood. 2021;137(10):1424-1428. 
doi:10.1182/blood.2020005756 

120.  Shah S, Schrader KA, Waanders E, et al. A recurrent germline PAX5 mutation confers 
susceptibility to pre-B cell acute lymphoblastic leukemia. Nat Genet. 2013;45(10):1226-
1231. doi:10.1038/ng.2754 

121.  Bettini LR, Fazio G, Saitta C, et al. Diverse mechanisms of leukemogenesis associated with 
PAX5 germline mutation. Leukemia. 2024;38(11):2479-2482. doi:10.1038/s41375-024-
02399-0 

122.  Gu Z, Churchman ML, Roberts KG, et al. PAX5-driven subtypes of B-progenitor acute 
lymphoblastic leukemia. Nat Genet. 2019;51(2):296-307. doi:10.1038/s41588-018-0315-5 

123.  Churchman ML, Qian M, te Kronnie G, et al. Germline Genetic IKZF1 Variation and 
Predisposition to Childhood Acute Lymphoblastic Leukemia. Cancer Cell. 2018;33(5):937-
948.e8. doi:10.1016/j.ccell.2018.03.021 

124.  Kamihara J, Shimamura A. It’s ALL in the Family: IKZF1 and Hereditary Leukemia. Cancer 
Cell. 2018;33(5):798-800. doi:10.1016/j.ccell.2018.04.008 

125.  Feng L, Zhang H, Liu T. Multifaceted roles of IKZF1 gene, perspectives from bench to 
bedside. Front Oncol. 2024;14:1-10. doi:10.3389/fonc.2024.1383419 

126.  Calvo KR, Hickstein DD. The spectrum of GATA2 deficiency syndrome. Blood. 
2023;141(13):1524-1532. doi:10.1182/blood.2022017764 

127.  Oleaga-Quintas C, de Oliveira-Júnior EB, Rosain J, et al. Inherited GATA2 Deficiency Is 
Dominant by Haploinsufficiency and Displays Incomplete Clinical Penetrance. J Clin 
Immunol. 2021;41(3):639-657. doi:10.1007/s10875-020-00930-3 

128.  Santiago M, Liquori A, Such E, Zúñiga Á, Cervera J. The Clinical Spectrum, Diagnosis, and 
Management of GATA2 Deficiency. Cancers (Basel). 2023;15(5):1590. 
doi:10.3390/cancers15051590 

129.  Wlodarski MW, Collin M, Horwitz MS. GATA2 deficiency and related myeloid neoplasms. 
Semin Hematol. 2017;54(2):81-86. doi:10.1053/j.seminhematol.2017.05.002 

130.  Thomas ME, Abdelhamed S, Hiltenbrand R, et al. Pediatric MDS and bone marrow failure-
associated germline mutations in SAMD9 and SAMD9L impair multiple pathways in 
primary hematopoietic cells. Leukemia. 2021;35(11):3232-3244. doi:10.1038/s41375-021-
01212-6 

131.  Tesi B, Davidsson J, Voss M, et al. Gain-of-function SAMD9L mutations cause a syndrome 
of cytopenia, immunodeficiency, MDS, and neurological symptoms. Blood. 
2017;129(16):2266-2279. doi:10.1182/blood-2016-10-743302 

132.  Wong JC, Bryant V, Lamprecht T, et al. Germline SAMD9 and SAMD9L mutations are 
associated with extensive genetic evolution and diverse hematologic outcomes. JCI Insight. 
2018;3(14):e121086. doi:10.1172/jci.insight.121086 

133.  Pastor VB, Sahoo SS, Boklan J, et al. Constitutional SAMD9L mutations cause familial 
myelodysplastic syndrome and transient monosomy 7. Haematologica. 2018;103(3):427-
437. doi:10.3324/haematol.2017.180778 

134.  King-Robson J, Marshall J, Smith F, Willoughby L, Mansour S, Sztriha L. Ataxia-
Pancytopenia Syndrome due to a de Novo SAMD9L Mutation. Neurol Genet. 
2021;7(3):e580. doi:10.1212/NXG.0000000000000580 

135.  Altintas B, Giri N, McReynolds LJ, Best A, Alter BP. Genotype-phenotype and outcome 



 

76 

associations in patients with Fanconi anemia: the National Cancer Institute cohort. 
Haematologica. 2023;108(1):69-82. doi:10.3324/haematol.2021.279981 

136.  Bogliolo M, Pujol R, Aza-Carmona M, et al. Optimised molecular genetic diagnostics of 
Fanconi anaemia by whole exome sequencing and functional studies. J Med Genet. 
2020;57(4):258-268. doi:10.1136/jmedgenet-2019-106249 

137.  Steinberg-Shemer O, Goldberg TA, Yacobovich J, et al. Erratum: Characterization and 
genotype-phenotype correlation of patients with Fanconi anemia in a multi-ethnic 
population. Haematologica. 2020;105(7):1825-1834. doi:10.3324/haematol.2019.222877 

138.  Dutzmann CM, Spix C, Popp I, et al. Cancer in Children With Fanconi Anemia and Ataxia-
Telangiectasia—A Nationwide Register-Based Cohort Study in Germany. J Clin Oncol. 
2022;40(1):32-39. doi:10.1200/JCO.21.01495 

139.  Cancio M, Troullioud Lucas AG, Bierings M, et al. Predictors of outcomes in hematopoietic 
cell transplantation for Fanconi anemia. Bone Marrow Transplant. 2024;59(1):34-40. 
doi:10.1038/s41409-023-02121-1 

140.  Ramírez MJ, Pujol R, Minguillón J, et al. Prognostic significance of mutation type and 
chromosome fragility in Fanconi anemia. Am J Hematol. 2025;100(2):272-284. 
doi:10.1002/ajh.27520 

