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Abstract 

Myeloproliferative neoplasms (MPN) are a group of clonal hematological malignancies that are 

caused by specific driver mutations, such as JAK2 V617, which stimulate abnormal cell 

proliferation. These MPN associated mutations are associated with aberrant DNA methylation 

(DNAm) patterns, although the underlying cause remains unclear. This thesis aims to investigate 

if cellular aging is accelerated in MPN, which might provide new therapeutic options by senolytic 

molecules that selectively induce death in senescent cells and possibly eliminate the mutant cell 

population. Furthermore, we aim to better understand if the JAK2 V617 mutation directly evokes 

the MPN-associated aberrant DNAm.  

To address these questions, we analyzed three cellular aging parameters, including epigenetic 

age, telomere length, and cellular senescence in blood samples of healthy donors and MPN 

patients. Our results indicated that even in healthy donors, the fraction of senescent cells tends 

to increase with age. Across all MPN entities, we observed a significant acceleration of 

epigenetic age and senescence associated genes, whereas telomere attrition was particularly 

observed in primary myelofibrosis. Overall, accelerated cellular aging was correlated with JAK2 

V617F allele burden and was more pronounced in JAK2 V617F mutated colonies than their wild 

type counterparts. Treatment with senolytics resulted in a significant reduction in senescent cells 

and epigenetic age in healthy blood cells treated with RG7112, JQ1, nutlin-3a and AMG232. 

Whereas MPN cells showed a reduction in the JAK2 V617F allele burden and an increase in 

telomere length with JQ1 and piperlongumine. Genome wide methylation analysis of induced 

pluripotent stem cells (iPSCs) and iPSC-derived hematopoietic progenitor cells with JAK2 

mutation showed no significant methylation differences compared to wild type counterparts. 

However, we observed a moderate association between shared hypomethylation patterns in 

patients with the JAK2 mutation. 

Overall, our findings show that cellular aging is accelerated in malignant clones, and these cells 

can be targeted with senolytics. In iPSCs, the JAK2 V617 driver mutation alone does not 

recapitulate the DNAm alterations observed in MPN patients suggesting that epigenetic changes 

accumulate with disease progression rather than at early disease onset. Our results highlight 

the complex interplay between cellular aging, epigenetic changes, and the JAK2 V617F mutation 

in MPNs and may thereby provide new avenues for targeting both cellular aging and the 

malignant cell population.  
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Zusammenfassung 

Myeloproliferative Neoplasien (MPN) sind eine Gruppe klonaler hämatologischer Malignome, 

die durch spezifische Treibermutationen wie JAK2 V617F verursacht werden und zu 

abnormalem Zellwachstum führen. Diese Mutationen sind mit abweichenden DNA-

Methylierungsmustern (DNAm) assoziiert, obwohl die zugrundeliegenden Ursachen unklar sind. 

Diese Dissertation untersucht, ob die zelluläre Alterung bei MPN beschleunigt ist, um mögliche 

therapeutische Optionen durch senolytische Moleküle zu evaluieren, die selektiv seneszente 

Zellen abtöten und möglicherweise die mutierte Zellpopulation eliminieren könnten. Zudem soll 

geklärt werden, ob die JAK2 V617-Mutation direkt die MPN-assoziierte DNAm-Veränderung 

hervorruft. 

Zur Beantwortung dieser Fragen analysierten wir drei Parameter der zellulären Alterung – 

epigenetisches Alter, Telomerlänge und zelluläre Seneszenz – in Blutproben von gesunden 

Spendern und MPN-Patienten. Unsere Ergebnisse zeigen, dass die Anzahl seneszenter Zellen 

bei gesunden Spendern mit dem Alter tendenziell zunimmt. Bei allen MPN-Entitäten wurde eine 

signifikante Beschleunigung des epigenetischen Alters und der seneszenz-assoziierten Gene 

beobachtet, während die Telomerverkürzung insbesondere bei primärer Myelofibrose 

ausgeprägt war. Insgesamt korrelierte die beschleunigte zelluläre Alterung mit der JAK2 V617F-

Allellast und war in mutierten Kolonien stärker ausgeprägt als in Wildtyp-Kolonien. Die 

Behandlung mit Senolytika wie RG7112, JQ1, Nutlin-3a und AMG232 führte zu einer 

signifikanten Reduktion seneszenter Zellen und des epigenetischen Alters in gesunden 

Blutproben. In MPN-Zellen wurden durch JQ1 und Piperlongumin eine Reduktion der JAK2 

V617F-Allellast und eine Verlängerung der Telomere erreicht. Die genomweite 

Methylierungsanalyse von induzierten pluripotenten Stammzellen (iPSCs) und iPSC-

abgeleiteten hämatopoetischen Vorläuferzellen mit JAK2-Mutation zeigte keine signifikanten 

Methylierungsunterschiede im Vergleich zu Wildtyp-Zellen. Dennoch beobachteten wir eine 

moderate Assoziation zwischen gemeinsamen Hypomethylierungsmustern bei Patienten mit der 

JAK2-Mutation. 

Zusammengefasst zeigen unsere Ergebnisse, dass die zelluläre Alterung in malignen Klonen 

beschleunigt ist und durch Senolytika gezielt behandelt werden kann. In iPSCs allein führt die 

JAK2 V617-Mutation nicht zu den bei MPN-Patienten beobachteten DNAm-Veränderungen, was 

darauf hindeutet, dass epigenetische Änderungen mit dem Fortschreiten der Krankheit 

akkumulieren und nicht zu Beginn der Krankheit auftreten. Unsere Ergebnisse verdeutlichen das 

komplexe Zusammenspiel zwischen zellulärer Alterung, epigenetischen Veränderungen und der 

JAK2 V617F-Mutation bei MPN und eröffnen neue Ansätze zur gezielten Behandlung sowohl 

der zellulären Alterung als auch der malignen Zellpopulation.  
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1. Introduction 

1.1 Normal and malignant hematopoiesis  

Hematopoiesis is a process of blood cell production by hematopoietic stem cells (HSCs) residing 

in the bone marrow. The balance of self-renewal and differentiation of the cells needs to be 

tightly regulated to ensure a functional hematopoietic system without any bias that leads to 

hematological diseases (Orkin & Zon, 2008).  

1.1.1 Normal hematopoiesis 

The development of hematopoiesis in the human embryo occurs in three distinct waves. The 

first wave, which begins at approximately 3 weeks of gestation, leads to the production of three 

types of blood cells in the yolk sac: primitive erythroid, megakaryocyte, and macrophage 

progenitors. These cells fulfill the immediate needs of the developing embryo. The second 

embryonic wave, originating in the yolk sac around 4-5 weeks of gestation, gives rise to 

multipotent cells, namely lymphoid progenitors and erythromyeloid progenitor cells (EMPs) in 

the yolk sac blood islands. The third wave leads to the generation of hematopoietic 

stem/progenitor cells (HSPCs) in the dorsal aorta. During the second and third waves, a highly 

specialized endothelium known as the hemogenic endothelium (HE) forms, from which 

hematopoietic progenitor cells arise through a process known as endothelial-to-hematopoietic 

transition (EHT; Figure 1). Cells from both the second and third waves migrate to the fetal liver, 

where they mature and expand before taking up residence in the bone marrow just before birth, 

becoming the main site of hematopoiesis (Gao et al., 2018; Ivanovs et al., 2017). The 

overlapping and transient nature of these waves makes it difficult to distinguish the contributions 

of HSC-dependent and HSC-independent hematopoiesis to the adult hematopoietic system 

(Neo et al., 2021). Studies in human and mouse models have shown that hematopoiesis is a 

continuous process with significant heterogeneity in lineage commitment. Despite the 

incomplete understanding of the intrinsic decisions of cellular phenotypes, it is known that 

transcription factors provide an entry point for how an HSC develops during embryogenesis and 

in lineage restricted differentiation. Interestingly, most of these transcription factors in the 

hematopoietic system are involved in chromosomal translocations or somatic mutations in 

human hematopoietic malignancies. Alterations in these transcriptional regulators are 

associated with malignant transformation (Orkin & Zon, 2008; Velten et al., 2017). 
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Figure 1. Embryonic hematopoietic development. 

a) Hematopoietic development is a process that occurs in three distinct phases, which are collectively 
referred to as the primitive, pro-definitive, and definitive waves of hematopoiesis. The primitive wave is 
responsible for the production of erythrocytes (p-Ery), megakaryocytes (p-Mk), and macrophages (p-MΦ). 
The pro-definitive wave gives rise to erythro-myeloid progenitors (EMPs) and lympho-myeloid progenitors 
(LMPs). The definitive wave generates pre-HSCs, which mature into HSCs capable of self-renewal. Both 
the pro-definitive and definitive wave progenitors migrate to the liver, where they produce erythrocytes 
(Ery), megakaryocytes (Mk), granulocytes (Gr), T cells and B cells, as well as monocyte-derived 
macrophages (MΦ). b) Hematopoietic cells, including pre-HSCs, arise from hemogenic endothelium 
(green), organized in intra-aortic hematopoietic clusters. This endothelial-to-hematopoietic transition 
(EHT) and HSC emergence is regulated and directly or indirectly influenced by signaling and cell-extrinsic 
factors from the microenvironment, including vascular endothelial cells (light blue) and perivascular 
mesenchyme (purple). c) Cross section of the bone marrow vascular network showing co-distribution of 
bone marrow sinusoids (green), along with staining for CD45 hematopoietic cells (red). This figure was 
adapted from (Canu & Ruhrberg, 2021; Lange et al., 2021; Yvernogeau et al., 2019), used under the terms 
of the Creative Commons Attribution 4.0 International License and with permission from Springer Nature.  

 

In adults, hematopoiesis primarily occurs in the bone marrow. The hematopoietic system is 

organized hierarchically, with HSCs giving rise to committed progenitors that further differentiate 

a 

b c 
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into functional blood cells. This process branches into two main lineages: myeloid and lymphoid 

lineages. Myeloid lineages include erythrocytes, megakaryocytes, and innate immune cells such 

as monocytes, neutrophils, eosinophils, basophils, and dendritic cells. Lymphoid lineages 

include B, T and NK cells, which are responsible for adaptive immunity (Figure 2). The classic 

model of human hematopoiesis suggests that the long-term HSCs remain quiescent to minimize 

cell cycle associated DNA damage and produce short-term HSCs, followed by progenitors in a 

lineage restricted manner. In this way, the replicative burden is carried by the differentiated cells, 

necessary to maintain the steady state of hematopoiesis. Here, the stem cell fate is more a 

binary fate choice (Haas et al., 2018; Morrison et al., 1997). On the other hand, the continuum 

model proposes that cell differentiation is not a series of abrupt divisions, but rather a process 

in which a cell makes multiple decisions and ultimately becomes identical to another cell that 

has made the same decisions, regardless of their disparate origins. Furthermore, the original 

state of the cell including the history of the cells, its interaction with the environment and its 

internal state can influence the decision making of the differentiation trajectory (Liggett & 

Sankaran, 2020). This hierarchical organization of the hematopoietic system tells us how a small 

pool of cells is responsible for the continuous generation of large numbers of mature functional 

cells. As new methods are developed, gene expression alone may oversimplify the model and 

may not be sufficient to discriminate different cell populations. Single cell genomics has shown 

the functional and phenotypic variation of cells, which were once thought to be homogeneous 

(Liggett & Sankaran, 2020).  

 

Hematopoiesis is regulated by a complex interplay of intracellular and extracellular factors. The 

intracellular factors include transcriptional and epigenetic regulators, as well as metabolic 

pathways, which control the activity of HSCs. Extracellular factors, particularly long-range 

humoral and neural signals or local cues from the bone marrow microenvironment, play a crucial 

role in the shaping of HSC fate (Pinho & Frenette, 2019). In 1978, Schofield first introduced the 

concept of the hematopoietic stem cell niche as a regulator which maintains the HSC function 

(Schofield, 1978). The bone marrow niche is perivascular and is created partly by mesenchymal 

stromal cells (MSCs), endothelial cells, osteoblasts, adipocytes, and hematopoietic cells. Over 

time, studies have found that the crosstalk between the multiple cell types within the niche and 

HSCs plays a crucial role in maintaining the stem cell renewal potential (Morrison & Scadden, 

2014; Pinho & Frenette, 2019). Understanding this complex interplay in normal hematopoiesis 

and its potential dysregulation in pathological conditions may provide insights into hematopoietic 

disorders and provide crucial information about the development of novel therapeutic strategies. 
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Figure 2. Hierarchy model of hematopoietic development. 

Multipotent long term hematopoietic stem cells (LT-HSCs) possess the capacity for long-term 
reconstitution potential and can undergo further differentiation towards short term HSCs (ST-HSCs) and 
also multipotent progenitors (MPPs) within the bone marrow. Subsequent differentiation of MPPs results 
in the generation of either common myeloid progenitor (CMPs), which possess the capacity to differentiate 
into the myeloid lineage, or common lymphoid progenitor (CLPs), which are capable of generating the 
lymphoid lineage. Subsequently, both megakaryocyte erythroid progenitor (MEPs) and granulocyte 
macrophage progenitor (GMPs) are capable of forming all differentiated cells of the myeloid lineage within 
the bone marrow. In contrast, CLPs undergo further differentiation into pro-T cells and T cells through a 
process of positive and negative selection within the thymus. Additionally, CLPs in the bone marrow are 
responsible for the generation of B cells following the B-cell transition. This figure was reprinted from 
(Ackermann et al., 2015) with the permission from Springer Nature. 

1.1.2 Clonal hematopoiesis 

Clonal hematopoiesis refers to the expansion of a single hematopoietic cell due to genetic 

changes, leading to the formation of a distinct population of blood cells. This process is closely 

related to aging and is increasingly recognized as a critical risk factor for hematological 

malignancies and cardiovascular disease. As vertebrates including humans age, they 

accumulate somatic mutations in their hematopoietic cells. These mutations can be broadly 
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classified into driver mutations, which provide a fitness advantage to the cells, and the passenger 

mutations, which do not have direct advantage but can still impact clonal evolution by altering 

the genetic landscape of the cells. When these mutations lead to insufficient differentiation or 

unrestricted self-renewal of hematopoietic cells, they can result in a higher risk of developing 

malignancies (Ahmad et al., 2023). The concept of clonal hematopoiesis was initially introduced 

in the context of hematopoietic stem cell transplantation, where it was observed that a single 

donor-derived hematopoietic stem cell could repopulate the entire hematopoietic system of the 

recipient. With the advent of next generation sequencing technologies, it has become evident 

that clonal hematopoiesis is a common occurrence in healthy individuals, particularly with 

advancing age (Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014). While clonal 

hematopoiesis also exists in non-malignant state or pre-malignant condition, it is classified into 

clonal hematopoiesis of indeterminate potential (CHIP), this refers to a presence of somatic 

mutations in hematopoietic cells without overt hematological malignancy (Kovtonyuk et al., 2016; 

Li et al., 2020). The prevalence of CHIP increases with age, being detectable in less than 1 % 

of individuals under 40 years old, but rising to 10-20 % of individuals over 70 years (Jaiswal et 

al., 2014).  

 

The most common mutated genes in clonal hematopoiesis are loss-of-function mutations in 

enzymes involves in epigenetic regulation DNMT3A (encoding DNA (cytosine-5-)-

methyltransferase 3α), TET2 (encoding tet methylcytosine dioxygenase 2), ASXL1 (encoding 

additional sex combs–like transcriptional regulator 1), splicing factors such as SF3B1 (encoding 

splicing factor 3b, subunit 1), SRSF2 (encoding serine and arginine rich splicing factor 2), PRPF8 

(encoding pre-mRNA processing factor 8), U2AF1 (encoding U2 small nuclear RNA auxiliary 

factor 1), and key regulatory genes such as JAK2 (encoding Janus kinase 2) and TP53 

(encoding tumor protein p53; Figure 3) (Jaiswal & Ebert, 2019). These somatic mutations can 

be found not only in HSCs but also in circulating immune cells, potentially resulting in altered 

immune responses that contribute to various age-related, and cancer associated diseases. The 

detection of CHIP with increased risk for hematologic malignancies and some other adverse 

outcomes are defined to be >2 % of sequenced alleles carrying a specific mutation, or 4 % of 

cells for heterozygous mutations. For example, the JAK2 mutation is frequently found in healthy 

people without clinical manifestations, yet it is also associated with the development of myeloid 

malignancies, particularly MPN (Jaiswal, 2020). However, the underlying mechanisms that 

regulate the growth of specific clones remain poorly understood.  
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Figure 3. Clonal hematopoiesis and aging. 

a) In the normal process of hematopoiesis, an unaffected hematopoietic stem cell (HSC) differentiates 
into various blood cells. In contrast, in clonal hematopoiesis, a somatic mutation in an HSC leads to 
increased renewal and clonal expansion of mutated HSCs, a condition termed clonal hematopoiesis of 
indeterminate potential (CHIP). This can result in myeloid bias, and potentially malignant transformation. 
b) Genes with CHIP mutations identical to mutations reported at hotspots from 4,530 individuals. Black 
color indicates the mutations identified in a child sample. The figure was adapted from (Feusier et al., 
2021; Jaiswal & Ebert, 2019) with the permission from American Association for Cancer Research and 
the American Association for the Advancement of Science. 