141.  Murillo-Sanjuán L, González-Vicent M, Argilés Aparicio B, et al. Survival and toxicity 
outcomes of hematopoietic stem cell transplantation for pediatric patients with Fanconi 
anemia: a unified multicentric national study from the Spanish Working Group for Bone 
Marrow Transplantation in Children. Bone Marrow Transplant. 2021;56(5):1213-1216. 
doi:10.1038/s41409-020-01172-y 

142.  Nelson AS, Myers KC. Diagnosis, Treatment, and Molecular Pathology of Shwachman-
Diamond Syndrome. Hematol Oncol Clin North Am. 2018;32(4):687-700. 
doi:10.1016/j.hoc.2018.04.006 

143.  Furutani E, Liu S, Galvin A, et al. Hematologic complications with age in Shwachman-
Diamond syndrome. Blood Adv. 2022;6(1):297-306. 
doi:10.1182/bloodadvances.2021005539 

144.  Reilly CR, Shimamura A. Predisposition to myeloid malignancies in Shwachman-Diamond 
syndrome: biological insights and clinical advances. Blood. 2023;141(13):1513-1523. 
doi:10.1182/blood.2022017739 

145.  Kawashima N, Oyarbide U, Cipolli M, Bezzerri V, Corey SJ. Shwachman-Diamond 
syndromes: clinical, genetic, and biochemical insights from the rare variants. 
Haematologica. 2023;108(10):2594-2605. doi:10.3324/haematol.2023.282949 

146.  Kennedy AL, Myers KC, Bowman J, et al. Distinct genetic pathways define pre-malignant 
versus compensatory clonal hematopoiesis in Shwachman-Diamond syndrome. Nat 
Commun. 2021;12(1):1334. doi:10.1038/s41467-021-21588-4 

147.  Myers KC, Furutani E, Weller E, et al. Clinical features and outcomes of patients with 
Shwachman-Diamond syndrome and myelodysplastic syndrome or acute myeloid 
leukaemia: a multicentre, retrospective, cohort study. Lancet Haematol. 2020;7(3):e238-
e246. doi:10.1016/S2352-3026(19)30206-6 

148.  Tan S, Kermasson L, Hilcenko C, et al. Somatic genetic rescue of a germline ribosome 
assembly defect. Nat Commun. 2021;12(1):1-17. doi:10.1038/s41467-021-24999-5 

149.  Savage SA. Dyskeratosis congenita and telomere biology disorders. Hematology. 
2022;2022(1):637-648. doi:10.1182/hematology.2022000394 

150.  Tummala H, Walne AJ, Badat M, et al. The evolving genetic landscape of telomere biology 
disorder dyskeratosis congenita. EMBO Mol Med. 2024;16(10):2560-2582. 
doi:10.1038/s44321-024-00118-x 



 

77 

151.  Revy P, Kannengiesser C, Bertuch AA. Genetics of human telomere biology disorders. Nat 
Rev Genet. 2023;24(2):86-108. doi:10.1038/s41576-022-00527-z 

152.  Niewisch MR, Giri N, McReynolds LJ, et al. Disease progression and clinical outcomes in 
telomere biology disorders. Blood. 2022;139(12):1807-1819. doi:10.1182/blood.2021013523 

153.  Tummala H, Walne A, Dokal I. The biology and management of dyskeratosis congenita and 
related disorders of telomeres. Expert Rev Hematol. 2022;15(8):685-696. 
doi:10.1080/17474086.2022.2108784 

154.  Skokowa J, Dale DC, Touw IP, Zeidler C, Welte K. Severe congenital neutropenias. Nat Rev 
Dis Prim. 2017;3(1):17032. doi:10.1038/nrdp.2017.32 

155.  Donadieu J, Fenneteau O, Beaupain B, Mahlaoui N, Chantelot CB. Congenital neutropenia: 
Diagnosis, molecular bases and patient management. Orphanet J Rare Dis. 2011;6(1):1-28. 
doi:10.1186/1750-1172-6-26 

156.  Bartels M, Murphy K, Rieter E, Bruin M. Understanding chronic neutropenia: Life is short. 
Br J Haematol. 2016;172(2):157-169. doi:10.1111/bjh.13798 

157.  Pogozhykh D, Yilmaz Karapinar D, Klimiankou M, et al. HAX1-related congenital 
neutropenia: Long-term observation in paediatric and adult patients enrolled in the 
European branch of the Severe Chronic Neutropenia International Registry (SCNIR). Br J 
Haematol. 2023;202(2):393-411. doi:10.1111/bjh.18840 

158.  Connelly JA, Choi SW, Levine JE. Hematopoietic stem cell transplantation for severe 
congenital neutropenia. Curr Opin Hematol. 2012;19(1):44-51. 
doi:10.1097/MOH.0b013e32834da96e 

159.  Wlodarski MW, Vlachos A, Farrar JE, et al. Diagnosis, treatment, and surveillance of 
Diamond-Blackfan anaemia syndrome: international consensus statement. Lancet 
Haematol. 2024;11(5):e368-e382. doi:10.1016/S2352-3026(24)00063-2 

160.  Da Costa L, Leblanc T, Mohandas N. Diamond-Blackfan anemia. Blood. 2020;136(11):1262-
1273. doi:10.1182/blood.2019000947 

161.  Niemeyer CM. RAS diseases in children. Haematologica. 2014;99(11):1653-1662. 
doi:10.3324/haematol.2014.114595 

162.  Smpokou P, Zand DJ, Rosenbaum KN, Summar ML. Malignancy in Noonan syndrome and 
related disorders. Clin Genet. 2015;88(6):516-522. doi:10.1111/cge.12568 

163.  Ramamoorthy S, Lebrecht D, Schanze D, et al. Biallelic inactivation of the NF1 tumour 
suppressor gene in juvenile myelomonocytic leukaemia: Genetic evidence of driver function 
and implications for diagnostic workup. Br J Haematol. 2024;204(2):595-605. 
doi:10.1111/bjh.19190 

164.  Hofmans M, Schröder R, Lammens T, et al. Noonan syndrome‐associated 
myeloproliferative disorder with somatically acquired monosomy 7: impact on clinical 
decision making. Br J Haematol. 2019;187(4):e83–e86. doi:10.1111/bjh.16191 

165.  Leardini D, Messelodi D, Muratore E, et al. Role of CBL Mutations in Cancer and Non-
Malignant Phenotype. Cancers (Basel). 2022;14(3):839. doi:10.3390/cancers14030839 

166.  Lipka DB, Witte T, Toth R, et al. RAS-pathway mutation patterns define epigenetic 
subclasses in juvenile myelomonocytic leukemia. Nat Commun. 2017;8(1):2126. 
doi:10.1038/s41467-017-02177-w 

167.  Moretti NR, Silva ABN da, Guimarães LV, et al. The prevalence of solid tumors and 
hematologic malignancies among patients with Down syndrome: A systematic review and 
meta-analysis. Crit Rev Oncol Hematol. 2025;205:104558. 
doi:10.1016/j.critrevonc.2024.104558 

168.  Sugrañes TA, Flanagan M, Thomas C, Chang VY, Walsh M, Cunniff C. Age of first cancer 
diagnosis and survival in Bloom syndrome. Genet Med. 2022;24(7):1476-1484. 



 

78 

doi:10.1016/j.gim.2022.03.008 

169.  Aronson M, Colas C, Shuen A, et al. Diagnostic criteria for constitutional mismatch repair 
deficiency (CMMRD): Recommendations from the international consensus working group. 
J Med Genet. 2022;59(4):318-327. doi:10.1136/jmedgenet-2020-107627 

170.  Boyarchuk O, Kostyuchenko L, Akopyan H, et al. Nijmegen breakage syndrome: 25-year 
experience of diagnosis and treatment in Ukraine. Front Immunol. 2024;15:1-11. 
doi:10.3389/fimmu.2024.1428724 

171.  Escherich CS, Chen W, Li Y, et al. Germ line genetic NBN variation and predisposition to B-
cell acute lymphoblastic leukemia in children. Blood. 2024;143(22):2270-2283. 
doi:10.1182/blood.2023023336 

172.  Rothblum-Oviatt C, Wright J, Lefton-Greif MA, McGrath-Morrow SA, Crawford TO, 
Lederman HM. Ataxia telangiectasia: A review. Orphanet J Rare Dis. 2016;11(1):1-21. 
doi:10.1186/s13023-016-0543-7 

173.  Reiman A, Srinivasan V, Barone G, et al. Lymphoid tumours and breast cancer in ataxia 
telangiectasia; Substantial protective effect of residual ATM kinase activity against 
childhood tumours. Br J Cancer. 2011;105(4):586-591. doi:10.1038/bjc.2011.266 

174.  Clark A, Thomas S, Hamblin A, et al. Management of patients with germline predisposition 
to haematological malignancies considered for allogeneic blood and marrow 
transplantation: Best practice consensus guidelines from the UKCGG, CanGene-CanVar, 
NHS England GLH, and BSBMTCT. Br J Haematol. 2023;201(1):35-44. 
doi:10.1111/bjh.18682 

175.  Eisenberg ML, Betts P, Herder D, Lamb DJ, Lipshultz LI. Increased risk of cancer among 
azoospermic men. Fertil Steril. 2013;100(3):681-685.e1. 
doi:10.1016/j.fertnstert.2013.05.022 

176.  Nagirnaja L, Aston KI, Conrad DF. Genetic intersection of male infertility and cancer. Fertil 
Steril. 2018;109(1):20-26. doi:10.1016/j.fertnstert.2017.10.028 

177.  Krausz C, Cioppi F. Genetic Factors of Non-Obstructive Azoospermia: Consequences on 
Patients’ and Offspring Health. J Clin Med. 2021;10(17):4009. doi:10.3390/jcm10174009 

178.  Kasak L, Punab M, Nagirnaja L, et al. Bi-allelic Recessive Loss-of-Function Variants in 
FANCM Cause Non-obstructive Azoospermia. Am J Hum Genet. 2018;103(2):200-212. 
doi:10.1016/j.ajhg.2018.07.005 

179.  Yin H, Ma H, Hussain S, et al. A homozygous FANCM frameshift pathogenic variant causes 
male infertility. Genet Med. 2019;21(1):62-70. doi:10.1038/s41436-018-0015-7 

180.  Krausz C, Riera-Escamilla A, Chianese C, et al. From exome analysis in idiopathic 
azoospermia to the identification of a high-risk subgroup for occult Fanconi anemia. Genet 
Med. 2019;21(1):189-194. doi:10.1038/s41436-018-0037-1 

181.  Maese LD, Wlodarski MW, Kim SY, et al. Update on Recommendations for Surveillance for 
Children with Predisposition to Hematopoietic Malignancy. Clin Cancer Res. 
2024;30(19):4286-4295. doi:10.1158/1078-0432.CCR-24-0685 

182.  Saygin C, Roloff G, Hahn CN, et al. Allogeneic hematopoietic stem cell transplant outcomes 
in adults with inherited myeloid malignancies. Blood Adv. 2023;7(4):549-554. 
doi:10.1182/bloodadvances.2022008172 

183.  McReynolds LJ, Rafati M, Wang Y, et al. Genetic testing in severe aplastic anemia is 
required for optimal hematopoietic cell transplant outcomes. Blood. 2022;140(8):909-921. 
doi:10.1182/blood.2022016508 