 

Clonal hematopoiesis is an age-related phenomenon. Aging is associated with several changes 

in the HSC function, including decline in regenerative capacity, reduced lymphoid potential, 

increased myeloid differentiation, and modified homing/mobilization efficiency. There is also an 

increase in platelet production, with a specific HSC subset favoring platelet production expanding 

over time. Recent studies in mice have shown that inhibiting platelet programming by targeting 

the transcription factor FOG-1 results in expansion of the lymphoid compartment, indicating that 

the age-related shift in platelet differentiation may contribute to reduced lymphopoiesis 

(Belyavsky et al., 2021). Despite the previous assumption that CHIP was only relevant to adults, 

recent findings have identified clonal mutations in both leukemic hotspots and non-hotspots in 

a 

 

b 
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children without blood disorders (Figure 3) (Feusier et al., 2021). This highlights the necessity 

for further investigation into CHIP across all age groups. 

 

The bone marrow microenvironment also plays a crucial role in the development of clonal 

hematopoiesis. With age, the differentiation balance of MSCs shifts towards adipogenesis over 

osteogenesis, which can also influence hematopoiesis and HSC niches (Zhang et al., 2020). 

Despite the expansion of HSCs and megakaryocytes, HSCs tend to move away from the 

megakaryocytes perivascular niche with age. In addition, the reduced capacity of 

megakaryocytes to stimulate osteoblast expansion with aging leads to degeneration or loss of 

bone (Ghosh et al., 2021). These age-related changes collectively contribute to the decreased 

HSC quiescence, alterations in immune responses, and an increased incidence of various 

cancer types. Alterations in the bone marrow microenvironment can promote cancer 

development, and malignant cells can further produce factors that can alter stromal cell function, 

potentially leading to metastasis with increasing age (Anderson & Simon, 2020; Calvi & Link, 

2015; Sadighi Akha, 2018).  

 

More than 70 genes have been identified as recurrently mutated in myeloid malignancies, 

including acute myeloid leukemia (AML), myelodysplastic syndrome (MDS), and 

myeloproliferative neoplasms (MPN) (Goldman et al., 2023). In particular, mutations commonly 

associated with CHIP, such as those in the genes DNMT3A, TET2, and ASXL1, have also been 

identified in MPNs (Bartels et al., 2020), which is the primary focus of this thesis. Although CHIP 

does not exhibit abnormal blood counts or other symptoms of hematological disease, it 

represents a state in which hematopoietic stem cells have acquired mutations that provide a 

selective advantage. MPNs are more prevalent in the elderly population, and the latency period 

for the acquisition of the mutation and the diagnosis is several decades, suggesting that it takes 

a longer time to generate a proliferation advantage. A mere one in ten individuals with CHIP will 

eventually receive an associated cancer diagnosis, but the consequences of a prognosis that 

either overlooks premalignant disease or results in unnecessary treatment are significant 

(Goldman et al., 2023; Maslah et al., 2023). As these diseases are heterogeneous, an 

understanding of the complex relationship between aging, somatic mutations, and clonal 

dynamics in the hematopoietic system could offer valuable insights into the pathogenesis of 

MPNs and facilitate the development of more targeted and effective therapies.   
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1.2 Myeloproliferative neoplasms 

Myeloproliferative neoplasms are a group of clonal hematopoietic disorders, where the clonal 

expansion of a transformed hematopoietic stem cell compartment occurs due to specific driver 

mutations. The classical Philadelphia-chromosome negative MPN, also known as BCR-ABL 

negative MPN, include essential thrombocythemia (ET), polycythemia vera (PV) and primary 

myelofibrosis (PMF). Somatic mutations dysregulate the Janus kinase/signal transduction and 

activation of transcription (JAK/STAT) pathway, leading to a constitutive activation of JAK2 

kinase and the other downstream regulatory pathways, including STATs, resulting in an 

abnormal proliferation of blood cells (Barbui et al., 2018). On the other hand, there are BCR-ABL 

positive MPNs. BCR-ABL oncogene is a fusion gene where a recombination of the chromosome 

9 in ABL gene and chromosome 22 in BCR gene occurs in the hematopoietic stem cell 

compartment. This fusion of the chromosomes leads to both elongated chromosome 9q+ and 

truncated chromosome 22 called Philadelphia chromosome. This fusion gene BCR-ABL1 

activates tyrosine kinase enzyme and leads to abnormal proliferation of the leukemic stem cells, 

results in chronic myeloid leukemia (CML) (Cross et al., 2023; Melo et al., 1993). Due to its 

unique pathogenesis and treatment options, CML is separated from the rest of the MPNs. In this 

thesis, the main focus is on BCR-ABL negative MPN, which is also mentioned as MPN 

throughout the thesis.  

 

MPN groups are classified based on the proliferation and change of the different hematopoietic 

compartments. Essential thrombocythemia (ET) is categorized by thrombocytosis, as risk of 

clotting and megakaryocytic hyperplasia in the bone marrow. ET is one of the last classical MPNs 

to be described by Emil Epstein and Alfred Goedel in 1934 (Fabris & Randi, 2009). It is the most 

common type of MPN with a prevalence of 1.0 to 2.5 individuals per 100,000 in the population 

and it occurs more frequently in women. The age of the disease onset typically between the age 

of 50 to 60 years (Gangat et al., 2024). It is diagnosed by 4 major criteria: an increase in platelet 

count > 450 × 109/L, abnormal proliferation of megakaryocyte progenitors in the bone marrow 

with the hyperlobulated nuclei, the presence of a MPN driver mutation and not meeting the 

criteria of other MPN subtypes (Arber et al., 2016; Thiele et al., 2023). The chance of ET directly 

progressing to post-ET myelofibrosis (MF) or blast phase is quite rare (Carobbio et al., 2023), 

but differentiation between ET and pre-PMF is still challenging as there are no clear 

measurements to differentiate between these two groups (Tefferi, 2011).  

 

Polycythemia vera (PV) is characterized by clonal erythrocytosis. It is one of the early described 

groups in MPN called “maladie de Vaquez,” in 1892 by Louis Henri Vaquez and later 

systematically reviewed by William Osler in 1903 (Tefferi et al., 2021). The incidence of PV is 

approximately 0.4 to 2.8 per 100,000 population, and it is slightly more common in men 
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compared to women (Moulard et al., 2014). The average age of diagnosis is around 60 to 65 

years (Szuber et al., 2019) and there is a significant risk of progression to AML. It is diagnosed 

by 3 main criteria: increased amount of hemoglobin, hematocrit, and red cell mass, and a bone 

marrow biopsy showing hypercellularity for age with trilineage growth of erythroid, granulocyte 

and megakaryocyte proliferation. Further, there is a presence of one of the MPN driver mutations 

JAK2 V617F or JAK2 exon 12 (Arber et al., 2016; Thiele et al., 2023). Regular phlebotomies 

combined with low-dose aspirin is considered first-line treatment for low-risk PV patients. 

Further, patients can be treated with cytoreductive drugs such as hydroxyurea, IFN-alpha or with 

JAK2 inhibitors leading to the specific inhibition of highly proliferating cells (Tefferi et al., 2021). 

It is challenging to treat PV patients as the twenty year risk for thrombosis or post-PV MF or AML 

are 26 %, 16 % and 4 %, respectively (Tefferi & Barbui, 2023).  

 

Primary myelofibrosis (PMF) is a more advanced disease phenotype in the MPN subgroup in 

which megakaryocytic proliferation and atypia are accompanied by the reticulin and/or collagen 

fibrosis in the bone marrow with grade 2 or 3 on a scale of 0 to 3. In addition, the presence of 

MPN somatic mutations and not meeting the criteria for other MPN subtypes are important 

diagnostic criteria. More recently, PMF has been subclassified into pre-PMF and overt/post-PMF 

regarding the quantity and quality of fibrosis (Arber et al., 2016; Thiele et al., 2023). Allogeneic 

hematopoietic stem cell transplantation is the only curative treatment option for PMF 

(Passamonti & Mora, 2023). There is a risk of leukemic transformation, and the acquisition of 

additional mutations is associated with poor prognosis and survival (Tefferi, 2023; Yan et al., 

2023).  

 

It is important to note that all MPN entities can transform into another type and progress to more 

severe hematological malignancies including AML. For example, PV and ET can progress to 

secondary myelofibrosis, and all of the above have a chance of transformation to leukemia. The 

likelihood that MPN will progress differs between subtypes and it remains a challenge to 

understand and predict the progression at an early stage. 

1.2.1 Mutations in MPN 

The three driver mutations initiating MPN are Janus Kinase 2 gene (JAK2), myeloproliferative 

leukemic gene (MPL), and calreticulin (CALR). They are mutually exclusive, mostly prevail alone, 

and occur in almost 95 % of MPN cases. The remaining patients who do not exhibit any of these 

mutations are classified as triple negative, showing a similar MPN phenotype.  

One of the earliest mutations discovered in 2005 is JAK2 V617F (Baxter et al., 2005; James et 

al., 2005; Kralovics et al., 2005; Levine et al., 2005), a tyrosine kinase gain of function in the 

JAK2 gene in exon 14 on chromosome 9. This results from the exchange of guanine (G) to 

thymine (T), which leads to the change of valine to phenylalanine at the position 617 of the amino 
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acid sequence. About 95 % of patients with PV, and 50-60 % with ET and PMF carry this 

mutation. Other mutations in the JAK2 gene, which are less common can be found in exon 12 

and are present in around 2-5 % of PV patients who are negative for JAK2 V617F (Vainchenker 

& Kralovics, 2017).  

 

Healthy JAK2 signaling can be activated by different cytokines binding to their corresponding 

receptor including the erythropoietin receptor (EPOR), thrombopoietin receptor (TPOR or MPL), 

and granulocyte/macrophage colony-stimulating factor receptor (GM-CSFR). When the 

cytokines bind to transmembrane receptors, the receptor associated JAKs are activated, which 

leads to phosphorylation of STAT proteins and formation of homo or heterodimers. The 

dimerized STATs translocate to the nucleus and by binding to the transcription sites, they 

regulate the gene transcription (Figure 4). Different signaling proteins such as JAK, interferon 

(IFN), interleukin-6 (IL-6), and interleukin-3 (IL-3) activate different STATs and induce the 

transcription and expression of genes for various cellular functions, including cell cycle, 

apoptosis, cell proliferation, epithelial-mesenchymal transition (EMT), angiogenesis, and the 

production of inflammatory factors. These functions are involved in various cellular processes 

and may play a role in the development of various diseases (Bader & Meyer, 2022). The 

presence of JAK2 V617F mutation impairs the pseudo-kinase domain and increases JAK2 

kinase activity, which leads to constitutive activation of JAK/STAT signaling and resultant 

cytokine-independent growth, leading to excessive proliferation and survival of myeloid 

progenitor cells. The downstream activation of intracellular signaling occurs via STAT protein 

signaling, activation of mitogen-activated protein kinase (MAPK) signaling, and phosphoinositide 

3-kinase (PI3K) signaling, which collectively support the proliferation of malignant cells 

(Vainchenker & Kralovics, 2017). Studies show that the impact of the JAK2 mutation alone would 

not be sufficient for the self-renewal of the myeloid lineage cells or the hematopoietic stem cells 

to initiate the MPN disease (Lanikova et al., 2019). Instead, the JAK2 V617F mutation often 

occurs in combination with other mutations. In some cases, JAK2 V617F can be an initial 

mutation (“first hit”), setting the stage for MPN development, alternatively, it can occur as a 

subsequent (“second hit”) event in cells that have already acquired other genetic mutations 

(Kralovics, 2008). JAK2 V617F allele burden is a commonly used measurement to check the 

severity and progression of the disease, and over time it is shown that heterozygous mutations 

have a potential to change to homozygous mutations. This occurs in about 30 % of patients with 

PV and PMF and only 2-4 % with ET (Vannucchi et al., 2008). The most prevalent transition to 

homozygosity is a consequence of partial uniparental disomy (UPD), where due to chromosomal 

abnormality in the short arm of chromosome 9p leads to loss of one copy also known as loss of 

heterogeneity (LOH) and duplicate the remaining copy by mitotic recombination (Kralovics et al., 

2005).  
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Figure 4. The JAK-STAT signaling pathway in MPN. 

a) The approximate frequencies of somatic driver mutations in MPN are as follows: JAK2 V617F, JAK2 
exon 12, CALR, and MPL mutations in PV, ET, and PMF. JAK2/CALR/MPL unmutated cases are referred 
to as triple negative MPN. b) The JAK/STAT signaling pathway is initiated when a specific ligand binds to 
a receptor on the cell surface. This triggers the activation of Janus kinases (JAKs) associated with the 
receptor. The activated JAKs phosphorylate tyrosine residues on the receptor, creating docking sites for 
signal transducer and activator of transcription (STAT) proteins. These STAT proteins bind to the receptor, 
are phosphorylated by the JAKs, and form dimers. Subsequently, the STAT dimers migrate into the cell 
nucleus, where they bind to specific DNA sequences and regulate the transcription of target genes. This 
process enables the cell to respond to extracellular signals by altering gene expression. Somatic driver 
mutations in JAK2, CALR, and MPL converge on constitutively activated JAK2-STAT signaling. EPOR, 
erythropoietin receptor; ER, endoplasmic reticulum; MPL, thrombopoietin receptor. The figure was 
adapted from (Szybinski & Meyer, 2021), used under the terms of the Creative Commons Attribution 4.0 
International License.  

 

b 

a 
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Calreticulin (CALR) mutation, which was discovered in 2013 (Klampfl et al., 2013; Nangalia et 

al., 2013), has significantly advanced the diagnostic gaps for the remaining MPN patients. This 

mutation is present in 30 % of ET and 30 % of PMF patients who do not carry a JAK2 or MPL 

mutation (Vainchenker & Kralovics, 2017). The two most prevalent types of CALR mutations in 

MPN are 52 bp deletion and 5 bp insertion of the amino acids, respectively known as type 1 and 

2. Both of these mutations result in a frameshift in exon 9, leading to the generation of a positively 

charged C-terminus of the protein (Pietra et al., 2016). These mutations cause the CALR protein 

to be secreted outside the cell, instead of being retained within the endoplasmic reticulum. The 

mutated protein binds to the thrombopoietin receptor (MPL/TpoR), and acts as rogue 

chaperones, ensuring that TpoR reaches the cell surface and activates JAK/STAT signaling, 

specifically driving the expansion of the megakaryocytic lineage (Merlinsky et al., 2019; Pecquet 

et al., 2019). As the protein is located outside of the cells, it is recognized by other immune cells 

and this led to the development of a treatment option using monoclonal antibodies or vaccines 

(Kramer & Mullally, 2023).  

 

Thrombopoietin receptor or myeloproliferative leukemia protein (MPL) mutations were first 

identified as a result of their constitutive activation of the downstream signaling pathway in JAK2 

V617F mediated transformation of myeloprogenitor cells, leading to cytokine independent 

growth (Pikman et al., 2006). Overall, the presence of the mutation is in 3 % of ET and 5 % of 

PMF (Vainchenker & Kralovics, 2017). The gain of function mutation MPLW515L, was identified 

in a murine bone marrow transplant assay (Pikman et al., 2006), as a result of G to T transition 

at codon 515 with the substitution of tryptophan to leucine. MPL receptors are selectively 

expressed on the HSCs and cells in the megakaryocyte differentiation pathway. Activation of the 

MPL receptor by its ligand TPO leads to activation of JAK/STAT, which triggers the downstream 

signaling pathways and promotes megakaryopoiesis and thrombopoiesis (Plo et al., 2017). The 

loss of MPL has been shown to significantly reduce the MPN development in JAK2 V617F 

transgenic mice, suggesting that MPL expression is important for the development and severity 

of MPN (Sangkhae et al., 2014). Despite the fact that all MPN drivers act through constitutive 

activation of MPL, they exhibit markedly different clinical phenotypes (Constantinescu et al., 

2021).  

 

A prevailing question in the field is how a single mutation can give rise to different cell 

phenotypes. The phenotypic diversity observed in JAK2 mutated MPNs, particularly between ET 

and PV has been previously attributed to the mutation load, with higher JAK2 burden in PV 

patients than in ET patients. Additionally, the presence of homozygous clones is more prominent 

in PV phenotypes than in ET phenotypes (Rumi et al., 2014). Nevertheless, recent studies have 

shown that the presence and the order of mutations can affect the outcome of MPN disease and 

influence the disease progression. Additional bystander mutations in MPN are observed in genes 
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encoding epigenetic modifiers such as DNMT3A, TET2 and IDH1/2, splicing factors such as 

SF3B1, U2AF1 and SRSF2 or transcription factors like TP53, RUNX1 and IKZF1 (Greenfield et 

al., 2021). The interplay between the additional mutations and the MPN driver mutation can alter 

gene expression and influence the disease outcome. For example, JAK2 is recognized as the 

initial mutation in PV, but a prior mutation of TET2 alters the transcriptional consequences of 

JAK2 V617F and is more likely to lead to ET (Ortmann et al., 2015). Also, the accumulation of 

the mutation within the same clone originated from a single mutated cell or across different 

clones can result in a different likelihood of disease progression. A mouse model with Jak2 

V617F and Tet2 loss resulted in a rapid progression to myelofibrosis and a decreased overall 

survival (Lanikova et al., 2019). TET2 is a demethylating enzyme, and when it is mutated, it 

enhances the self-renewal capacity of HSCs. Furthermore, a mouse model in which Jak2 is 

mutated with loss of EZH2 results in a more aggressive MPN phenotype with an overall 

expansion of the LSK stem/ progenitor compartment (Shimizu et al., 2016). EZH2 is a member 

of the repressive Polycomb complex (PRC2) and plays a role in epigenetic repression of gene 

expression by trimethylation of the histone H3K27 marks. Loss of function mutation in EZH2 

have been observed in MPN and has been shown to be associated with leukemic transmission 

and worsened overall survival. Recently, it has been hypothesized that the phenotypic 

differences between MPN subunits may arise from the variations in the specific cytokine 

receptors activated by the respective driver mutations, their interaction with other co-occurring 

mutations, and the order of acquisition (Vainchenker & Kralovics, 2017). 