184.  Stewart BL, Helber H, Bannon SA, et al. Risk assessment and genetic counseling for 
hematologic malignancies—Practice resource of the National Society of Genetic Counselors. 
J Genet Couns. 2025;34(2):1-28. doi:10.1002/jgc4.1959 



 

79 

185.  Passweg JR, Baldomero H, Chabannon C, et al. Hematopoietic cell transplantation and 
cellular therapy survey of the EBMT: monitoring of activities and trends over 30 years. 
Bone Marrow Transplant. 2021;56(7):1651-1664. doi:10.1038/s41409-021-01227-8 

186.  Atsuta Y, Baldomero H, Neumann D, et al. Continuous and differential improvement in 
worldwide access to hematopoietic cell transplantation: activity has doubled in a decade 
with a notable increase in unrelated and non-identical related donors. Haematologica. 
2024;109(10):3282-3294. doi:10.3324/haematol.2024.285002 

187.  Sanz MÁ, Montoro J, Balaguer-Roselló A, et al. Longitudinal outcome over four decades of 
allogeneic stem cell transplantation: a single center experience. Bone Marrow Transplant. 
2024;59(10):1376-1386. doi:10.1038/s41409-024-02319-x 

188.  Xu L-P, Lu P-H, Wu D-P, et al. Hematopoietic stem cell transplantation activity in China 
2022–2023. The proportions of peripheral blood for stem cell source continue to grow: a 
report from the Chinese Blood and Marrow Transplantation Registry Group. Bone Marrow 
Transplant. 2024;59(12):1726-1734. doi:10.1038/s41409-024-02419-8 

189.  Passweg JR, Baldomero H, Atlija M, et al. The 2023 EBMT report on hematopoietic cell 
transplantation and cellular therapies. Increased use of allogeneic HCT for myeloid 
malignancies and of CAR-T at the expense of autologous HCT. Bone Marrow Transplant. 
2025;60(4):519-528. doi:10.1038/s41409-025-02524-2 

190.  Sureda A, Carpenter PA, Bacigalupo A, et al. Harmonizing definitions for hematopoietic 
recovery, graft rejection, graft failure, poor graft function, and donor chimerism in 
allogeneic hematopoietic cell transplantation: a report on behalf of the EBMT, ASTCT, 
CIBMTR, and APBMT. Bone Marrow Transplant. 2024;59(6):832-837. 
doi:10.1038/s41409-024-02251-0 

191.  Rotz SJ, Bhatt NS, Hamilton BK, et al. International recommendations for screening and 
preventative practices for long-term survivors of transplantation and cellular therapy: a 
2023 update. Bone Marrow Transplant. 2024;59(6):717-741. doi:10.1038/s41409-023-
02190-2 

192.  Kanate AS, Majhail NS, Savani BN, et al. Indications for Hematopoietic Cell 
Transplantation and Immune Effector Cell Therapy: Guidelines from the American Society 
for Transplantation and Cellular Therapy. Biol Blood Marrow Transplant. 
2020;26(7):1247-1256. doi:10.1016/j.bbmt.2020.03.002 

193.  Niederwieser D, Baldomero H, Bazuaye N, et al. One and a half million hematopoietic stem 
cell transplants: continuous and differential improvement in worldwide access with the use 
of non-identical family donors. Haematologica. 2022;107(5):1045-1053. 
doi:10.3324/haematol.2021.279189 

194.  Armand P, Gibson CJ, Cutler C, et al. A disease risk index for patients undergoing 
allogeneic stem cell transplantation. Blood. 2012;120(4):905-913. doi:10.1182/blood-2012-
03-418202 

195.  Shouval R, Bonifazi F, Fein J, et al. Validation of the acute leukemia‐EBMT score for 
prediction of mortality following allogeneic stem cell transplantation in a multi‐center 
GITMO cohort. Am J Hematol. 2017;92(5):429-434. doi:10.1002/ajh.24677 

196.  Janscak M, Stelmes A, van den Berg J, et al. Influence of comorbidities on outcome in 1102 
patients with an allogeneic hematopoietic stem cell transplantation. Bone Marrow 
Transplant. 2024;59(11):1525-1533. doi:10.1038/s41409-024-02395-z 

197.  Sorror ML, Storb RF, Sandmaier BM, et al. Comorbidity-age index: A clinical measure of 
biologic age before allogeneic hematopoietic cell transplantation. J Clin Oncol. 
2014;32(29):3249-3256. doi:10.1200/JCO.2013.53.8157 

198.  DeFilipp Z, Hefazi M, Chen Y Bin, Blazar BR. Emerging approaches to improve allogeneic 
hematopoietic cell transplantation outcomes for nonmalignant diseases. Blood. 
2022;139(25):3583-3593. doi:10.1182/blood.2020009014 



 

80 

199.  Fleischhauer K, Tran TH, Meisel R, Mytilineos J, Dreger P, Kröger N. Donor Selection for 
Allogeneic Hematopoietic Cell Transplantation. Dtsch Arztebl Int. 2023;120(15):261-268. 
doi:10.3238/arztebl.m2023.0031 

200.  Wynn R, Nataraj R, Nadaf R, Poulton K, Logan A. Strategies for Success With Umbilical 
Cord Haematopoietic Stem Cell Transplantation in Children With Malignant and Non-
Malignant Disease Indications. Front Cell Dev Biol. 2022;10:1-8. 
doi:10.3389/fcell.2022.836594 

201.  Savani BN, Labopin M, Blaise D, et al. Peripheral blood stem cell graft compared to bone 
marrow after reduced intensity conditioning regimens for acute leukemia: a report from the 
ALWP of the EBMT. Haematologica. 2016;101(2):256-262. 
doi:10.3324/haematol.2015.135699 

202.  Bacigalupo A, Ballen K, Rizzo D, et al. Defining the Intensity of Conditioning Regimens: 
Working Definitions. Biol Blood Marrow Transplant. 2009;15(12):1628-1633. 
doi:10.1016/j.bbmt.2009.07.004 

203.  Peters C, Dalle J-H, Locatelli F, et al. Total Body Irradiation or Chemotherapy Conditioning 
in Childhood ALL: A Multinational, Randomized, Noninferiority Phase III Study. J Clin 
Oncol. 2021;39(4):295-307. doi:10.1200/JCO.20.02529 

204.  Giebel S, Labopin M, Schroeder T, et al. Fludarabine versus cyclophospamide in 
combination with myeloablative total body irradiation as conditioning for patients with 
acute myeloid leukemia treated with allogeneic hematopoietic cell transplantation. A study 
from the Acute Leukemia Working Party . Am J Hematol. 2023;98(4):580-587. 
doi:10.1002/ajh.26825 

205.  Giebel S, Labopin M, Socié G, et al. Fludarabine or cyclophosphamide in combination with 
total body irradiation as myeloablative conditioning prior to allogeneic hematopoietic cell 
transplantation for acute lymphoblastic leukemia: an analysis by the Acute Leukemia 
Working Party of the EBMT. Bone Marrow Transplant. 2023;58(5):506-513. 
doi:10.1038/s41409-023-01917-5 

206.  Scott BL, Pasquini MC, Logan BR, et al. Myeloablative versus reduced-intensity 
hematopoietic cell transplantation for acute myeloid leukemia and myelodysplastic 
syndromes. J Clin Oncol. 2017;35(11):1154-1161. doi:10.1200/JCO.2016.70.7091 

207.  Sugita J, Yanada M. Current status of conditioning regimens in haploidentical 
hematopoietic cell transplantation. Hematology. 2024;29(1):2332866. 
doi:10.1080/16078454.2024.2332866 

208.  Hexner EO, DeFilipp Z. Update in GVHD Prophylaxis: Novel Pharmacologic and Graft 
Manipulation Strategies. Am J Hematol. 2025;100(S3):30-39. doi:10.1002/ajh.27597 

209.  Kahn JM, Brazauskas R, Tecca HR, et al. Subsequent neoplasms and late mortality in 
children undergoing allogeneic transplantation for nonmalignant diseases. Blood Adv. 
2020;4(9):2084-2094. doi:10.1182/bloodadvances.2019000839 

210.  Kahn J, Brazauskas R, Bo-Subait S, et al. Late effects after allogeneic haematopoietic cell 
transplantation in children and adolescents with non-malignant disorders: a retrospective 
cohort study. Lancet Child Adolesc Heal. 2024;8(10):740-750. doi:10.1016/S2352-
4642(24)00167-6 

211.  Battiwalla M, Tichelli A, Majhail NS. Long-Term Survivorship after Hematopoietic Cell 
Transplantation: Roadmap for Research and Care. Biol Blood Marrow Transplant. 
2017;23(2):184-192. doi:10.1016/j.bbmt.2016.11.004 

212.  Islam P, Tang H, Jin H, et al. Female Sex Is Associated with Improved Long-Term Survival 
Following Allogeneic Hematopoietic Stem Cell Transplantation. Transplant Cell Ther. 
2021;27(9):784.e1-784.e7. doi:10.1016/j.jtct.2021.06.012 

213.  Mangum DS, Caywood E. A clinician’s guide to HLA matching in allogeneic hematopoietic 



 

81 

stem cell transplant. Hum Immunol. 2022;83(10):687-694. 
doi:10.1016/j.humimm.2022.03.002 

214.  Timofeeva OA, Philogene MC, Zhang QJ. Current donor selection strategies for allogeneic 
hematopoietic cell transplantation. Hum Immunol. 2022;83(10):674-686. 
doi:10.1016/j.humimm.2022.08.007 

215.  Spellman SR, Sparapani R, Maiers M, et al. Novel machine learning technique further 
clarifies unrelated donor selection to optimize transplantation outcomes. Blood Adv. 
2024;8(23):6082-6087. doi:10.1182/bloodadvances.2024013756 

216.  Logan BR, Maiers MJ, Sparapani RA, et al. Optimal Donor Selection for Hematopoietic Cell 
Transplantation Using Bayesian Machine Learning. JCO Clin Cancer Informatics. 
2021;5:494-507. doi:10.1200/CCI.20.00185 

217.  Majhail NS. Long-term complications after hematopoietic cell transplantation. Hematol 
Oncol Stem Cell Ther. 2017;10(4):220-227. doi:10.1016/j.hemonc.2017.05.009 

218.  McDonald GB, Sandmaier BM, Mielcarek M, et al. Survival, nonrelapse mortality, and 
relapse-related mortality after allogeneic hematopoietic cell transplantation: Comparing 
2003–2007 versus 2013–2017 cohorts. Ann Intern Med. 2020;172(4):229-239. 
doi:10.7326/M19-2936 

219.  Umeda K, Imai K, Yanagimachi M, et al. Impact of graft-versus-host disease on the clinical 
outcome of allogeneic hematopoietic stem cell transplantation for non-malignant diseases. 
Int J Hematol. 2020;111(6):869-876. doi:10.1007/s12185-020-02839-4 

220.  Morton LM, Saber W, Baker KS, et al. National Institutes of Health Hematopoietic Cell 
Transplantation Late Effects Initiative: The Subsequent Neoplasms Working Group Report. 
Biol Blood Marrow Transplant. 2017;23(3):367-378. doi:10.1016/j.bbmt.2016.09.005 

221.  Penack O, Peczynski C, Mohty M, et al. How much has allogeneic stem cell transplant-
related mortality improved since the 1980s? A retrospective analysis from the EBMT. Blood 
Adv. 2020;4(24):6283-6290. doi:10.1182/bloodadvances.2020003418 