1.2.2 Therapy options in MPN 

The current treatment strategies for MPNs are primarily aimed to control symptoms, reduce 

spleen size, and manage thrombosis as well as prevent progression to secondary MF and AML. 

First line of therapy includes aspirin and phlebotomy to decrease the risk of thrombotic events 

and rebalance the hemostasis. Additionally, hydroxyurea and interferon-alpha (IFN-alpha) are 

used to normalize blood counts (Moliterno et al., 2023). Second line of treatment involves JAK 

inhibitors, such as ruxolitinib, fedratinib, and baricitinib. These JAK1/JAK2 inhibitors function by 

blocking the activity of the JAK2 enzyme and the overactive JAK-STAT signaling pathway, which 

helps to control blood counts, reduce spleen size and inflammation, and improve symptoms. 

However, these drugs can cause adverse effects such as cytopenia, thrombocytopenia, and 

anemia, which may necessitate adjustments to the treatment regimen. Furthermore, drug 

resistance, particularly towards ruxolitinib, is a common challenge, highlighting the need for the 

development of new therapeutic approaches (Pandey et al., 2022; Vannucchi et al., 2017). 

Moreover, targets other than JAK2 are being investigated to treat MPN clones that are not 

dependent on JAK2. These include MDM2 inhibitors, BCL2 inhibitors, BET inhibitors, telomerase 

inhibitors, and cell cycle regulators, which have shown promise in preclinical and clinical studies 

(How et al., 2023). CALR-specific monoclonal antibodies effectively bind to CALR-mutant 
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proteins outside of the cells, offering a treatment option for patients with CALR mutations 

(Kramer & Mullally, 2023). Allogeneic stem cell transplantation remains the only curative option 

for myelofibrosis, but the timing of this intervention is critical for optimal outcomes. Leukemic 

transformation, specifically blast phase MPN, represents a significant concern in the context of 

disease progression. Studies have shown that combination treatment with hypomethylating 

agents and the BCL-2 inhibitor venetoclax or ruxolitinib with hypomethylating agents could 

improve the overall response rates. Furthermore, drugs that inhibit IDH1/2 have shown favorable 

outcomes in advanced MPN cases, where IDH2 mutation is a risk factor for leukemic 

transformation in PMF patients (Tefferi et al., 2023).  

 

Long term use of medications can influence clonal selection, a crucial aspect to consider as 

patients often require lifelong treatment. Patients with ET and PV are generally associated with 

a life expectancy of 20-30 years. Therefore, disease progression is a significant concern, 

particularly in younger patients. The objective of treatment is to improve the molecular response 

and achieve removal of mutated cells. However, it is crucial to understand the molecular 

response beyond simply reducing JAK2 allele burden, as some treatments can potentially select 

for more aggressive subclones. During treatment, clonal selection can lead to the expansion of 

additional mutations such as TP53 and DNMT3A, which requires careful monitoring. For 

example, IFN-alpha treatment has been shown to negatively affect DNMT3A mutant MPNs 

(Usart et al., 2024), and MDM2 inhibition has selected for the emergence of TP53 clones (Maslah 

et al., 2022). Implementing early intervention strategies for high-risk patients may assist in 

postponing or even interfering the leukemic transformation by selectively removing inflammatory 

cytokines that could influence disease progression. These strategies should focus on targeting 

the most malignant stem-cell-like clones, rather than just reducing the allele burden (How et al., 

2023). 

 

Genetic and molecular profiling of patients is of great significance for the selection of optimal 

drug options. This knowledge could be used to treat patients with combination treatments for 

multiple mutations and may even contribute to the prediction of drug resistance in the future 

(Goyal et al., 2023). This personalized approach can facilitate the identification of the most 

appropriate treatment strategies for individual patients, taking into account the specific genetic 

and molecular characteristics of their disease.   
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1.3 Cellular aging 

Longevity research is a rapidly growing field aiming to understand the fundamental biological 

mechanisms of aging and develop new interventions to promote healthy aging and extend life 

span. The aging process is heterogeneous and continuous, with different organisms, body parts, 

and individual cells aging at different rates (Carmona & Michan, 2016). The understanding of an 

individual’s age based on biological age rather than chronological age was a crucial step in aging 

research. While chronological age simply denotes the number of years an individual has been 

alive, biological age is more accurate reflection of the individuals health status (Jylhava et al., 

2017). Studying aging has not only enabled a better understanding of aging-related diseases 

such as premature aging or neurodegenerative diseases, but has also allowed for overall 

prediction of survival and risk factors for other diseases (Fransquet et al., 2019). It has been 

questioned philosophically whether aging should be classified as a disease to be treated, given 

that it is the primary cause of death for living organisms. In 1881, August Weismann published 

the first evolutionary theory of aging, proposing that aging is determined by the needs of the 

species, which are determined through natural selection. This theory proposes that aging results 

from the progressive accumulation of cellular damage leading to the dysfunction of specific 

systems or cells. Since then, numerous theories have been proposed, focusing on the aspects 

that were beneficial in early life but detrimental in late life. These include the accumulation of 

mutations, the allocation of resources between reproduction and somatic maintenance, and the 

limited number of cell divisions (Arnold & Rose, 2023). A more recent hypothesis, the 

hyperfunction theory, suggests that the continued activation of certain signaling pathways that 

initially drive developmental growth and reproduction in early life and fails to switch off properly 

in later life, contributing to aging (Blagosklonny, 2022).  

 

The concept of ‘hallmarks of aging’ was first introduced by López-Otín and colleagues in 2013, 

discussing nine key molecular, cellular, and systemic changes associated with the aging 

process. These include genomic instability, telomere attrition, epigenetic alteration, loss of 

proteostasis, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, deregulated 

nutrient sensing, and altered intracellular communication (Lopez-Otin et al., 2013). In 

subsequent years, these hallmarks were expanded to additional causes including dysbiosis, 

disabled macroautophagy, and chronic inflammation (Lopez-Otin, Blasco, et al., 2023). 

Interestingly, several hallmarks of aging are shared with those of cancer, including genomic 

instability, epigenomic alterations, chronic inflammation, dysbiosis and cellular senescence 

(Falandry et al., 2014; Gems & de Magalhaes, 2021; Lopez-Otin, Pietrocola, et al., 2023). In the 

2000s, Hanahan and Weinberg first described the six hallmarks of cancer and subsequently in 

2011, expanded them to ten hallmarks (Hanahan & Weinberg, 2000, 2011). The primary cause 

of cancer is the accumulation of somatic driver mutations in oncogenes or tumor suppressor 
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genes, particularly as individuals age and surpass the mutational threshold required for cancer 

initiation. Studies have shown that several aging related factors such as changes in DNA 

methylation (Klutstein et al., 2016; Lin & Wagner, 2015) and telomere length (Kim Sh et al., 2002; 

Shammas, 2011), exhibit an association with both aging and malignancy. These shared aspects 

of aging in healthy adults and in malignancies are the main focus of this thesis. Studying these 

aspects may offer insights into the development of preventive and therapeutic strategies.  

1.3.1 Epigenetics and DNA methylation 

Epigenetics refers to the mechanism which contribute to changes in gene expression without 

changing the underlying DNA sequence. The epigenome is defined as the entire collection of 

epigenetic modifications and mechanisms. These changes can occur at various levels, including 

DNA methylation (DNAm), histone modifications and chromatin remodeling. Within the cell 

nucleus, DNA is tightly wrapped around histone proteins, forming fundamental units called 

nucleosomes. These nucleosomes are further compacted into chromatin, which is ultimately 

organized into distinct chromosomes (Alberts et al., 2002). The structural organization of the 

chromatin plays a role in regulating gene expression. Chromatin primarily exists in two states: 

heterochromatin and euchromatin. Heterochromatin also known as the dense and compact 

"closed" form of chromatin, limits the accessibility of the machinery required for gene expression 

through interaction with DNAm and specific histone modifications. On the other hand, 

euchromatin, a less compact "open" form of chromatin, is associated with active gene 

transcription and is typically linked to unmethylated DNA and a distinct set of histone 

modifications (Nothof et al., 2022). This dichotomy between heterochromatin and euchromatin 

is fundamental to the dynamic regulation of gene expression within the cell (shown in Figure 5).  

 

Figure 5. The interplay between chromatin organization and DNA methylation. 

The dense, “closed” heterochromatin is associated with DNA methylation, which limits gene expression. 
In contrast, the less compact, “open” euchromatin is associated with unmethylated DNA, which promotes 
gene transcription. Therefore, chromatin packaging regulates gene expression by controlling DNA 
accessibility. The figure was adapted from (Xu & Liu, 2021), used under the terms of the Creative 
Commons Attribution License. 
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DNA methylation is an epigenetic modification, that involves the addition of a methyl group (-

CH3) to the DNA, commonly at cytosine-guanine dinucleotides, also known as CpG sites. This 

leads to changes in gene state without altering the underlying nucleotide bases. In mammals, 

methylation occurs predominantly at the 5’ position of cytosine (5mC). However, there is also 

non-CG methylation, whereby methyl groups are added to cytosines in CHG or CHH sites with 

H representing any nucleotide except guanine (He & Ecker, 2015). The specific location at which 

the methyl group is added is important for gene function and regulation of transcription. Regions 

with low CpG density typically exhibit high levels of methylation, while GC-rich regions called 

‘CpG islands’, which are predominantly located in promoter regions, are usually less methylated 

(Deaton & Bird, 2011; Teschendorff et al., 2013). Methylation of CpG sites in close proximity to 

transcription start sites has been shown to repress gene transcription, whereas methylation 

within the gene bodies has been associated with increased gene expression and the protection 

against intragenic transcription initiation. In this thesis, the term DNA methylation refers to the 

5mC methylation. The first identification of 5mC methylation in bacteria was in 1925, nearly a 

century later, numerous discoveries have facilitated the understanding of the mechanism behind 

DNA methylation, and several new sequencing techniques have been developed to elucidate its 

dynamic role in development and disease (Mattei et al., 2022).  

 

The majority of mammalian DNA methylation patterns are generated by de novo DNA 

methyltransferases (DNMTs). DNMT3A and DNMT3B are a group of enzymes primarily 

responsible for the addition and maintenance of methyl groups to establish new DNA methylation 

patterns. Whereas DNMT1 binds to hemimethylated DNA strands and maintains methylation 

patterns during DNA replication, ensuring the inheritance of the epigenetic marks. DNMTs 

recognize specific DNA sequences based on specific motifs or structures to mediate methylation, 

although the underlying mechanism is not yet clearly understood. This process is initiated by a 

co factor called S-adenyl methionine (SAM), which serves as a methyl donor under the 

enzymatic reaction. This transfers the methyl group to the fifth carbon of cytosine residue, 

forming 5-methylcytosine through covalent binding. These modifications alter the structure and 

function of the underlying DNA. In contrast, DNA demethylation is a process that involves the 

removal of methyl groups from DNA and can occur by either active or passive mechanisms. 

Passive demethylation is due to a lack of functional methylation maintenance. During DNA 

replication, DNMT1 fails to methylate the newly synthesized DNA strand, resulting in a gradual 

loss of DNA methylation during multiple replication cycles. Active demethylation is mediated by 

the ten-eleven translocation (TET) family of enzymes which oxidizes 5mC to 5-

hydroxymethylcytosine (5hmC) by adding a hydroxy group. TET can further oxidize 5hmC to 

additional oxidized forms of cytosine. This is then recognized by the base excision repair (BER) 

machinery, which removes the modified cytosine and replaces it with the unmethylated cytosines 

(Moore et al., 2013) (Figure 6).  
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Maintaining a balance between DNA methylation and demethylation is crucial for normal cell 

function and preventing the development of age-related hematological malignancies. For 

instance, mutations in DNMT3A and TET2 are frequently observed in CHIP and are associated 

with impaired hematopoietic stem cell function. Especially, DNMT3As are highly mutated in AML 

patients and have been shown to impair differentiation capacity, favoring self-renewal (Buscarlet 

et al., 2017). Similarly, TET2 deficiency in mice has been shown to increase self-renewal 

potential (Cimmino et al., 2017).  

 

Figure 6. Mechanisms of DNA methylation and demethylation.  

During the initial stages of development, de novo methylation adds methyl groups to specific CpG sites 
on both DNA strands. Following each replication cycle, the methylated CpGs become hemimethylated, 
whereby the newly synthesized daughter strand is unmethylated. The maintenance of these methylation 
patterns copies the original DNA methylation pattern. In the event of DNMT1 inhibition or absence, passive 
demethylation occurs over successive cell divisions as a consequence of the absence of methylation in 
the new DNA strand. In contrast, active demethylation is defined as the enzymatic replacement of 5-
methylcytosine with cytosine. This figure was adapted from (Veland & Chen, 2017) with permission from 
Elsevier.  

 

DNA methylation is a dynamic process. Even though the methylation patterns are largely specific 

in differentiated cells, which could be altered by both intrinsic and extrinsic factors including diet, 

exercise and stress (Barres & Zierath, 2016). These changes in methylation patterns are studied 

during development, aging, and disease progression. With increasing age, a general trend 

towards global hypomethylation is observed, particularly in repetitive sequences like 

transposable elements. This phenomenon is also observed in cancer compared to normal 

tissues. The loss of methylation in repetitive regions may lead to genomic instability and the 

development of aging-related pathologies. On the other hand, hypermethylation in promoter 

regions can silence genes involved in DNA repair, cell cycle regulation, and tumor suppression, 

contributing to age-related diseases including cancer (Ahuja & Issa, 2000; Luo et al., 2018).  
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During aging, stochastic methylation errors accumulate in the genome, a phenomenon known 

as epigenetic drift, which contributes to age-related diseases (Teschendorff et al., 2013). These 

aberrant DNA methylation patterns have been associated with carcinogenesis, as they affect the 

accessibility of regulatory elements in the genome. This ultimately results in the unexpected 

silencing or activation of genes, which can contribute to disease onset (Issa, 2014).  

 

Certain epigenetic modifications are highly reproducible in specific DNAm sites and correlate 

with age. This could be utilized to underpin the concept of ‘epigenetic clock’. Since 2011, 

researchers have successfully established DNAm clocks based on a few CpG sites to predict 

an individual’s epigenetic age, which is widely used to estimate chronological age in various 

applications, including forensics (Bell et al., 2019; Bocklandt et al., 2011; Koch & Wagner, 2011). 

The evolution of epigenetic clocks has been marked by significant advances in technology, 

including the development of Illumina BeadChip technology, newer technologies for DNAm 

profiling, an increase in available datasets, and improvements in algorithms for integrating age-

related DNAm changes. Notable examples include the Hannum clock for leukocytes and the 

multi-tissue clock by Horvath (Hannum et al., 2013; Horvath, 2013). Since then, it has evolved 

into a new generation of clocks to understand mortality risks and to predict individuals biological 

age (Horvath & Raj, 2018). Studies in a large cohort of old adults have shown that epigenetic 

age in the blood can be used as a prognostic marker for cardiovascular disease, cancer and all-

cause mortality (Perna et al., 2016). Epigenetic reprogramming is shown to reverse the adult 

cells into pluripotent cells and has shed new light on aging research, as this process can 

effectively reset the aging clock, with partial reprogramming promising rejuvenating cells while 

maintaining their identity (Puri & Wagner, 2023; Takahashi & Yamanaka, 2006). This has led to 

the development of promising chemical based rejuvenation strategies, including small molecules 

such as DNA methyltransferase and histone acetylase inhibitors (Pereira et al., 2024).  

1.3.2 Telomeres 

The ends of chromosomes are protected by telomere caps with repetitive nucleotide sequence 

‘TTAGGG’ and a set of special proteins called shelterin form a nucleoprotein complex. This 

keeps the ability of the cell to divide in every cell replication and protects the chromosomes from 

degradation (Greider, 1996; Vieri et al., 2021). The shelterin complex is composed of six proteins 

that maintain telomeres by preventing DNA repair proteins from accessing them. Telomeres 

consist of repetitive sequences, and if this has been mistaken for DNA damage, it could 

potentially lead to chromosome fusions. Additionally, these shelterin proteins regulate 

telomerase access and activity at telomeres, contributing to the formation of a high order of 

telomere structure (Palm & de Lange, 2008). Furthermore, Blackburn et al. discussed the 

capping status of telomeres (by the shelterin complex) as being more important than telomere 

length (TL) in determining cellular functionality. Even if the TL is short, it might still be capped 



20 

 

and functional, whereas a long TL might be uncapped and dysfunctional. This is due to the fact 

that the protective function of telomeres depends not only on their length, but also on the integrity 

of the shelterin complex that binds them (Blackburn, 2001). Furthermore. mutations or 

destabilization in these proteins can impair telomere protection, resulting in genomic instability 

and influencing telomere related diseases (Palm & de Lange, 2008). 

 

During cell division, the inability of DNA polymerase to fully replicate DNA results in a gradual 

shortening of telomeres. Therefore, the maintenance of TL is regulated by the enzyme 

telomerase, a reverse transcriptase consisting of two enzymes, telomerase reverse 

transcriptase (TERT) and telomerase RNA component (TERC). TERT is a catalytic subunit that 

adds guanine rich repetitive sequences to the 3’ ends of chromosomes using an RNA template 

provided by TERC, thereby counteracting the progressive shortening that occurs with each 

replication cycle (Greider, 1996; Vieri et al., 2021)(Chan & Blackburn, 2004). Telomerase is 

tightly regulated and is active in germ cells and some adult stem cells but is repressed in most 

somatic cells. When telomere activity is repressed, it leads to a progressive and cumulative loss 

of the protective telomeric caps, which eventually results in cellular senescence or apoptosis 

and contributes to the aging mechanism (Trybek et al., 2020). This phenomenon termed 

replicative senescence was first explained by Hayflick in 1961 that cultured fibroblast cells have 

a limited proliferation capacity and stop dividing after several passages (Hayflick & Moorhead, 

1961). This finding was later confirmed in different cell types. A comparison between adult bone 

marrow-derived MSC and umbilical cord-derived MSC shows clear differences in multipotential 

capacity, as well as an increase in pluripotent factor expression and telomerase activity in 

neonatal MSC (Blasco, 2005). Notably, a study has shown that telomerase positive clones with 

elongated telomeres showed reduced expression of the senescence marker β-galactosidase 

(Bodnar et al., 1998), supporting the association between TL and senescence. As an example, 

human stem cells have a restricted number of cell divisions, with approximately 50 to 70 before 

reaching replicative senescence (Boyle et al., 2023; Zvereva et al., 2010), and approximately 50 

bp lost per cell division (Werner et al., 2015). The age associated accelerated rate of telomere 

attrition is commonly regarded as a contributor to the organismal aging, and this phenomenon 

can be exploited as a biomarker for predicting biological age.  

 

Diseases associated with aging or cancers often show shortened telomeres and dysregulated 

telomerase activity. In fact, telomerase activity is present in approximately 85 % of malignant 

tumors in comparison to normal cells and its activity is higher in advanced and metastatic tumors, 

making it a viable cancer biomarker and therapeutic target. The unlimited proliferation of cancer 

cells is frequently attributed to increased telomerase reactivation, which compensates for 

shortening of telomeres that occurs during each cell division (Ivancich et al., 2017; Razgonova 

et al., 2020). Studies on mice lacking telomerase activity have shown accelerated aging and 
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increased resistance to cancer (Blasco, 2005). However, the initial generation of telomerase-

knockout mice does not demonstrate significant telomere shortening or any discernible 

phenotypic abnormalities. Abnormalities in tissue development are typically observed from the 

fifth generation onward. By the sixth generation, mice exhibit infertility and defective 

hematopoietic progenitor function (Calado & Young, 2009). Reintroducing telomerase activity in 

aged telomerase-deficient mice has demonstrated a rejuvenating effect by restoring telomere 

length and improving cellular function (Jaskelioff et al., 2011). Telomerase inhibitors are being 

explored as potential cancer therapies to halt excessive cell division and tumor growth. Although 

telomerase activators are proposed to counteract aging by delaying telomere attrition, they 

remain a potential target, given their opposite role in aging and cancer (Shay, 2016). Imetelstat, 

a telomerase inhibitor, has shown efficacy in the treatment of myelofibrosis and 

thrombocytopenia by attenuating the removal of DNA damage signals from telomeres in 

telomerase-positive cancer cells (Fragkiadaki et al., 2022; Tefferi et al., 2015). Understanding 

and influencing telomerase activity and telomere dynamics offers promising opportunities for 

both cancer therapies and anti-aging strategies. 

1.3.3 Senescence  

Cellular senescence is a permanent cell arrest phase where cells remain metabolically active 

but cease to proliferate or enter apoptosis. This process can be induced by various factors, 

including DNA damage, telomere shortening, epigenetic deregulation, induction of oncogenes, 

mitotic dysfunction, and metabolic and oxidative stress (Hernandez-Segura et al., 2018; Kumari 

& Jat, 2021). With increasing age, the efficiency of the immune system decreases, leading to 

the accumulation of senescent cells, where the paracrine effect of these cells leads to the release 

of inflammatory cytokines and chemokines, including senescence-associated secretory 

phenotype (SASP). SASP activates pro-inflammatory signals to signal immune cells to remove 

senescent cells but with age, there is a link between the elevated levels of senescence 

associated markers and inflammation, fibrosis, and other age-related pathologies, which 

contribute to an increased risk of death (Salech et al., 2022; St Sauver et al., 2023; Tripathi et 

al., 2021). Another phenomenon is known as replicative senescence, in which cells undergo 

senescence due to the shortening of telomeres caused by the limited number of cell cycle 

divisions. Accumulation of senescent cells increases with age and also contribute to age-related 

pathologies (Zvereva et al., 2010).  

 

Two pathways contribute to cellular senescence: p53/p21 pathway and p16INK4a/pRB pathway. 

When cells encounter genomic or epigenomic damage leading to DNA damage response (DDR), 

the tumor suppressor protein p53 and its downstream p21, an inhibitor of cyclin-dependent 

kinase (CDK) are activated. This blocks the activity of several CDK complexes and eventually 

leads to the repression of genes associated with cell cycle progression, resulting in cell cycle 
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arrest (Amaya-Montoya et al., 2020; Kumari & Jat, 2021). The second pathway is 

p16INK4a/pRB. Here, p16INK4a, a tumor suppressor and CDK/cell cycle inhibitor, is activated 

by senescence-induced stress. This leads to the binding of CDK4/6 and prevents them from 

phosphorylating the tumor suppressor and transcriptional regulator protein pRB. This results in 

the stabilized and active form of pRB with a hypophosphorylated state, which in turn binds to the 

transcription factor E2F, inhibiting cell cycle progression at the transition from G1 to S phase. 

This leads to cell cycle exit and inducing cellular senescence (Amaya-Montoya et al., 2020; 

Kumari & Jat, 2021) (Figure 7). The duration of cells in each phase of the cell cycle is associated 

with the state of cellular senescence. Senescent cells exhibit shortened G1 and G2 phases and 

an extended S phase. For instance, embryonic stem cells are capable of prolonged 

undifferentiated proliferation, which has been hypothesized to be due to their rapid cell division, 

which occurs at an average rate of 15 hours in humans and 10 hours in mice, in comparison to 

somatic cells, which typically take 25-32 hours. This allows the embryonic cells to remain in a 

state of proliferation without undergoing the processes of senescence or quiescence (Becker et 

al., 2006; Padgett & Santos, 2020).  

 

Figure 7. Senescence associated pathways. 

In response to DNA damage, the DNA damage response (DDR) pathway activates ATM/ATR kinases, 
which stabilize p53. This leads to increased p21 expression, inhibiting CDK2 and keeping retinoblastoma 
protein (Rb) complexed with E2F, leading to cell senescence or apoptosis. Additionally, DDR enhances 
p16 expression, inactivating CDK4/6, further preventing cell cycle progression. In short, DDR activation 
halts cell division and promotes cell senescence or apoptosis in response to DNA damage. This figure 
was adapted from (Amaya-Montoya et al., 2020), used under the terms of the Creative Commons 
Attribution 4.0 International License. 

 

Cellular senescence plays a dual role. The complex nature of senescence is referred to as a 

“two-edged sword”, with a distinction between helper senescence (promotes tissue 

regeneration) and deleterious senescence (causes tissue damage), which are depending on the 
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early and late phases of senescence (Tripathi et al., 2021). Short-term senescence can promote 

tissue repair and regeneration during early embryonic development and upon tissue damage. 

To achieve this, senescent cells arrest their own proliferation, recruit phagocytic immune cells 

and promote tissue renewal (Munoz-Espin & Serrano, 2014). The early or pre-senescent cells 

are more receptive to reversal than fully senescent cells (Reimann et al., 2024). While persistent 

senescent cells can lead to chronic inflammation and fibrosis, which in turn destroys the tissue 

(Paramos-de-Carvalho et al., 2021). Interestingly, programmed developmental senescence has 

been found to depend on the p21 signaling pathway rather than p53 or DNA damage (Storer et 

al., 2013). Senescence may serve as a potential biomarker for the study of aging and disease 

progression. Previous studies have shown that the expression of senescence-associated 

markers such as p21, p53, p16, reactive oxygen species (ROS), and nuclear factor-kappa B 

(NF-kB), increases with the chronological age of patient-derived MSCs. In addition, a specific 

cellular senescence marker SA-β-galactosidase (SA-β-gal) shows an age-related increase (Gil, 

2023; Kapetanos et al., 2021). Furthermore, the absence of p21 has been associated with 

developmental abnormalities (Munoz-Espin et al., 2013). Proteins and genes associated with 

the senescence signaling pathway have been detected in age-related diseases such as 

dementia-related neurodegeneration and Alzheimer's disease (Saez-Atienzar & Masliah, 2020). 

A recent study demonstrated the impact of the coronavirus disease (COVID-19) on the elderly 

population and its association with virus-induced senescence (Lee et al., 2021). Studies have 

shown that the continuous removal of senescent cells in mouse models leads to an increase in 

lifespan (Karin et al., 2019). Timely clearance of senescence is important for maintaining tissue 

homeostasis and preventing age related pathogenesis. 

 

The role of senescence in cancer is quite complex. On the one hand, senescence plays a role 

in tumor suppression by limiting the proliferation of premalignant cells that could potentially 

transform into malignant cells. When cells are exposed to mutations, uncontrolled replication 

results in a large number of mutated cells. However, senescence induces growth arrest in these 

cells, preventing the damage from being passed on to daughter cells (Shay & Roninson, 2004). 

The activation of certain oncogenes, such as RAS and BRAF, can trigger oncogene-induced 

senescence, a phenomenon that has been observed in various cancers (X. L. Liu et al., 2018). 

On the other hand, excessive and prolonged senescence may promote malignancies, chronic 

inflammation, immune deficit and stem cell exhaustion as individuals age (Huang et al., 2022). 

Reprogramming of senescent cells leads to spontaneous re-entry into the cell cycle, and 

promotion of tumor progression through self-renewal capacity (Milanovic et al., 2018). Notably, 

the phase of senescence, whether it is in the early or late stage, may play a critical role in 

determining whether it is beneficial or detrimental to the cell (Herranz & Gil, 2018). 
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1.3.3.1 Senolytic drug treatment 

The elimination of senescent cells has been considered as a potential therapeutic target for age 

related phenotypes and diseases, including cancer. Senolytics are a group of small molecules 

that specifically target senescent cells by interfering with their anti-apoptotic pathways and 

triggering apoptosis. Researchers including Kirkland J. and colleagues have made a significant 

contribution to the study of senolytics and their effects on the disease. These compounds have 

been tested in vivo, in vitro, and xenograft models, with some of them currently undergoing early 

clinical trials for age related diseases (Wyles et al., 2022). Studies have demonstrated that 

senolytic treatments can selectively remove senescent cells, reduce proinflammatory cytokines, 

and extend survival in mice with the administration of senolytic cocktail of dasatinib plus 

quercetin (Xu et al., 2018). In human trials, senolytics have shown improvement in physical 

function for patients with idiopathic pulmonary fibrosis (Justice et al., 2019) and removal of 

senescent cells in diabetic chronic kidney disease (Hickson et al., 2019). The therapeutic 

potential of senolytics extends to improving organ quality of elderly patients prior to 

transplantation. This could facilitate the use of organs from elderly patients for transplantation in 

the future (Matsunaga et al., 2021). Additionally, combination treatment of senolytics with anti-

cancer treatment has shown great potential  (Chaib et al., 2022; Kirkland & Tchkonia, 2020), by 

potentially removing therapy-induced senescent cells, which is associated with relapse, drug 

resistance and immunosuppression (Lelarge et al., 2024). 

 

Various senolytic drugs have been designed to target different mechanisms of anti-apoptotic 

pathways. This is achieved by inducing DNA damage and impairing the DNA repair mechanism 

in the senescent cells (Figure 8). These include BET inhibitors, such as JQ1, which targets the 

non-homologous end joining DNA repair pathway, thereby eliminating senescent cells. This is 

relevant for repairing double stand DNA breaks and activating autophagy pathway (Wakita et 

al., 2020). The BH3-only proteins of the BCL-2 family function as pro-apoptotic effectors, 

triggering the canonical mitochondrial apoptosis pathway. These proteins mediate their pro-

apoptotic functions through BH1-3 pro-apoptotic proteins, such as BAX and BAK, while their 

activity is suppressed by the BCL-2 family members, BH1-4 (Lomonosova & Chinnadurai, 2008). 

The first BH3-mimetic to receive clinical approval is ABT263 (Navitoclax), which targets multiple 

BCL-2 proteins, including BCL-2, BCL-xL and BCL-w (Kuykendall et al., 2020). Another BH3 

mimetic, S63845, is a selective inhibitor of the anti-apoptotic protein MCL-1 (Ewald et al., 2019). 

Dasatinib is a tyrosine kinase inhibitor that has been demonstrated to interfere with the EFNB-

dependent suppression of apoptosis in senescent cells. Quercetin is a naturally occurring 

flavonoid that has been shown to interfere the activity of several anti-apoptotic pathways (Zhu et 

al., 2015). The combination treatment with dasatinib and quercetin showed a reduction in 

markers of senescence, such as p16 and p21, as well as SA-β-gal positive cells (Hickson et al., 



25 

 

2019). MDM2 inhibitors, which target the interaction between MDM2 and p53, result in the 

reactivation of functional p53 and the death of senescent cells (Konopleva et al., 2020). With 

regard to the p53-MDM2 binding site, different structurally unique small inhibitors have been 

developed. These include AMG232, which is being tested in clinical trials for use in MPN patients 

who have failed treatment with JAK inhibitors (NCT03662126), and RG7112, which is also being 

tested in clinical trials in leukemia patients (NCT01970930); whereas, nutlin-3a has been shown 

to increase the degree of apoptosis in MPN by increasing p53 and p21 protein levels (Lu et al., 

2012). Piperlongumine is an amide alkaloid derived from the fruit of long pepper that exhibits 

selective cytotoxicity towards cancer cells. This is achieved through the inhibition of oxidative 

stress response proteins, which are important for the survival of senescent cells with elevated 

levels of reactive oxygen species (X. Liu et al., 2018). Additionally, innovative approaches, 

including antibody-drug conjugates and chimeric antigen receptor T-cell (CAR-T) therapies are 

being developed to specifically target and eliminate senescent cells (Lelarge et al., 2024). 

Furthermore, the development of broad-spectrum of senolytic drugs remains a challenge, as 

current options show variable efficacy across different types of senescent cells. Overall, to date, 

senolytics have shown promising results in clinical trials and need to be studied in various 

diseases to be used as different therapeutic approaches.  

Figure 8. Senolytics mechanism of action. 

Senolytics are a class of drugs that primarily target senescent cells through various mechanisms of action, 
ultimately leading to apoptosis. These anti-apoptotic pathways include Bcl-2 family proteins, p53, and the 
PI3K/Akt/mTOR pathway. This Figure was adapted from (Demirci et al., 2021), used under the terms of 
the Creative Commons Attribution.  
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1.4 Induced pluripotent stem cells 

The discovery of induced pluripotent stem cells (iPSCs) by Yamanaka and Takahashi in 2006 

pioneered the field of stem cell research. iPSCs have the capacity to proliferate indefinitely 

without losing their pluripotency and the ability to differentiate into the three germ layers, 

ectoderm, endoderm, and mesoderm. This groundbreaking work demonstrated that somatic 

cells could be reprogrammed into a pluripotent state, a characteristic previously observed only 

in embryonic stem cells (ESC) derived from the inner cell mass of the blastocysts (Hassani et 

al., 2019). A systematic screening of 24 genes associated with pluripotency led to the 

identification of four transcription factors that were necessary to induce pluripotency in mouse 

fibroblasts: octamer binding transcription factor 3/4 (OCT3/4), sex-determining region y-box 2 

transcription factor (SOX2), kruppel-like factor 4 (KLF4), and the cellular myelocytomatosis 

oncogene (C-MYC), abbreviated as the OSKM factors or also known as the Yamanaka factors 

(Takahashi & Yamanaka, 2006). This discovery paved the way for the successful reprogramming 

of human cells into iPSCs in 2007, independently reported by Yamanaka (Takahashi et al., 2007) 

and Thomson; whereas Thomson used a different combination of factors consisting of: OCT4, 

SOX2, NANOG, and cell lineage abnormal 28 (LIN28) also known as the Thomson factors (Yu 

et al., 2007).  

 

The concept of cellular reprogramming builds on earlier studies in developmental biology using 

the technique somatic cell nuclear transfer. This showed that somatic cells contain the genetic 

code of the zygote and can be manipulated to become totipotent cells. Additionally, fusing the 

ESCs with somatic cells showed that the resulting ESCs exhibit the inherited developmental 

capacity of the original embryonic cells. (Tada et al., 2003), leading to the expression of 

pluripotency associated genes, including OCT 3/4 (Tada et al., 2001). OCT3/4 is a key 

transcription factor that binds to DNA and regulates the expression of pluripotency associated 

genes that are important for embryonic development. When OCT3/4 expression is lost, the cells 

begin to differentiate (Zeineddine et al., 2014). The OSKM transcription factors drive the 

establishment of the pluripotency network during reprogramming. This involves two major steps: 

the silencing of somatic gene expression by the ectopic expression of OSKM factors and the 

activation of the pluripotency (Papp & Plath, 2011). C-MYC induces chromatin remodeling that 

allows exogenous OCT4 to bind to its target genes. OCT4 then cooperates with SOX2 and KLF4 

to activate the expression of the target genes encoding transcription factors such as OCT4, 

SOX2 and NANOG. This forms the endogenous transcription factor network that maintains the 

pluripotency state of iPSCs (Buganim et al., 2013). Subsequent studies have shown that the use 

of alternative combinations of minimal pluripotency factors, by omitting C-MYC or KLF4 can also 

be effective in reprogramming. Furthermore, the use of additional genes and chemicals known 
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as enhancers, can promote the reprogramming and enhance its efficiency (Takahashi & 

Yamanaka, 2016). 