222.  Loren AW. Fertility issues in patients with hematologic malignancies. Hematol (United 
States). 2015;2015(1):138-145. doi:10.1182/asheducation-2015.1.138 

223.  Vidal A, Bora C, Jarisch A, et al. Impact of haematopoietic stem cell transplantation for 
benign and malignant haematologic and non-haematologic disorders on fertility: a 
systematic review and meta-analysis. Bone Marrow Transplant. 2025;60(5):645-672. 
doi:10.1038/s41409-025-02520-6 

224.  Poorvu PD, Frazier AL, Feraco AM, et al. Cancer treatment-related infertility: A critical 
review of the evidence. JNCI Cancer Spectr. 2019;3(1):1-14. doi:10.1093/jncics/pkz008 

225.  Green DM, Liu W, Kutteh WH, et al. Cumulative alkylating agent exposure and semen 
parameters in adult survivors of childhood cancer: A report from the St Jude Lifetime 
Cohort Study. Lancet Oncol. 2014;15(11):1215-1223. doi:10.1016/S1470-2045(14)70408-5 

226.  Mulder RL, Font-Gonzalez A, Hudson MM, et al. Fertility preservation for female patients 
with childhood, adolescent, and young adult cancer: recommendations from the 
PanCareLIFE Consortium and the International Late Effects of Childhood Cancer Guideline 
Harmonization Group. Lancet Oncol. 2021;22(2):e45-e56. doi:10.1016/S1470-
2045(20)30594-5 

227.  Mulder RL, Font-Gonzalez A, Green DM, et al. Fertility preservation for male patients with 
childhood, adolescent, and young adult cancer: recommendations from the PanCareLIFE 
Consortium and the International Late Effects of Childhood Cancer Guideline 
Harmonization Group. Lancet Oncol. 2021;22(2):e57-e67. doi:10.1016/S1470-
2045(20)30582-9 

228.  Mathiesen S, Sørensen K, Nielsen MM, et al. Male Gonadal Function after Allogeneic 
Hematopoietic Stem Cell Transplantation in Childhood: A Cross-Sectional, Population-



 

82 

Based Study: Male Gonadal Function after Pediatric Allogeneic HSCT. Biol Blood Marrow 
Transplant. 2020;26(9):1635-1645. doi:10.1016/j.bbmt.2020.05.009 

229.  Forgeard N, Jestin M, Vexiau D, et al. Sexuality- and Fertility-Related Issues in Women 
after Allogeneic Hematopoietic Stem Cell Transplantation. Transplant Cell Ther. 
2021;27(5):432.e1-432.e6. doi:10.1016/j.jtct.2021.02.003 

230.  Loren AW, Senapati S. Fertility preservation in patients with hematologic malignancies and 
recipients of hematopoietic cell transplants. Blood. 2019;134(9):746-760. 
doi:10.1182/blood.2018846790 

231.  Panasiuk A, Nussey S, Veys P, et al. Gonadal function and fertility after stem cell 
transplantation in childhood: Comparison of a reduced intensity conditioning regimen 
containing melphalan with a myeloablative regimen containing busulfan. Br J Haematol. 
2015;170(5):719-726. doi:10.1111/bjh.13497 

232.  Diesch T, Rovo A, Von Der Weid N, et al. Fertility preservation practices in pediatric and 
adolescent cancer patients undergoing HSCT in Europe: A population-based survey. Bone 
Marrow Transplant. 2017;52(7):1022-1028. doi:10.1038/bmt.2016.363 

233.  Su HI, Lacchetti C, Letourneau J, et al. Fertility Preservation in People With Cancer: ASCO 
Guideline Update. J Clin Oncol. 2025;36(19):1994-2001. doi:10.1200/JCO-24-02782 

234.  Phelan R, Im A, Hunter RL, et al. Male-specific late effects in adult hematopoietic cell 
transplantation recipients: a systematic review from the Late Effects and Quality of Life 
Working Committee of the Center for International Blood and Marrow Transplant 
Research and Transplant Complica. Bone Marrow Transplant. 2022;57(7):1150-1163. 
doi:10.1038/s41409-022-01591-z 

235.  Rives N, Courbière B, Almont T, et al. What should be done in terms of fertility 
preservation for patients with cancer? The French 2021 guidelines. Eur J Cancer. 
2022;173:146-166. doi:10.1016/j.ejca.2022.05.013 

236.  Salama M, Anazodo A, Woodruff TK. Preserving fertility in female patients with 
hematological malignancies: a multidisciplinary oncofertility approach. Ann Oncol. 
2019;30(11):1760-1775. doi:10.1093/annonc/mdz284 

237.  Duffin K, Neuhaus N, Andersen CY, et al. A 20-year overview of fertility preservation in 
boys: new insights gained through a comprehensive international survey. Hum Reprod 
Open. 2024;2024(2):hoae010. doi:10.1093/hropen/hoae010 

238.  Picton HM, Wyns C, Anderson RA, et al. A European perspective on testicular tissue 
cryopreservation for fertility preservation in prepubertal and adolescent boys. Hum 
Reprod. 2015;30(11):2463-2475. doi:10.1093/humrep/dev190 

239.  Hermann BP, Sukhwani M, Winkler F, et al. Regenerates Spermatogenesis Producing 
Functional Sperm. Cell Stem Cell. 2012;11(5):715-726. 
doi:10.1016/j.stem.2012.07.017.Spermatogonial 

240.  Jensen CFS, Mamsen LS, Wang D, et al. Results from the first autologous grafting of adult 
human testis tissue: a case report. Hum Reprod. 2024;39(2):303-309. 
doi:10.1093/humrep/dead243 