 

There have been several methods developed to express the reprogramming transcription factors 

into the host cell. The efficiency of reprogramming is highly dependent on the method used. Viral 

transduction via integrative lentivirus or retrovirus is viewed as the classical method to deliver 

the transcription factors into the cell. However, this can lead to genomic alterations in the host 

genome. In contrast, Sendai virus, a negative sense single stranded RNA (ssRNA) that 

replicates in the cytoplasm without integrating into the host genome, appears to avoid genomic 

alterations to the host genome (Fusaki et al., 2009). Non-viral methods that can replicate 

independently without integrating into the host genome, such as chemical compounds, episomal 

plasmids, recombinant proteins, and DNA-free small molecules, have been shown to be less 

efficient in successful reprogramming. Synthetic mRNA delivery methods, which use molecules 

to influence signaling pathways involved in the pluripotency network without introducing 

exogenous DNA into host cells, are seen as an alternative approach (Cerneckis et al., 2024; 

Takahashi & Yamanaka, 2016). Quality control of iPSCs has been an important aspect due to 

the variability in reprogramming efficiency. The gold standard method to evaluate the 

pluripotency of iPSCs is the formation of teratomas in immune compromised mice, which should 

contain all three germ layers. Recent studies have shown that epigenetic markers such as 

changes in the DNA methylation levels on specific genes can also be used to validate the 

pluripotent state of the cell (Schmidt et al., 2023). 

1.4.1 Induced pluripotent stem cells as a disease model 

iPSC technology has significantly advanced the modeling of human diseases. Traditional 

methods often relied on mouse models, but the fundamental inter-species differences have been 

challenging to mirror human clinical pathophysiology. When it comes to blood diseases, it is 

crucial to study human primary cells, as well as disease specific model systems such as 

immortalized cell lines to investigate disease associated pathways. The emergence of iPSC 

models has sought to bridge the gap between the two systems, by enabling the derivation of 

patient-specific diseased cells and facilitating scalable experiments. Reprogramming patient-

specific cells into a pluripotent state allows for the generation of various somatic cell types that 

display disease phenotypes. Furthermore, iPSC technology has been employed in 3D culture 

and most interestingly in the generation of organoids to mimic the human organ and its 

microenvironment (Alle et al., 2021; Rowe & Daley, 2019).  

 

A key advantage, but also a limitation of this method is that it is highly patient-specific. On a 

positive note, this enables autologous transplantation using the patient's own cells and allows 

the development of personalized medicine. Conversely, variations in epigenetics and genetics 
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among patients can result in differences in iPSC characteristics, thereby making comparisons 

between different studies for a specific disease or mutation challenging. Utilizing multiple patient 

derived iPSC lines and controls would facilitate the understanding of disease mechanisms and 

pathways. Although the reprogramming of somatic cells into multiple iPSCs remains challenging, 

significant improvements have been made to increase the efficiency and reproducibility. Despite 

these challenges, iPSC technology has been rapidly evolving, specifically in the areas of drug 

discovery, personalized medicine, and regenerative cellular therapies (Doss & Sachinidis, 2019). 

 

The introduction of genetic modifications in iPSCs is a valuable technique to study specific 

genetic mutations and diseases, through the insertion or deletion of genes or small single 

nucleotide sequences. This technique employs engineered nucleases, which contain sequence 

specific DNA binding domains fused to a non-specific DNA cleavage module. These nucleases 

induce DNA double stranded breaks (DSB) at specific genomic sites, thereby activating the DNA 

repair machinery. Two distinct repair mechanisms can occur: non-homologous end joining 

(NHEJ), or homology directed repair (HDR). Zinc-finger nucleases and transcription activator 

like effector nucleases (TALENs) were used for genetic modifications until the discovery of 

clustered regularly interspaced short palindromic repeats guided Cas9 nucleases 

(CRISPR/Cas9) (Gaj et al., 2013). In 2012, Jennifer Doudna and Emmanuelle Charpentier 

discovered the Cas9 protein from Streptococcus pyogenes (Jinek et al., 2012). Cas9 is an RNA 

guided nuclease and is not dependent on protein-DNA interaction (Swartjes et al., 2020). The 

gene editing system consists of two parts, the Cas9 nuclease and the single guide RNA 

(sgRNA), which contains a protospacer adjacent motif (PAM) sequence specific for the Cas9 

protein. When introducing the mutation, the sgRNA is designed to target the genomic location 

where the mutation needs to be introduced. Upon introduction into iPSCs, they combine and 

target the DNA complementary to the sgRNA, resulting in a DSB a couple of base pairs down 

the PAM sequence. Once the cell detects this DSB, the DNA repair machinery is activated. NHEJ 

typically introduces small insertions or deletions at the cleavage site and ligates the broken DNA 

ends without the need for a template. In HDR, the cell finds homologous regions adjacent to the 

DSB, either from the other chromosome or provided exogenously as a plasmid or single-

stranded oligodeoxynucleotides along with the Cas9/sgRNA. The donor DNA template with the 

correct sequence e.g. wild type sequence or with a new sequence e.g. generation of reporter 

cell lines, is used as a repair template (Figure 9) (Pinjala et al., 2023; Sander & Joung, 2014). 

Even though the sgRNA has a high specificity owing to the 18-20 base pair length, it is crucial 

to consider off-target effects to minimize the risk of genomic instability and tumorigenic potential 

(Manghwar et al., 2020).  
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Figure 9. Schematic view of CRISPR/Cas9 genome editing. 

Cas9 recognizes the target sequence with gRNA, and guide Cas9 endonuclease to cut the upstream of 
PAM, resulting in the double-strand break (DSB) of the target site DNA. The DSBs can be repaired by two 
distinct pathways: nonhomologous end joining (NHEJ) and homology-directed repair (HDR). NHEJ-
mediated repair can introduce random insertion and/or deletion of variable lengths of DNA at the site of a 
DSB, while HDR-mediated repair can introduce precise point mutations or insertions from a single-
stranded or double-stranded DNA donor template. The figure was adapted from (Pinjala et al., 2023), used 
under the terms of the Creative Commons Attribution 4.0 International License. 

1.4.2 Hematopoietic differentiation of iPSCs 

Since the identification of ESC and iPSCs, studies have been conducted to differentiate these 

cells into specific cell lineages. Genetic manipulation of iPSCs has led to the introduction of 

disease specific molecular defects which have been instrumental in capturing specific disease 

models. In this thesis, we focus on studying MPN, a hematological malignancy. Therefore, 

studying the iPSC-derived hematopoietic stem and progenitor cells (iHPCs) using directed 

differentiation is valuable to recapitulate the malignant phenotype in vivo (Papapetrou, 2019). 

Initially, efforts were made to generate primitive progenitor cells resembling the early yolk sac, 

mainly focusing on the erythroid and myeloid lineages. More recently, protocols have been 

developed to achieve progenitors that resemble definitive-like hematopoiesis. Despite recent 

modifications to the method, it remains challenging to resemble bona fide HSCs with the capacity 

for long term engraftment. iPSCs are differentiated in a stepwise manner by inducing 
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transcription factors that lead to differentiation of specific lineages and removing factors related 

to pluripotency (Figure 10) (Rowe & Daley, 2019). The differentiation process is achieved 

through a 2D culture based on an extracellular matrix or by embryoid body formation in a 3D 

culture. In order to mimic the embryogenesis, iPSCs are directed to transition from the 

endothelial to hematopoietic lineage. This transition is then directed towards the mesoderm 

lineage, where the cells further specified towards hematopoietic progenitor cells such as 

megakaryocytes and platelets. This is achieved by the addition of cytokines or growth factors 

including bone morphogenetic protein 4 (BMP4), vascular endothelial growth factor A (VEGF), 

fibroblast growth factor 2 (FGF2, also known as basic FGF) and stem cell factor (SCF) (Rowe & 

Daley, 2019). BMP4 and FGF2 play a crucial role in the initial specification process of 

hematopoiesis. BMP4 expression is observed in the early human yolk sac, where it induces the 

mesodermal lineage. The formation and patterning of the mesoderm is controlled by BMP, WNT, 

and Nodal signaling (Shen et al., 2019), which activate downstream Hox genes involved in 

hematopoietic specification (Alsayegh et al., 2019). This is followed by hematoendothelial 

specification via FGF2 and VEGF signaling. FGF2 signaling contributes to the maintenance of 

pluripotency and induces the expression of a multitude of target genes including those involved 

in cell survival, proliferation, and differentiation (Mossahebi-Mohammadi et al., 2020). VEGF play 

an important role in maintaining the hematopoietic microenvironment by regulating angiogenesis 

and vascular development (Shibuya, 2011). VEGF and FGF2 facilitate the homing and 

engraftment of HSCs within the bone marrow like niche (Mesnieres et al., 2021; Yin et al., 2020). 

SCF is also known as a receptor for tyrosine kinase (KIT). SCF binds to the KIT receptor, thereby 

activating the EPOR, which induces cell proliferation and maturation (Lee et al., 2023).  

 

In addition, feeder cells derived from mouse bone marrow stromal cells have been demonstrated 

to stimulate the differentiation of human iPSCs (Lee et al., 2023). It remains challenging to mimic 

the homing capabilities and niche factors observed in bone marrow, as they provide crucial 

signals and factors that support the self-renewal, maintenance, and differentiation of the blood 

cells (Rao et al., 2022). Although there are still challenges to overcome for clinical applications, 

it is a valuable tool for disease modeling and studying a specific mutation. 
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Figure 10. Differentiating human pluripotent stem cells towards a hematopoietic fate. 

FGF and BMP have been shown to induce differentiation of hPSCs towards a mesodermal lineage. The 
combination of activin activation and WNT inhibition facilitates the differentiation of mesodermal cells into 
primitive hematopoietic cells. Alternatively, the activation of the WNT pathway in conjunction with the 
inhibition of activin induces the differentiation of mesodermal cells into endothelial cells, including 
hemogenic endothelial cells that express RUNX1 and undergo endothelial to hematopoietic transition 
(EHT) to yield (pro-)definitive hematopoietic cells. This figure was reprinted from (Canu & Ruhrberg, 2021), 
used under the terms of the Creative Commons Attribution 4.0 International License. 

1.4.3 DNA methylation changes in iPSC derived cells 

DNA methylation plays a crucial role in cellular differentiation and development. During the early 

embryonic development, DNA methylation is largely removed except for a few imprinted genes 

to establish a pluripotent state. These imprinted genes represent a subset of genes where one 

allele is silenced through random DNA methylation. This remains inactive throughout the life of 

the cell, maintaining the cellular identity (Law & Jacobsen, 2010). The development of the 

embryo is a highly orchestrated event which leads to global de novo methylation and establish 

gene-specific demethylation patterns, that activate the onset of specific genes that are required 

for self-renewal and cell differentiation. DNA methylation patterns undergo changes during the 

process of lineage commitment, whereby specific genes become either methylated or 

demethylated, while other genes associated with alternative lineages are silenced by DNA 

methylation. During hematopoiesis, DNA methylation is essential for maintaining HSCs. Through 

the mediation of epigenetic modification, DNA methylation facilitates the generation of HSPCs 

through the repression of Notch signaling. The loss of DNMT1 has been shown to induce 

hypomethylation in genes associated with Notch signaling, which subsequently elevates Notch 
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activity in hemogenic endothelial cell, thereby repressing the generation of HSPCs (Li et al., 

2022).  

 

Similarly, the reprogramming of a somatic cell into a pluripotent cell is accompanied by a reset 

of the global epigenome to resemble the ESCs. This occurs through active demethylation, which 

not only facilitates the expression of pluripotency associated genes but also drives other events, 

such as the mesenchymal-to-epithelial transition. This transition is another critical event that 

needs to occur during the reprogramming process. Overall, remodeling of chromatin accessibility 

and DNA methylation erases somatic cell identity and resulting in the formation of a new 

signature and a change in chromatin state (Cerneckis et al., 2024). A multitude of studies have 

been conducted to study DNA methylation changes in iPSCs and their directed differentiated 

counterparts. The DNA methylation profiles of 22 iPSC lines derived from five different cell types 

and five ESCs showed that iPSCs have a distinct methylation profile. At the early passages, 

iPSCs showed an aberrant methylation pattern compared to ESCs. However, the continuous 

culturing of iPSCs led to reduced differences between iPSCs and ESCs, both on the whole 

genome and on the X chromosome. This suggests that iPSCs gradually lose the traits inherited 

from their parental cell type during reprogramming and long term culture (Nishino et al., 2011). 

Similarly, a recent study has shown that iPSC-derived neurons have a similar epigenetic and 

gene expression patterns to neurons derived from non-reprogrammed human ESCs. This 

suggests a similarity in the epigenetic state of iPSC and ESC differentiated cells (de Boni et al., 

2018). However, more studies are needed to fully understand how closely iPSC derived neurons 

mimic native brain neurons at both molecular and functional levels. An unpublished work showed 

that during the differentiation of cardiomyocytes from iPSCs, DNA methylation levels decreased 

in specific promoter regions associated with cell cycle genes, and potentially leading to cell cycle 

arrest (N. Li et al., 2024). Additionally, iPSC-derived HSCs exhibit both epigenetic and 

transcriptional distinctions from cord blood-derived HSCs or adult HSCs. Further, additional 

coculture with MSCs did not significantly increase the epigenetic similarities to primary HSCs 

(Cypris et al., 2019). Overall, DNA methylation plays a crucial role in reprogramming and 

differentiation of iPSCs, however, there are still challenges in fully recapitulating the epigenetic 

profiles of primary cell types in iPSC-derived cells. 

 

While there is evidence indicating that iPSC reprogramming removes most epigenetic marks, 

studies have shown that there could be potential residual somatic cell specific epigenetic 

signatures which remain in these iPSCs. Despite iPSCs closely resembling primary ESC, it has 

been observed that the partial removal of somatic cell specific epigenetic signatures can 

influence the differentiation potential of iPSCs (Ohi et al., 2011). The cell type used for 

reprogramming has been shown to have an impact on hematopoietic differentiation due to its 

residual epigenetic memory (Kim et al., 2010). Interestingly, this epigenetic memory can also be 
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used to exploit the enhancement of the desired cell type differentiation. Studies have shown that 

iPSCs reprogrammed from hematopoietic cells or human umbilical cord vein endothelial cells 

(HUVECs) are more suitable for iHPCs differentiation (Phetfong et al., 2016) than iPSCs derived 

from fibroblasts (Kim et al., 2010).  

 

When considering the disease-derived iPSCs, it is important to note that residual epigenetic 

memory may still exhibit features of oncogenic potential due to the aberrant DNA methylation 

patterns. Hypermethylation of different gene sets in CpG islands is a prominent feature of 

malignancies and could influence the phenotype of iPSCs (Shamsian et al., 2022). However, 

some studies have shown that the oncogenic potential of the cell may not be expressed in the 

pluripotent state of the cells. For example, DNMT3A knockouts in iPSCs, targeting exon 19 or 

exon 23 were found to significantly impair de novo DNA methylation during hematopoietic 

differentiation of iPSCs. Nevertheless, differentiation efficiency was only slightly reduced in exon 

19 knockouts and increased in exon 23 knockouts, but both were partially able to recapitulate 

the DNA methylation patterns observed in AML (Cypris et al., 2022). Additionally, iPSCs derived 

from AML patients showed a reset in DNA methylation and gene expression profiles after 

reprogramming (Chao et al., 2017). Therefore, such research is important for understanding the 

intricate epigenetic changes that occur during the reprogramming and differentiation of specific 

disease derived iPSCs in disease modeling.  

1.5 Aim of the thesis 

In this thesis, we first sought to study the potential rejuvenating effect of senolytics on healthy 

aged human blood samples. Utilizing cellular aging parameters such as epigenetic age and 

cellular senescence, we aimed to understand the age-related changes and heterogeneity in 

peripheral blood mononuclear cells (PBMC) from young and old individuals. In addition, we 

aimed to determine whether the treatment of PBMCs with different senolytics could remove 

senescent cells, reduce epigenetic aging, and remodel lymphocyte composition. The rationale 

for this approach is that blood samples are easily clinically accessible and that the majority of 

previous senolytic studies have focused on mouse models or artificially induced senescence, 

rather than naturally occurring senescent cells in human samples.  

 

Secondly, we aimed to understand cellular aging aspects in MPN, which is more prevalent in the 

elderly. It has been speculated that driver mutations may accelerate senescence and genetic 

instability, potentially leading to disease progression, requiring the development of new 

diagnostic tools. To address this, we analyzed cellular aging parameters to distinguish mutant 

cells exhibiting signs of aging compared to healthy controls. Utilizing colony forming unit assays, 

we sought to capture aging associated changes that occur predominantly in the mutation clones 
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compared to wild type colonies. Our aim was to systematically correlate these aging markers 

with specific mutations and their disease burden across different MPN subtypes. In addition, we 

hypothesized that eliminating these senescent cells using senolytic drugs could potentially target 

the mutant clones carrying driver mutations associated with MPN.  

 

Lastly, we aimed to analyze the DNA methylation changes in the iPSCs model carrying JAK2 

V617F mutation, which is a key driver mutation in MPN. DNA methylation changes are an 

important factor in cellular aging and can alter gene expression changes in MPN. This led us to 

question whether the aberrant DNA methylation patterns influence specifically the mutant JAK2 

clones compared to their synergistic wild type counterparts. While previous studies have 

compared DNA methylation changes in MPN patients versus healthy individuals and across 

MPN subgroups, however, to date, no experiment has been performed to study the global 

methylation changes in an iPSC model of MPN. For this purpose, we intend to utilize three 

established iPSC clones carrying the JAK2 V617F mutation and their WT clones and perform 

hematopoietic differentiation (iHPCs) to capture the mutant phenotypic cells. By comparing the 

DNA methylation profiles of iHPCs with those of patients carrying the JAK2 V617F mutation, we 

aim to gain insights into whether the iPSC model can recapitulate the global DNA methylation 

changes observed in patients. Furthermore, we wanted to find out whether the driver mutation 

alone is enough to recapitulate the MPN phenotype and the aberrant DNA methylation patterns.  
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2. Methods and Materials 

2.1 Cell culture-based experiments  

2.1.1 Human blood samples 

We used peripheral blood of 148 patients diagnosed with different sub entities of MPN. Samples 

were taken after informed and written consent according to the guidelines approved by the local 

ethics committees of RWTH Aachen University (EK 127/12). As a reference, blood samples of 

134 healthy donors (EK 206/09) were used for age-adaptation of TL measured via flow-FISH as 

described previously (Ferreira et al., 2020; Rufer et al., 1999). Furthermore, a separate cohort 

of 128 healthy controls was used for the measurement of epigenetic age deviation. In addition, 

some more healthy samples were used for the senolytic treatment. These samples were 

obtained after informed and written consent according to guidelines approved by the local ethics 

committees of RWTH Aachen University (EK 041/15 and EK 099/14).  

2.1.2 Mouse blood samples 

We received samples from different mouse models regarding MPN to further understand the 

cellular aging in mouse models with specific knockouts.  

 

1. Vav-iCretg/+-Jak2V617F/+ mouse model: to study Jak2 V617F driver mutation in MPN 

The Vav-Cre-lox system was used to induce the Jak2 V617F mutation in the C57BL/6 mouse 

model, as described previously (Dagher et al., 2021). Six wild type (WT) and three heterozygous 

Jak2 V617F (VF) mice at 20 weeks of age and 3 WT and 1 VF mice at 30 weeks of age were 

used for epigenetic age prediction and telomere length measurements. The genotype of the 

mouse was confirmed by PCR, and massive splenomegaly and elevated myeloid and erythroid 

markers were observed in VF mice compared with WT mice. Bone marrow cells were collected 

for analysis by flushing tibiae and femurs, and red blood cells were lysed. The samples were 

collected by Julian Baumeister (Department of Hematology, Oncology, Hemostaseology and 

Stem Cell Transplantation, Faculty of Medicine, RWTH Aachen University, 52074 Aachen, 

Germany).  

 

2. SCLtTA/ BCR-ABL mouse model: to study chronic phase of CML 

The expression of BCR-ABL is restricted to hematopoietic stem- and progenitor cells 

(Koschmieder et al., 2005). The regulation of the BCR-ABL expression system by the 3'-

enhancer of the murine SCL gene (stem cell leukemia) and the tetracycline expression system 

in the FVB\N mouse model. BCR-ABL expression is therefore restricted to double transgenic 

(DTG) mice, which have both the SCLtTA construct and the BCR-ABL construct and can be 
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regulated by adding tetracycline to the drinking water (tet-off system). In the absence of 

tetracycline, the tetracycline transactivator (tTA) binds to the tetracycline-responsive element 

(TRE) and activates BCR-ABL expression. When tetracycline is present, it binds to tTA and 

prevents it from activating BCR-ABL expression. Bone marrow samples of six WT and six which 

express BCR-ABL is collected and were used to measure epigenetic age prediction. The 

samples were collected by Marlena Bütow (Department of Hematology, Oncology, 

Hemostaseology and Stem Cell Transplantation, Faculty of Medicine, RWTH Aachen University, 

52074 Aachen, Germany). 

 

3. Vav-Cre PDGFRβ mutant mouse model: to study the expression of PDGFRβ in MPN  

Cre transgenic mice can be used to delete gene sequences flanked by loxP sites in specific 

somatic tissues (Buhl et al., 2020). Prior to Cre recombination exposure, no expression of the 

constitutively active βJ mutant isoform is observed, and the mutant alleles function as a 

knockout. Homozygous for the PDGFRβ allele are neonatal fatal, only heterozygous mice are 

viable. Peripheral blood samples of fifty three WT and nine which express PDGFRβ were 

collected and used to measure epigenetic age prediction (one outlier has been removed from 

each group). The samples were collected by Dickson W L Wong (Institute of Pathology, RWTH 

Aachen University Hospital, 52074 Aachen, Germany).  

2.1.3 Isolation of peripheral blood mononuclear cells  

The isolation of blood cells is performed from peripheral blood, followed by density gradient 

centrifugation. For this purpose, the synthetic polysaccharide Ficoll is used which has a density 

of about 1.078 g/mL. Thus, Ficoll has a higher density than lymphocytes, monocytes, and 

platelets, but a lower density than erythrocytes and most granulocytes. The blood was passed 

through a 100 µm cell strainer and diluted 1:1 with cold PBS containing 2 % FCS. 20 mL of the 

Ficoll (Panbiotech, Aidenbach, Germany) was transferred to a 50 mL falcon tube and 30 mL of 

sample was carefully added on top without mixing of the two phases. Cells were centrifuged for 

30 min at 1200 rpm without brakes. Afterwards, the milky interface phase contained the PBMC 

which is carefully transferred to a new Falcon containing PBS using the plastic-Pasteur pipettes. 

The PBMC were washed twice with PBS containing 2 % FCS. The cells were washed once, 

centrifugated at 1200 rpm for 10 min. The cells were counted using hematocytometer Neubauer 

chamber, for that 10 µL of cells was mixed with 10 µL of trypan blue and 10 µL of the mixture 

was used in the chamber and counted only the cells which translucent light. 2 x106 cells per well 

to a 6- well plate was subjected to culture for three days. PBMCs were cultured in StemSpan 

Serum-Free Expansion Medium (Stemcell Technologies, Vancouver, Canada), supplemented 

with 10 ng/mL SCF, 20 ng/mL TPO, 10 ng/mL FGF-1 (all PeproTech, Hamburg, Germany), 10 

μg/mL heparin (Ratiopharm, Ulm, Germany), and 100 U/mL penicillin/streptomycin (Lonza, 

Basel, Switzerland). The rest of the cells were frozen in a freezing medium consisting of DMEM 
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medium supplemented with 40 % of FCS and 10 % of DMSO, in a cryotube in a Mr. Frosty at -

80 °C, and after 3 days cells were transferred to a -140 °C freezer.  

2.1.4 Magnetic separation of CD34+ cells  

PBMCs of MPN patients were isolated by gradient centrifugation and enriched for CD34+ cells 

by magnetic-activated cell sorting (MACS) with microbeads (Miltenyi Biotech, Germany). DNA 

was isolated before and after CD34+ enrichment with the Monarch® PCR & DNA Cleanup Kit 

(New England Biolabs, Frankfurt, Germany) and then used for TL measurements. 

 2.1.5 Colony forming unit assay 

The colony-forming unit (CFU) assay allows to evaluate the proliferation and differentiation 

capacity of hematopoietic cells. For that, peripheral blood mononuclear cells (PBMCs) were 

isolated by gradient centrifugation with Pancoll (Pan Biotech) and 1 x106 cells per condition were 

transferred on a 1 mL semisolid medium StemMACS HSC-CFU Media lite with Epo (Miltenyi). 

Stem MACS HSC-CFU Media based on methylcellulose in IMDM and supplemented with fetal 

bovine serum (FBS) and different growth factor, these medium mimics the effect of stromal cells 

and provide optimal growth conditions for CD34+ cells. Colony forming unit (CFU) assays were 

plated in triplicates in 35 mm cell culture dishes (with grid, Thermo Fisher®, Waltham, MA, USA). 

Hematopoietic differentiated iPSCs after 16 days, 5,000 cells per genotype were transferred a 

semisolid medium to perform CFU (Kalmer et al., 2022). After 14 days, distinct colonies were 

counted and classified (Figure 11). Some of the MPN patient derived CFUs were cultured and 

genotyped by Milena Kalmer (Department of Hematology, Oncology, Hemostaseology and Stem 

Cell Transplantation, Faculty of Medicine, RWTH Aachen University, 52074 Aachen, Germany). 

 

Figure 11. Classification of single colonies from colony forming assay. 

Abbreviations: CFU-GM (colony-forming unit – granulocyte, macrophage), CFU-M (colony-forming unit – 
macrophage), CFU-G (colony-forming unit – granulocyte), BFU-E (burst-forming unit – erythroid), CFU-E 
(colony-forming unit – erythroid), and CFU-GEMM (colony-forming unit – granulocyte, erythrocyte, 
macrophage, megakaryocyte). The figure was adapted from Miltenyi manual. 
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2.1.6 Generation of JAK2 V617F iPSC 

Induced pluripotent stem cells (iPSC) from three PV patients were generated by reprogramming 

PBMCs with OCT4, SOX2, c-MYC and KLF4 in CytoTune Sendai virus vectors as described 

before (Boehnke et al., 2021; Flosdorf et al., 2024; Satoh et al., 2021). Briefly, the CRISPR/Cas9 

complex (Alt-R HiFi Cas9 nuclease plus gRNA), single-stranded donor template and 

electroporation enhancer were delivered to cells using the Neon Transfection System and the 

100 μL kit (Thermo Fisher Scientific). Before electroporation, iPSCs were treated for 1 h with 

HDR enhancer (5 μM; IDT, Coralville, United States) and 10 μM Rho kinase (ROCK) inhibitor 

(Y-27632, Abcam, Cambridge, UK). Electroporated cells were seeded on Laminin 521 

(Biolamina, Sundbyberg, Sweden) coated plates in StemMACS iPS-Brew XF (Miltenyi Biotec) 

supplemented with 1× CloneR (Stemcell Technologies, Vancouver, Canada). Genotyping of 

CRISPR-repaired iPS cell lines was performed by allele-specific PCR targeting the JAK2 V617F 

mutation.  

In patient 1 with 37 % JAK2 V617F allele burden in the PBMCs, only WT (Human Pluripotent 

Stem Cell Registry; UKAi002-A) and heterozygous (UKAi002-B) iPSC clones were obtained 

after reprogramming. Therefore, CRISPR/Cas9 genome engineering was used to introduce the 

JAK2 V617F mutation generating a homozygous JAK2 V617F iPSC clone (UKAi002-B3). 

Similarly, in patient 2 with 96 % JAK2 V617F allele burden in the PBMCs gave rise to only 

homozygous iPSC clones (UKAi003-A), and the heterozygous (UKAi003-A2) and wild type ones 

(UKAi003-A1) were generated by CRISPR/Cas9 repair. In patient 3 with 25 % JAK2 V617F allele 

burden in the PBMCs, only WT (UKAi013-A) and heterozygous (UKAi013-B) clones were 

obtained, and CRISPR/Cas9 was used to generate homozygous clones (UKAi013-B1; 

Supplement Table S1). Those iPSCs used in this study were kindly provided by Niclas Flosdorf 

(Department of Cell Biology, Institute for Biomedical Engineering, RWTH Aachen University 

Medical School, 52074 Aachen, Germany; Institute for Cell and Tumor Biology, RWTH Aachen 

University Medical School, 52074 Aachen, Germany) and generated in the group of Prof. Martin 

Zenke (Department of Cell Biology, Institute for Biomedical Engineering, RWTH Aachen 

University Medical School, Aachen, Germany; Department of Hematology, Oncology, 

Hemostaseology and Stem Cell Transplantation, Faculty of Medicine, RWTH Aachen University, 

52074 Aachen, Germany). 

 

iPSCs were cultured on tissue culture plastic (TCP) coated with vitronectin (0.5 mg/cm2; Stemcell 

Technologies, Vancouver, Canada; this coating was used as standard coating) in StemMACS 

iPS-Brew XF (Miltenyi Biotec, Bergisch Gladbach, Germany) with 100 U/mL penicillin and 100 

μg/mL streptomycin (both from Thermo Fisher Scientific), in the following referred to as iPSC 

medium. Cells were passaged at a confluency of about 70 % every three to four days by 

aspiration of the old medium, washing with PBS and dissociation with 0.5 mM EDTA. As soon 
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as iPSC colonies started to show fragmentation, EDTA was aspirated from cells and fresh 

medium was used to detach them from the plate with as little pipetting as possible to keep colony 

pieces as big as possible. The cell solution was then distributed with fresh iPSC medium onto 

freshly coated TCP plates in a ratio of 1:6 to 1:12 depending on the growth rate of different iPSC 

clones. 

 

For cryopreservation of iPSCs, medium was aspirated, cells were washed with PBS and treated 

with Accutase (Stemcell technologies, Vancouver, Canada) for three to five minutes until cells 

started to detach from vitronectin coated TCP. Accutase treatment was stopped by addition of 

KnockOut-DMEM (KO-DMEM; Thermo Fisher Scientific) in a ratio of 1:2, all cells were washed 

from the well and centrifuged at 220 rcf for four minutes. The pellet was then carefully 

resuspended in Cryo-SFM (PromoCell, Heidelberg, Germany) supplemented with 10 µM ROCK 

inhibitor and cells were transferred to cryo vials. Cells were then frozen in a Mr. Frosty container 

and stored at -80°C for two days until they were transferred to liquid nitrogen for long-term 

storage. For usage of stored iPSCs, cryo vials were removed from the liquid nitrogen tank, the 

lid was slightly unscrewed to allow nitrogen to evaporate, and vials were then thawed at 37°C in 

a water bath until only a small ice cube was still visible. Then, cells were transferred to 10 mL of 

pre-warmed KO-DMEM and centrifuged at 220 rcf for four minutes. Afterwards, cells were 

resuspended in iPSC medium supplemented with 10 µM ROCK inhibitor and transferred onto 

freshly coated TCP. After 24 h medium was exchanged to iPSC medium without ROCK inhibitor.  

2.1.7 Differentiation of JAK2 V617F iPSC into hematopoietic lineage 

Hematopoietic differentiation of iPSC clones was performed as described previously (Cypris et 

al., 2022). First, embryonic bodies (EBs) were generated in an alternative method and not in the 

classical ‘spin EB formation’ using microcontact printed vitronectin patches, as iPSCs should be 

formed via gradual self-assembly within iPSC colonies and at their transition into EBs. To print 

these patches onto 6-well plates, polydimethylsiloxane (PDMS) pillars with a diameter of 600 µm 

were generated according to a protocol established by Mohamed Elsafi Mabrouk (Stem Cell 

Biology, Helmholtz Institute for Biomedical Engineering, RWTH Aachen Medical School, 

Aachen, Germany) (Elsafi Mabrouk et al., 2022). For this, 6-well plates underwent air plasma 

treatment at 50 W for 30 seconds. 10 µg/mL vitronectin was pipetted on top of the PDMS pillars 

and incubated for 30 minutes at room temperature. The coated PDMS pillars were then used to 

print round vitronectin patches onto the plasma treated 6-wells for at least one minute. On these 

patterned coatings, iPSCs can grow and self-organize to embryoid body structures. iPSCs were 

cultured for at least two passages on matrigel, harvested as single cells with Accutase and 

100,000 cells were seeded into each well of a microcontact printed 6-well plate (around 300-400 

vitronectin spots per well) with StemMACS iPS Brew XF medium (Miltenyi Biotec) and 10 μM 
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ROCK inhibitor to form EBs. Self-detachment of EBs was observed after 6 to 9 days, depending 

on the clone. 

 

EBs were slowly centrifuged at 15 rcf for three minutes and carefully resuspended in serum-free 

medium containing 50 % IMDM, 50 % Ham’s F12, 1 % chemically defined lipid concentrate, 2 

mM GlutaMAX (all Thermo Fisher Scientific), 0.5 % Albiomin (Unifols), 400 μM 1-thioglycerol, 

50 μg/mL L-ascorbic acid, and 6 μg/mL holo transferrin (all Sigma Aldrich, St. Louis, MO, USA) 

supplemented with 10 ng/mL FGF-2 (Peprotech, Hamburg, Germany) and 10 ng/mL BMP-4 

(Miltenyi Biotec). Approximately 30 to 50 EBs were distributed per well on a gelatin coated 6-

well plate. From day 2 to day 7, cells were cultured in serum-free medium supplemented with 10 

ng/mL FGF 2, 10 ng/mL BMP-4, 50 ng/mL SCF, 10 ng/mL VEGF-A (all Peprotech), and 10 U/mL 

penicillin/streptomycin (Thermo Fisher Scientific). From day 8 to day 16, serum-free medium 

was supplemented with 10 ng/mL FGF-2 and 50 ng/mL SCF only, Figure 12. Cells were 

harvested on day 16 and their immunophenotype was analyzed by flow cytometry, and stem cell 

potential with colony forming unit assays. Further cells were collected for DNA methylation 

analysis.  

 

Figure 12. Scheme for hematopoietic differentiation of iPSCs. 

Hematopoietic differentiation protocol. EBs were formed from iPSCs and differentiated toward the 
hematopoietic lineage. 

2.2 Treatment with senolytic drug and telomerase inhibitor 

To estimate the senolytic activity of the senolytic compounds on cellular subsets of healthy and 

MPN patients with JAK2 V617F mutation, we cultured cells for three days at different 

concentrations and analyzed proliferation and viability. PBMCs were cultured in StemSpan 

Serum-Free Expansion Medium (Stemcell Technologies, Vancouver, Canada), supplemented 

with 10 ng/mL SCF, 20 ng/mL TPO, 10 ng/mL FGF-1 (all PeproTech, Hamburg, Germany), 10 

μg/mL heparin (Ratiopharm, Ulm, Germany), and 100 U/mL penicillin/streptomycin (Lonza, 

Basel, Switzerland) for three days. Selected nine drugs (nine senolytic compounds and the 

telomerase inhibitor BIBR 1532) were tested for their impacts on cell viability. Senolytics 

treatment of blood samples of healthy individuals was supported by Michael Bleichert (Stem Cell 
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Biology, Helmholtz Institute for Biomedical Engineering, RWTH Aachen Medical School, 

Aachen, Germany). 