241.  Masliukaite I, Hagen JM, Jahnukainen K, et al. Establishing reference values for age-
related spermatogonial quantity in prepubertal human testes: a systematic review and 
meta-analysis. Fertil Steril. 2016;106(7):1652-1657.e2. doi:10.1016/j.fertnstert.2016.09.002 

242.  Feraille A, Liard A, Rives N, et al. Impact of low- or moderate-risk gonadotoxic 
chemotherapy prior to testicular tissue freezing on spermatogonia quantity in human 
(pre)pubertal testicular tissue. Hum Reprod. 2023;38(11):2105-2118. 
doi:10.1093/humrep/dead161 

243.  Stukenborg JB, Alves-Lopes JP, Kurek M, et al. Spermatogonial quantity in human 
prepubertal testicular tissue collected for fertility preservation prior to potentially 



 

83 

sterilizing therapy. Hum Reprod. 2018;33(9):1677-1683. doi:10.1093/humrep/dey240 

244.  Goossens E, Jahnukainen K, Mitchell R, et al. Fertility preservation in boys: recent 
developments and new insights. Hum Reprod Open. 2020;2020(3):hoaa016. 
doi:10.1093/hropen/hoaa016 

245.  Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. 
Bioinformatics. 2009;25(14):1754-1760. doi:10.1093/bioinformatics/btp324 

246.  Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler transform. 
Bioinformatics. 2010;26(5):589-595. doi:10.1093/bioinformatics/btp698 

247.  McKenna A, Hanna M, Banks E, et al. The Genome Analysis Toolkit: A MapReduce 
framework for analyzing next-generation DNA sequencing data. Genome Res. 
2010;20(9):1297-1303. doi:10.1101/gr.107524.110 

248.  Sulonen A-M, Ellonen P, Almusa H, et al. Comparison of solution-based exome capture 
methods for next generation sequencing. Genome Biol. 2011;12(9):R94. doi:10.1186/gb-
2011-12-9-r94 

249.  Van der Auwera GA, Carneiro MO, Hartl C, et al. From FastQ Data to High‐Confidence 
Variant Calls: The Genome Analysis Toolkit Best Practices Pipeline. Curr Protoc 
Bioinforma. 2013;43(1):483-492. doi:10.1002/0471250953.bi1110s43 

250.  Depristo MA, Banks E, Poplin R, et al. A framework for variation discovery and genotyping 
using next-generation DNA sequencing data. Nat Genet. 2011;43(5):491-501. 
doi:10.1038/ng.806 

251.  Sondka Z, Bamford S, Cole CG, Ward SA, Dunham I, Forbes SA. The COSMIC Cancer Gene 
Census: describing genetic dysfunction across all human cancers. Nat Rev Cancer. 
2018;18(11):696-705. doi:10.1038/s41568-018-0060-1 

252.  Miller DT, Lee K, Gordon AS, et al. Recommendations for reporting of secondary findings 
in clinical exome and genome sequencing, 2021 update: a policy statement of the American 
College of Medical Genetics and Genomics (ACMG). Genet Med. 2021;23(8):1391-1398. 
doi:10.1038/s41436-021-01171-4 

253.  Katainen R, Donner I, Cajuso T, et al. Discovery of potential causative mutations in human 
coding and noncoding genome with the interactive software BasePlayer. Nat Protoc. 
2018;13(11):2580-2600. doi:10.1038/s41596-018-0052-3 

254.  Lek M, Karczewski KJ, Minikel E V, et al. Analysis of protein-coding genetic variation in 
60,706 humans. Nature. 2016;536(7616):285-291. doi:10.1038/nature19057 

255.  Karczewski KJ, Francioli LC, Tiao G, et al. The mutational constraint spectrum quantified 
from variation in 141,456 humans. Nature. 2020;581(7809):434-443. doi:10.1038/s41586-
020-2308-7 

256.  Chen S, Francioli LC, Goodrich JK, et al. A genomic mutational constraint map using 
variation in 76,156 human genomes. Nature. 2024;625(7993):92-100. doi:10.1038/s41586-
023-06045-0 

257.  Auton A, Abecasis GR, Altshuler DM, et al. A global reference for human genetic variation. 
Nature. 2015;526(7571):68-74. doi:10.1038/nature15393 

258.  Li Q, Wang K. InterVar: Clinical Interpretation of Genetic Variants by the 2015 ACMG-
AMP Guidelines. Am J Hum Genet. 2017;100(2):267-280. 
doi:https://doi.org/10.1016/j.ajhg.2017.01.004 

259.  Kopanos C, Tsiolkas V, Kouris A, et al. VarSome: the human genomic variant search engine. 
Bioinformatics. 2019;35(11):1978. doi:10.1093/bioinformatics/bty897 

260.  Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of sequence 
variants: A joint consensus recommendation of the American College of Medical Genetics 
and Genomics and the Association for Molecular Pathology. Genet Med. 2015;17(5):405-



 

84 

424. doi:10.1038/gim.2015.30 

261.  Kliesch S. Androprotect und Perspektiven der Fertilitätstherapie. Urol . 2016;55(7):898-
903. doi:10.1007/s00120-016-0161-y 

262.  Funke M, Yang Y, Lahtinen A, et al. Z-scores for comparative analyses of spermatogonial 
numbers throughout human development. Fertil Steril. 2021;116(3):713-720. 
doi:10.1016/j.fertnstert.2021.04.019 

263.  Paniagua R, Nistal M. Morphological and histometric study of human spermatogonia from 
birth to the onset of puberty. J Anat. 1984;139:535-552. 