 

For a comparative approach of these compounds, we estimated the half-maximal inhibitory 

concentration (IC50) in our culture setting and used one concentration above and one below 

IC50 (diluted water or DMSO, according to the manufacturer’s instructions): nutlin-3a (10 µM 

(Hasegawa et al., 2009) and 50 µM, Selleck Chemicals LLC, Munich, Germany), JQ1 (10 µM 

(Miller et al., 2019), 20µM, Sigma-Aldrich), ABT263 (100 nM, 200 nM (Chen et al., 2015), Selleck 

Chem), piperlongumine (10 µM (Wang et al., 2016), 50 µM, Selleck Chem), S63845 (500 nM, 

1µM (Li et al., 2019), Selleck Chem), RG7112 (10 µM (Makii et al., 2016), 50 µM, Selleck Chem), 

dasatinib combined with quercetin (20 µM (Zoico et al., 2021), 50 µM, both), AMG232 (1 µM 

(Sahin et al., 2020), 10 µM, Axon medchem, Groningen, Netherlands), and the telomerase 

inhibitor BIBR 1532 (50 µM (El-Daly et al., 2005), 100 µM, Selleck Chem). Alternatively, cells 

were cultured in a 24-well plate seeded with 250,000 cells/well (2 wells per condition) for DNA 

isolation. The effect of senolytics on the clonogenic potential was tested in the CFU medium 

during 14 days of culture.  

 

While the drug concentrations used in this study may appear relatively high, particularly with 

regard to long-term treatment or in vivo applications, they were at a similar range as described 

by other studies (nutlin-3a, 10 µM (Hasegawa et al., 2009); JQ1, 1-10 µM (Miller et al., 2019); 

ABT263, < 1 µM (Chen et al., 2015); piperlongumine, 10 µM (Wang et al., 2016); S63845, 5 nM 

-1 µM (Li et al., 2019); RG7112, 2.5- 5 µM (Makii et al., 2016); dasatinib (D) + quercetin (Q), 

20 μM D + 15 μM Q, (Schafer et al., 2017); AMG232, 1 µM (Sahin et al., 2020); and BIBR 1532, 

50 µM (El-Daly et al., 2005)). However, at these concentrations some of the compounds may 

have other effects beyond senolytics. 

2.3 Cell phenotyping  

2.3.1 Senescence associated beta-galactosidase (SA-β-gal) assay  

As a surrogate marker for senescence, we stained PBMCs and CFUs for β-galactosidase 

(Senescence Detection Kit; Abcam, Cambridge, UK). PBMCs and CFUs were centrifuged and 

washed once with PBS, stained with β-gal, and incubated 37 °C at least overnight. Cells were 

then observed under a microscope (Leica DMRX microscope, Leica Microsystems, Wetzlar, 

Germany). 

 

As a surrogate marker for senescence, we used fluorescent based assays for quantification of 

the senescence phenotype in both MPN patients (n = 7) and healthy donors (n = 6; one outlier 

was removed). For that, PBMCs were pre-treated with 100 nM bafilomycin A1 
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(Medchemexpress, New Jersey, USA) for one hour and subsequently treated with 33 µM 5-

dodecanoylaminofluorescein di-β-D-galactopyranoside (C12FDG, Abcam) for two hours at 

37°C. C12FDG is a substrate for β-gal enzyme. Any normal cell that is treated with the C12FDG 

substrate will exhibit green fluorescence due to the high activity of β-gal in the lysosome at pH 

4.0. To distinguish senescent cells, which have a higher concentration of β-gal enzyme, the initial 

pH within the cell was increased to 6.0 by the addition of bafilomycin A, after which C12FDG 

was added (Debacq-Chainiaux et al., 2009). The substrate emits bright fluorescence after 

cleavage by the enzyme, which enabled the detection of senescent cells. Following this, PBMCs 

were further collected, washed with PBS, and stained with anti-CD34-APC (BD Biosciences) at 

a dilution of 1:100 for 30 minutes at 4°C. Subsequently, cells were washed with PBS containing 

2 % FCS and measured by flow cytometry using a FACS Canto II (BD Biosciences, New Jersey, 

USA). PBMCs were selected based on their size and granularity by setting the gates for forward 

scatter (FSC) versus side scatter (SSC), excluding dead cells and cellular debris. Further 

doublets were excluded by gating FSC-H vs. FSC-A, and β-gal activity was estimated using 

FITC gate for the green fluorescent signal. The senescent cell population was analyzed using 

FlowJo software, version 10.4.2 (FlowJo LLC). 

2.3.2 Immunophenotypic analysis 

Flow cytometric analysis was performed on a FACS Canto II (BD Biosciences) and analyzed 

with FlowJo software. Antibody staining was performed in MACS-buffer solution (PBS with 2 % 

FCS and 2 mM EDTA). Incubations were performed on ice for at least 30 min. The following 

antibodies were used for hematopoietic differentiated cells from iPSCs: CD31-PE (clone WM59), 

CD34-APC (clone 581), CD43-FITC (clone 1G10) (all BD Biosciences), CD235a-PE (1:1,000; 

clone HIR2/GA-R2), CD117-cKIT-PE-Cy7 (clone 104D2), (all Thermo Fisher Scientific), CD45-

APC-Vio770 (clone 5B1), CD33-APC (clone AC104.3E3) (all Miltenyi Biotec), and CD61-FITC 

(clone VI-PL2, Biolegend). All antibodies were used in a dilution of 1:100 if not stated otherwise. 

The following antibodies were used for PBMC from healthy samples: CD34-APC (clone 581), 

CD45-APC-Vio770 (clone 5B1), CD45-V500 (clone HI30), CD3-FITC (clone SK7), CD14-APC-

Cy7 (MφP9), CD56-PE-Cy7 (B159) and CD19-PE (4G7) (all BD Biosciences). After staining, 

cells were washed with MACS buffer and centrifuged. Pellets were resuspended in 200 µL 

MACS buffer and measured at the flow cytometer. Compensation was performed with beads 

(Thermo Fisher Scientific) which were treated with antibodies equivalent to cells but with only 

one antibody per tube. Gates were set to identify cells as follows: (FSC-A/SSC-A), forward 

scatter singlets (FSC-H/FSC-A), and the antibody of interest. 

2.3.3 Genotyping of single CFU colonies 

DNA was extracted from individual colonies using the Monarch® PCR & DNA Cleanup Kit (New 

England Biolabs, Frankfurt, Germany) according to the manufacturer’s instructions. To 
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determine the mutation status of JAK2 and CALR, allele specific PCRs were performed for JAK2 

V617F and CALRins5 (Table 1), as previously described (Kalmer et al., 2022). Genotyping of 

the CFU colonies were supported by Milena Kalmer and Margherita Vieri (Department of 

Hematology, Oncology, Hemostaseology and Stem Cell Transplantation, Faculty of Medicine, 

RWTH Aachen University, 52074 Aachen, Germany). 

 

Table 1. Primer list for the genotyping of single CFU colonies. 

 Primer Sequence 

CALRdel52 Frw ACAACTTCCTCATCACCAACG 

CALRdel31 Rev GGCCTCAGTCCAGCCCTG 

CALRins5 common Frw TAACTGCAGTGTCAGCGGTG 

CALRins5 non-mutated allele Rev TGTCCTCATCATCCTCCTTG 

CALRins5 mutant Rev TGTCCTCATCATCCTCCGAC 

JAK2 V617F Frw TCCTCAGAACGTTGATGGCAG 

JAK2 V617F Rev GTTTTACTTACTCTCGTCTCCACAAAA 

JAK2 WT Frw GCATTTGGTTTTAAATTATGGAGTATATG 

JAK2 Rev ATTGCTTTCCTTTTTCACAAGAT 

Abbreviations: Frw: forward; Rev: reverse 

2.3.4 Cytospin and Diff-Quik staining of single CFU colonies 

Characterization of CFU colonies after cytospinning was performed using a Diff-Quik staining. 

Diff-Quik staining is a variant of the Romanowsky stain that allows the distinction of 

hematopoietic cell types. The solutions contain acidic and basic dyes that stain different cellular 

compartments based on their ionic charge. In this work, cells were additionally stained for 

benzidine that allows the visualization of hemoglobin in erythrocytes (Radke et al., 1982). 

Suspension cells were applied on objective slides by a special centrifugation technique called 

cytospin. The cytospin chamber consists of a funnel, a filter card and a glass slide that are 

clamped together. The filter card was wetted with PBS attached to the chamber and 

subsequently centrifuged at 270 rpm for 5 minutes in a CytospinTM 4 cytocentrifuge (Thermo 

Fisher Scientific). Cell suspensions (500 cells/µL) were applied to the funnel and centrifuged. 

The objective slide with cells were air-dried and fixed in methanol (VWR, Radnor, Pennsylvania, 

United States) for 4 minutes, before incubating in 1 % benzidine solution (Merck-Millipore, 

Massachusetts, USA) for 2 minutes. Slides were then incubated in 30 % H2O2 solution (Merck-

Millipore) for 90 seconds, followed by washing in H2O for 30 seconds and air drying. Slides were 

then dipped 5× in Diff-Quik solution I for 5 seconds followed by 30 seconds incubation in Diff-

Quik solution II (both Merck-Millipore). After final washing of the slides in H2O and air-drying, 

stained slide was sealed with Entallan (Merck-Millipore) and a cover slip. Images were captured 

with Leica DMRX microscope using the Leica application software suite v3.1.10 (both Leica). 
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2.3.5 Viability assay 

Cell viability of PBMCs was analyzed after three days of culture in SFM medium supplemented 

with drugs in 24 well plates. Cells were incubated for 4 - 5 minutes with 10 μg/mL fluorescein 

diacetate (FDA; Sigma Aldrich, St. Louis, USA) and 20 μg/mL propidium iodide (PI*; Life 

Technologies, Carlsbad, USA), in culture medium, and immediately imaged with an EVOS FL 

microscope. Viable cells were stained with FDA due to esterase activity hydrolyzing the diacetate 

group, while propidium iodide intercalated in double stranded DNA of dead cells as a result of 

the porous membrane. 

 

In addition, cell viability of senolytic treated PBMCs was measured with Cell Titer-Glo 2.0 

luminescent cell viability assay (Promega, Wisconsin, USA), according to the manufacturer’s 

protocol. In brief, cells were seeded in 96-well plates with 10,000 cells/well (3 wells per condition) 

for three days. After that, 100 µl of substrate was added to the cells (1:1). The cells were then 

transferred to white 96-well plates for luminescence measurement. The assay allows the 

determination of viable cells in culture based on the presence of ATP in the cells. Following cell 

lysis, the released ATP drives the catalysis of luciferin to oxyluciferin by luciferase. This reaction 

releases a luminescence signal that was measured using BioTek Synergy 2 plate reader and 

Gen5 software (Agilent Technologies, California, USA). 

2.4 DNA analysis  

2.4.1 Epigenetic age prediction with targeted bisulfite amplicon sequencing 

Genomic DNA was isolated from cryopreserved whole blood cells after red blood cells depletion 

with the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), or for colonies in the CFU assay with 

NucleoSpin XS Tissue Kit (Macherey-Nagel, Düren, Germany). DNA was quantified with a 

Nanodrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, USA) and bisulfite 

converted with the EZ DNA Methylation Kit (Zymo Research, Irvine, USA). For targeted bisulfite 

amplicon sequencing (BA-seq) three age-associated CG dinucleotides (CpG sites) that are 

associated with the coiled-coil domain-containing protein 102B (CCDC102B), four and a half LIM 

domains protein 2 (FHL2), and phosphodiesterase 4C (PDE4C) were amplified using the 

PyroMark PCR kit (Qiagen) with primers with handle sequences for the subsequent barcoding 

step (Table 2), as described in detail before (Han et al., 2020). PCR conditions are summarized 

in Table 3. The three amplicons of each donor were pooled at equal concentrations, quantified 

with the Qubit (Invitrogen, Massachusetts, USA), and cleaned up with paramagnetic beads 

(Agencourt AMPure PCR Purification system; Beckman Coulter, California, USA). Four 

microliters of PCR products were subsequently added to 21 μL PyroMark Master Mix (Qiagen) 

containing 0.4 μM of barcoded primers (adapted from NEXTflexTM 16S V1-V3 Amplicon Seq 
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Kit, Bioo Scientific, Austin, USA) for a second PCR. PCR products were again quantified with 

the Qubit, combined in equimolar ratios, and cleaned by Select-a-Size DNA Clean & 

Concentrator Kit (Zymo Research). A 12-pM DNA library was diluted with 15 % PhiX spike-in 

control and eventually subjected to 250 bp pair-end sequencing on a MiSeq lane using the Miseq 

reagent V2 Nanokit (both from Illumina).  

 

Table 2. Primer sequence for BA-seq for PCR1 with handle sequence. 

NA: neighboring CpG was used, which is not included on the Illumina BeadChip. for – forward, rev. – 

reverse  

  

Table 3. PCR conditions for bisulfite barcoded amplicon sequencing. 

For PCR1, 1.5 mM MgCl2 was used for CCDC102B, 0.5 mM for PDE4C and no MgCl2 for FHL2. In PCR2, 

1.5mM of MgCl2 was used.  

 

FastQ files from MiSeq analysis were aligned to the reference genome hg19 using the Bismark 

tool (Krueger & Andrews, 2011) and DNA methylation values determined with the Bismark 

methylation extractor. For heatmaps, the frequencies of DNA methylation patterns in individual 

reads were calculated by the number of reads containing the pattern divided by the total number 

of reads of the target region per sample. The most abundant reads of similar patterns within 

neighboring CpGs were grouped for visualization with Python’s package seaborn (Michael 

Waskom, 2016). Epigenetic age was calculated as follows:  

Predicted age (in years) = 3.86 + 0.825 DNAmFHL2 - 0.342 DNAmCCDC102B + 1.177 DNAmPDE4C  

 

Primer Name Target site Sequence 5’ → 3’ 

CCDC102B For cg19283806 CTCTTTCCCTACACGACGCTCTTCCGATCTAGTGGGGTAAGTATATGATATAAGGGAGGAAATA 

CCDC102B Rev   CTGGAGTTCAGACGTGTGCTCTTCCGATCTCAAACCAATAATATCTATATCATCAACATTTCT 

FHL2 For NA CTCTTTCCCTACACGACGCTCTTCCGATCTTTTAGTGTTTTTAGGGTTTTGGGAGTATAGTAGTT 

FHL2 Rev CTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTCCTAAAAAATAACCCCCTCCTCCCT 

PDE4C For NA CTCTTTCCCTACACGACGCTCTTCCGATCTTATGGAGAATTTGGGG 

PDE4C Rev CTGGAGTTCAGACGTGTGCTCTTCCGATCTCTACAAAAAACCCCTACC 

Step 

PCR1 (CCDC102B and FHL2) PCR1 (PDE4C) PCR2 

Temp. Time Cycles Temp. Time Cycles Temp. Time Cycles 

Enzyme activation 95 °C 15 min  95 °C 15 min  95 °C 15 min  

Denaturation 95 °C 30 sec  95 °C 35 sec 

35x 

95 °C 30 sec  

Annealing 56 °C 30 sec 40x 53 °C 35 sec 60 °C 30 sec 16x 

Extension 72 °C 30 sec  72 °C 35 sec 72 °C 30 sec  

Final extension 72 °C 10 min  72 °C 10 min  72 °C 10 min  

Hold 4 °C ∞  4 °C ∞  4 °C ∞  
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Alternatively, epigenetic age predictions were based on the binary sequel of methylated and 

non-methylated CpGs within individual reads of BA-seq data, as described in our previous study 

(Han et al., 2020). The analysis of Miseq data was performed by Miloš Nikolić (Stem Cell Biology, 

Helmholtz Institute for Biomedical Engineering, RWTH Aachen Medical School, Aachen, 

Germany). 

2.4.2 Epigenetic age prediction with pyrosequencing 

Pyrosequencing was used for fast and robust epigenetic age predictions of mouse bone marrow 

cell pellets and peripheral blood mononuclear cells (PBMCs) from patients and healthy donors 

after senolytic drug treatment in vitro. For mouse epigenetic age, DNA methylation was 

measured at the three age-associated CpG sites in Proline rich membrane anchor 1 (Prima1), 

Heat shock transcription factor 4 (Hsf4) and Potassium voltage-gated channel modifier subfamily 

S member 1 (Kcns1), using primers mentioned in Table 5, as described in our previous work 

(Han et al., 2018) and updated by selecting neighboring CpGs for the Prima1 region. PCR was 

performed using the PyroMark PCR kit (Qiagen), conditions are summarized in Table 4. 

Pyrosequencing was then performed on the PyroMark Q48 Autoprep system (Qiagen) using the 

PyroMark Q48 Advanced Reagent Kit. The results were analyzed using PyroMark Q48 

Advanced software. Epigenetic age was calculated as follows:  

Predicted age (in weeks) = - 6.325 - 0.308 DNAmPrima1 + 2.588 DNAmHsf4 + 1.003 DNAmKcns1  

 

Matthis Schnitker, Michael Bleichert and Miriam DM Sarvaas (Stem Cell Biology, Helmholtz 

Institute for Biomedical Engineering, RWTH Aachen Medical School, Aachen, Germany) 

supported the pyrosequencing measurements by helping with DNA isolation, bisulfite 

conversion, PCR or Q48 measurements. 