264.  Hedinger CE. Histopathology of undescended testes. Eur J Pediatr. 1982;139(4):266-271. 
doi:10.1007/BF00442177 

265.  Hadziselimovic F, Herzog B, Buser M. Development of cryptorchid testes. Eur J Pediatr. 
1987;146(2):2-6. doi:10.1007/BF00452859 

266.  Cortes D. Histological Versus Stereological Methods Applied at Spermatogonia During 
Normal Human Development. Scand J Urol Nephrol. 1990;24(1):11-15. 
doi:10.3109/00365599009180352 

267.  Hozo SP, Djulbegovic B, Hozo I. Estimating the mean and variance from the median, range, 
and the size of a sample. BMC Med Res Methodol. 2005;5(1):13. doi:10.1186/1471-2288-5-
13 

268.  Higgins JPT, White IR, Anzures-Cabrera J. Meta-analysis of skewed data: Combining 
results reported on log-transformed or raw scales. Stat Med. 2008;27(29):6072-6092. 
doi:10.1002/sim.3427 

269.  Heckmann L, Langenstroth-Röwer D, Pock T, et al. A diagnostic germ cell score for 
immature testicular tissue at risk of germ cell loss. Hum Reprod. 2018;33(4):636-645. 
doi:10.1093/humrep/dey025 

270.  Douglas SPM, Lahtinen AK, Koski JR, et al. Enrichment of cancer-predisposing germline 
variants in adult and pediatric  patients with acute lymphoblastic leukemia. Sci Rep. 
2022;12(1):10670. doi:10.1038/s41598-022-14364-x 

271.  Nagata Y, Narumi S, Guan Y, et al. Germline loss-of-function SAMD9 and SAMD9L 
alterations in adult myelodysplastic syndromes. Blood. 2018;132(21):2309-2313. 
doi:10.1182/blood-2017-05-787390 

272.  Sahoo SS, Pastor VB, Goodings C, et al. Clinical evolution, genetic landscape and 
trajectories of clonal hematopoiesis in SAMD9/SAMD9L syndromes. Nat Med. 
2021;27(10):1806-1817. doi:10.1038/s41591-021-01511-6 

273.  Brown AL, Arts P, Carmichael CL, et al. RUNX1-mutated families show phenotype 
heterogeneity and a somatic mutation profile unique to germline predisposed AML. Blood 
Adv. 2020;4(6):1131-1144. doi:10.1182/bloodadvances.2019000901 

274.  Nishimoto N, Imai Y, Ueda K, et al. T cell acute lymphoblastic leukemia arising from 
familial platelet disorder. Int J Hematol. 2010;92(1):194-197. doi:10.1007/s12185-010-
0612-y 

275.  Lahtinen AK, Koski J, Ritari J, et al. Clinically relevant germline variants in allogeneic 
hematopoietic stem cell transplant recipients. Bone Marrow Transplant. 2023;58(1):39-
45. doi:10.1038/s41409-022-01828-x 

276.  Lahtinen AK, Karu M, Koski JR, et al. Impact of CHEK2 germline variants on 
haematological malignancy risk and outcomes of allogeneic HSCT. Br J Haematol. 
2025;207(2):636-641. doi:10.1111/bjh.20196 

277.  Schreurs MAC, Schmidt MK, Hollestelle A, et al. Cancer risks for other sites in addition to 
breast in CHEK2 c.1100delC families. Genet Med. 2024;26(9):101171. 
doi:10.1016/j.gim.2024.101171 



 

85 

278.  Bychkovsky BL, Agaoglu NB, Horton C, et al. Differences in Cancer Phenotypes Among 
Frequent CHEK2 Variants and Implications for Clinical Care—Checking CHEK2. JAMA 
Oncol. 2022;8(11):1598. doi:10.1001/jamaoncol.2022.4071 

279.  Klco JM, Mullighan CG. Advances in germline predisposition to acute leukaemias and 
myeloid neoplasms. Nat Rev Cancer. 2021;21(2):122-137. doi:10.1038/s41568-020-00315-
z 

280.  Benninghoven-Frey KM, Neuhaus N, Lahtinen AK, et al. Early testicular maturation is 
sensitive to depletion of spermatogonial pool in sickle cell disease. Haematologica. 
2022;107(4):975-979. doi:10.3324/haematol.2021.279253 

281.  Niewisch MR, Kim J, Giri N, Lunger JC, McReynolds LJ, Savage SA. Genotype and 
Associated Cancer Risk in Individuals With Telomere Biology Disorders. JAMA Netw open. 
2024;7(12):e2450111. doi:10.1001/jamanetworkopen.2024.50111 

282.  Kamrani S, Naseramini R, Khani P, et al. Mesenchymal stromal cells in bone marrow niche 
of patients with multiple myeloma: a double-edged sword. Cancer Cell Int. 2025;25(1):117. 
doi:10.1186/s12935-025-03741-x 

283.  Méndez-Ferrer S, Bonnet D, Steensma DP, et al. Bone marrow niches in haematological 
malignancies. Nat Rev Cancer. 2020;20(5):285-298. doi:10.1038/s41568-020-0245-2 

284.  Bishop RT, Miller AK, Froid M, et al. The bone ecosystem facilitates multiple myeloma 
relapse and the evolution of heterogeneous drug resistant disease. Nat Commun. 
2024;15(1):2458. doi:10.1038/s41467-024-46594-0 

 

 
 

 




	Germline variants in severe hematological disorders: Prevalence and impact on hematopoietic stem cell transplantation and fertility preservation
	Abstract
	Tiivistelmä
	List of abbreviations
	Table of contents
	List of original publications
	1 Introduction
	2 Review of the literature
	3 Aims of the study
	4 Material and methods
	5 Results
	6 Discussion
	Acknowledgements
	References




Accessibility Report





		Filename: 

		Lahtinen_Atte_Accessible_Summary_03_10_2025.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 2



		Passed manually: 0



		Failed manually: 0



		Skipped: 1



		Passed: 27



		Failed: 2







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Needs manual check		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Needs manual check		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Failed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Failed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Passed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Skipped		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top