 

Table 4. PCR conditions for pyrosequencing for age-associated regions for human and mouse. 

1.5 mM MgCl2 was used for mouse age specific primers Kcns1, Hsf4 and Prima1.  

 

For human samples that were treated with senolytic compounds, we analyzed for DNAm 

changes at the same age-associated CpGs of PDE4C, CCDC102B, and FHL2, using primers 

Step 

PCR (CCDC102B and FHL2) PCR (PDE4C) PCR (Kcns1, Hsf4 and Prima1) 

Temp. Time Cycles Temp. Time Cycles Temp. Time Cycles 

Enzyme activation 95 °C 15 min  95 °C 15 min  95 °C 15 min  

Denaturation 95 °C 30 sec  95 °C 3 sec 

50x 

95 °C 30 sec  

Annealing 56 °C 30 sec 50x 52.9 °C 35 sec 58 °C 30 sec 50x 

Extension 72 °C 30 sec  72 °C 35 sec 72 °C 30 sec  

Final extension 72 °C 10 min  72 °C 10 min  72 °C 10 min  

Hold 4 °C ∞  4 °C ∞  4 °C ∞  
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mentioned in Table 5 and PCR conditions summarized in Table 4, as described in detail before 

(Han et al., 2020). Epigenetic age was calculated as follows: 

Predicted age (in years) = 8.21 + 0.91 DNAmFHL2 – 0.68 DNAmCCDC102B + 0.78 DNAmPDE4C 

 

Table 5. Primer sequence for pyrosequencing assays for human and mouse aging. 

NA: neighboring CpG was used, which is not included on the Illumina BeadChip. for – forward, rev. – reverse 

2.4.3 DNA methylation analysis using BeadChip data 

For iPSC and iPSC-derived hematopoietic cells the above-mentioned targeted signatures for 

epigenetic age-prediction could not be applied, because they were specifically trained for primary 

hematopoietic cells. Also, to further study the global comparison of DNA methylation the Illumina 

human EPIC methylation microarray at Life and Brain (Life and Brain GmbH, Bonn, Germany) 

was used. For that purpose, genomic DNA was isolated from nine iPSC clones and their iPSC-

derived hematopoietic differentiated cells and also from the peripheral blood of ten PMF patients 

and ten healthy donors with the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), and bisulfite 

converted and hybridized with the Illumina human EPIC methylation microarray. iPSC and iPSC-

derived DNA methylation profiles were generated on EPICv1 and patient derived samples using 

EPICv2 platforms. EPICv1 provides methylation values at more than 850,000 CpG sites, and 

EPICv2 with over 935,000 CpG sites and sharing between both about 722,000 CPGs. The 

analysis of DNA methylation data from Illumina BeadChip was performed in R (4.3.0) (R Core 

Team, 2022). Raw data (.IDAT files) of both datasets were independently preprocessed using 

the SeSAMe package for R v1.18.4 (Zhou et al., 2018), in the following order: quality masking 

the probes with poor design, reset the color channel for Type-I probes inference, non-linear dye 

Primer Name Target site Sequence 5’ → 3’ 

CCDC102B For cg19283806 TGTTGAGGGAGGGGAATGTTTGTATTTAT 

CCDC102B Rev   Biotin-CCAATAATATCTATATCATCAACATTTCTACAACTT 

CCDC102B Seq  GGAGGGGAATGTTTG 

FHL2 For cg22454769 GTGTTTTTAGGGTTTTGGGAGTATAGTAGT 

FHL2 Rev Biotin-CACCTCCTAAAACTTCTCCAATCTCC 

FHL2 Seq GGTTTTGGGAGTATAGTAGTT 

PDE4C For NA AGGTTTGTAGTAGGTTGAG 

PDE4C Rev Biotin-AACTCAAATCCCTCTC 

PDE4C Seq GTTATAGTATGATTAGAGTTT 

Prima1 For  TTGTGTTTAATTAGGAGAGGTAAATTATGAATTAGGTTTATA 

Prima1 Rev  Biotin-CAAAATTAATTACACCAACTTATAACCTACTATTC 

Prima1 Seq  AATTATGAATTAGGTTTATATTT 

Hsf4 For  GTGAGTAGTAAGGTGGGATAAATTGTAGAAAAAATG 

Hsf4 Rev  Biotin-TCCCTACTCTCCTACACTCCTCTCAAAACTTA 

Hsf4 Seq  ATTGTAGAAAAAATGGGAA 

Kcns1 For  GGTTGAGAGGGTGGTAGAAGAAGTTG 

Kcns1 Rev  Biotin-ACTCCCCTCCATCCCTACCATATACATCCA 

Kcns1 Seq  GAAGATATTTAGAAGTTGAATT 
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bias correction, detection of p-value using out-of-band (OOB) array hybridization, and 

background correction. Additionally, CpGs at the X and Y chromosomes were removed and also 

the probes with failed detection P values in three or more samples, with resulting in 630,700 

CpGs. Furthermore, we only considered CpGs that were represented by the EPICv1 and EPICv2 

BeadChip platforms for the comparison analysis of patient derived samples and iPSC derived 

samples, with resulting in 590,349 CpGs. The limma R package (3.56.2) was used for calculation 

of Benjamini-Hochberg adjusted p values and the multidimensional scaling plots (MDS plot). 

Relevant DNAm changes were defined as showing at least 10-20 % difference in mean beta 

values and an adjusted p value ≤ 0.05. For gene ontology (GO) analysis the R package 

missMethyl (1.34.0) was used. The R packages: watermelon, ggplot2, ggrepel, ggbeeswarm, 

reshape2, ggExtra, gprofiler2, ComplexHeatmap, and VennDiagram were used for graphical 

presentation. 

2.4.4 Telomere length measurements 

Telomere lengths were determined via two methods: Flow-fluorescent in situ hybridization (flow-

FISH) (Ferreira et al., 2020; Rufer et al., 1999): and Telomere PCR (TEL-PCR) (Rolles et al., 

2021). 

 

Cryopreserved whole blood cells after red blood cell depletion were used for the flow-FISH 

analysis of telomere length (TL) in lymphocytes and granulocytes, as previously described 

(Ferreira et al., 2020). Briefly, samples were prepared for cell denaturation and mixed with a 

telomere-specific (CCCTAA)3-peptide nucleic acid FISH probe labeled with FITC (Eurogentec, 

Liège, Belgium) for DNA hybridization. DNA counterstaining was performed with LDS 751 

(Sigma-Aldrich, Missouri, USA). Granulocytes and lymphocytes were stained by LDS 751 and 

can be distinguished by signal intensities in both the FL-3 channel as well as in the forward 

scatter (FSC). TL of bovine thymocytes were determined by Western blot (19.515 kb) and used 

as a reference to convert the TL of granulocytes and lymphocytes into kb. An FC 500 flow 

cytometer (Becton Dickinson, East Rutherford, USA) was used for data acquisition. All 

measurements were carried out in triplicates. Healthy controls (n = 134) were used for age 

adaptation of TL. 

 

TEL-PCR was used for TL measurement in colony forming units (CFUs), iPSCs before and after 

hematopoietic differentiation and in mouse bone marrow-derived cells. 1.4 ng of genomic DNA 

per reaction was used in the Absolute Human TL Quantification qPCR Assay Kit (ScienCell, 

Carlsbad, USA) and FastStart Essential DNA Green Master (Roche, Basel, Switzerland). TL 

measurements are given in T/S ratios. A T/S ratio is calculated by dividing the number of copies 

of the telomere template (T) by the single copy reference (SCR) template (S), which is an 

amplified 100 bp region on human chromosome 17. The TL q-RT-PCR was performed according 
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to the manufacturer’s instructions. Telomere length experiment and the analysis was performed 

by Margherita Vieri.  

2.4.5 Analysis of mutational burden  

A clinically validated amplicon-based next-generation sequencing (NGS) panel (Truseq Custom 

Amplicon Kit, Illumina, San Diego, USA) was used to analyze the coding region of 32 genes that 

typically harbor mutations associated with hematologic malignancies, as described previously 

(Kirschner et al., 2018; Olschok et al., 2021). Variants were reviewed manually, using a 

bidirectional frequency of >1 % for driver mutations and > 5 % for additional mutations as cutoffs. 

This was done by the genomic facility of Uniklinik Aachen, while receiving the patient samples.  

 

Alternatively, the JAK2 V617F allele burden was analyzed with digital droplet PCR (ddPCR) 

using the mutation assay dHsaMDV27944642 from Bio‐Rad, according to the manufacturer’s 

instructions. This could be used as an alternative method where the unparalleled accuracy and 

precision of the result, the specificity of an information make it an effective tool. In brief, each 

PCR reaction sample is partitioned into 20,000 nanoliter sized droplets and each of the droplets 

is measured as a single PCR reaction that leads to an increased precision for rare mutation 

detection with less the 1 % changes. Quantification of the mutation burden was performed on a 

QX200 ddPCR (Bio-Rad Laboratories, Inc., Hercules, CA, USA) by 25 ng of DNA was added 

per reaction with the 2x ddPCR supermix for probes (no dUTP) containing a hot start 

polymerase. 20 µL ddPCR reaction mix was loaded inside the middle well of the disposable eight 

channel droplet generator DG8 cartridge of the QX200 (Bio-Rad). 70 µL of the droplet generation 

oil for probes containing the emulsion stabilizing surfactant was then loaded to the bottom wells. 

The loaded cartridge was covered with the gasket and the droplet was generated in the upper 

well using the QX200 droplet generator (Bio-Rad). 40 µL of the droplet suspension from the 

upper well of the cartridge were transferred to the ddPCR deep-well 96-well plates. The plate 

was sealed with the heat seal foil at 180°C for 5 seconds in the PX1 PCR plate sealer and further 

processed with the C1000TM Touch 96-Deep Well thermal cycler (Bio-Rad). 

2.5 RNA analysis  

2.5.1 Senescence associated gene expression analysis using RT-qPCR 

To estimate gene expression of three senescence-associated genes (p16, p21, and p53) RNA 

was isolated from 500,000 cells/well (two 12-wells per condition) with the NucleoSpin RNA, Mini 

Kit (Macherey-Nagel, Düren, Germany) according to manufacturer’s protocol. RNA was 

quantified with a Nanodrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, USA). 250 

ng of RNA was used for cDNA synthesis using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems™, Waltham, USA). Quantitative real time (qRT)-PCR was carried out 
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using TaqMan™ gene expression master mix (Applied Biosystems™, Waltham, USA) and gene-

specific TaqMan assays (all from Applied Biosystem, Waltham, USA) in a StepOnePlus™ 

machine (Applied Biosystems™, Waltham, USA). The PCR conditions were 50°C for 2 min, 

95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min. TaqMan assays 

for p16 (HS_00923894_m1), p21 (HS_00355782_m1) and p53 (HS_01034249_m1) were 

analyzed. The mRNA expression level of the target gene was normalized using GAPDH 

(Hs02758991_g1) as housekeeping gene. 

2.5.2 Analysis of genes associated with senescence in the microarray data 

Gene expression profiles from 6 healthy donors, 6 ET, 11 PV and 9 PMF patients were published 

by Baumeister, J et al. in GSE174060 (Baumeister, Maie, et al., 2021) and used for senescence 

pathway analysis (Saul et al., 2022). Significantly differentially regulated genes were selected 

by a Benjamini–Hochberg adjusted p value <0.05 and log2-fold changes above 0.5 or below 

−0.5. Enrichment of senescence-associated genes was estimated with hyper geometric 

distribution analysis.  

2.5.3 Statistics 

Linear regressions, mean absolute deviation (MAD), and mean absolute error (MAE) of age-

predictions were calculated with Excel. Statistical analysis was performed with GraphPad Prism 

using one sample t-test, unpaired t-test, paired t-test, or one-way ANOVA. P values ≤0.05 were 

considered as indicative of statistical significance. IC50 values were calculated by nonlinear 

regression analysis using GraphPad Prism, version 6. 
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3. Results 

3.1 Cellular age in healthy individuals  

The aim of this study was to compare the epigenetic age of healthy young and old individuals 

using different age-associated biomarkers, including epigenetic age, and senescence by 

analyzing PBMC samples. Furthermore, we aimed to determine if a three-day treatment of 

human blood samples in vitro would reduce these age-associated biomarkers. 

3.1.1 Epigenetic age and telomere length in healthy samples 

To further explore the healthy human aging, epigenetic age predictions were measured using 

DNAm patterns with BA-seq at three age-associated genomic regions in the CCDC102B, FHL2 

and PDE4C genes. We have recently described BA-seq for nine CpGs that provide robust and 

reliable age predictions (Han et al., 2020). To further ease applicability of the method, we have 

meanwhile refined the signature to focus on the three regions with the highest correlation with 

chronological age and on a combination of hyper- and hypo methylated CpGs to reduce the PCR 

bias. Epigenetic age predictions were measured with blood samples of 128 healthy donors (74 

males and 54 females) aged 18-74 years, showing a mean age deviation (MAD) of only 0.8 

years, and a correlation with chronological age of R2 = 0.86 (Figure 13a). This correlation is 

relatively high compared to our previous models (Han et al., 2020) and with a very low mean 

age deviation. In addition, flow-FISH analysis of telomere length (TL) in granulocytes revealed a 

clear association with chronological age in 134 healthy donors, albeit the correlation was lower 

than for epigenetic age predictions (R2 = 0.18; Figure 13b). TL measurement was performed by 

Margherita Vieri (Vieri et al., 2023). 

Figure 13. Cellular aging prediction model for healthy blood samples. 

a) Correlation of chronological age and epigenetic age predictions by bisulfite barcoded amplicon 
sequencing (BA-seq) of three CpGs in healthy donors (n = 128) was shown. b) Telomere length (TL, in 
kb) was measured in granulocytes via flow-FISH in healthy donors, as described before (n = 134) (Vieri 
et al., 2023). 

 

a b 



 

52 

 

3.1.2 Heterogeneity of aging in old versus young 

The epigenetic age clock has been shown to predict a person’s age across all age groups. It is 

a well-known phenomenon that cellular aging exhibits heterogeneity, meaning that a given 

sample consists of epigenetically younger and older cells.  

 

Figure 14. Heterogeneity of age-associated DNA methylation in healthy samples. 

Heat map depicts exemplarily the frequencies of DNAm patterns within the neighboring CpGs of the 
PDE4C amplicon in BA-seq data of a) a healthy donor of young age (18 years) and b) a healthy donor of 
old age (68 years). Furthermore, exemplary heatmaps were also shown for the FHL2 (c, d) and 
CCDC102B amplicon (e, f).  

 

a 

c d 

b 

f e 
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To better understand the discrepancies in age, we analyzed the DNAm patterns of age-related 

regions using BA-seq method. This approach was used to consider not only the average DNAm 

level in a CpG site of interest, but also the DNA methylation state of each individual DNA strand 

and all neighboring CpGs of the target assay, thereby mimicking single cell resolution. We 

observed differences between young and old individuals (exemplified for one donor in Figure 

14), with the pattern becoming more heterogeneous with increasing age. FHL2 and PDE4C 

exhibited a gain of methylation with age and showed aberrant methylation in many CpGs in old 

adults. In contrast, at least 20 % of the regions remained homogeneously unmethylated at 

younger ages. CCDC102B, which loses methylation with age, also does not completely lose 

methylation at one site, but gradually loses all neighboring CpGs and retains heterogeneity. 

Nevertheless, the patterns of neighboring CpGs are quite heterogeneous and no obvious clonal 

DNAm pattern was observed among old or young. This analysis of BA-seq data was supported 

by Miloš Nikolić. 

 

Cellular aging becomes more complex and heterogeneous as cells accumulate DNA repair 

errors with age. In order to more accurately quantify the heterogeneous DNA methylation 

patterns, the n-score was calculated. This score indicates the absolute discrepancy within the 

target of interest, calculated by the sum of absolute difference between neighboring CpG sites, 

reflecting how much the DNAm levels change within the amplicons (Eipel et al., 2019). The n-

scores for PDE4C and FHL2 were significantly increased with age in healthy samples, which is 

due to the fact that these regions become more methylated with increasing age. On the other 

hand, the n-score for CCDC102B decreased with age, indicating that this region becomes less 

methylated with age (Figure 15).  

 

Figure 15. n-score for three age-associated region in healthy samples. 

Aberrant DNAm at age-associated CpGs often shows non-coherent DNAm levels at neighboring CpGs 
sites. This was exemplified by the n-score (Eipel et al., 2019) for the a) PDE4C, b) FHL2, and c) 
CCDC102B amplicons, which showed a correlation with the chronological age of healthy controls.  

 

a b c 
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3.1.3 Senescence in healthy samples 

Cellular senescence is another factor contributing to the process of aging. It has been known 

that the accumulation of senescent cells increases with age (Di Micco et al., 2021). We used 5-

dodecanoylaminofluorescein di-β-D-galactopyranoside (C12FDG), a substrate for the β-Gal 

enzyme, to measure senescent cells in healthy PBMC cells (n = 9 young ≤45 years and n = 10 

old > 45 years). This β-Gal staining was quantified by the green fluorescent signal using flow 

cytometry. There was an increased tendency towards senescent cells with age in both PBMCs 

and specifically, lymphocytes (Figure 16a and b, respectively). Nevertheless, the observed 

differences were not statistically significant. Furthermore, the analysis of senescent cells with a 

higher intensity for C12FDG fluorescence, as illustrated in Supplemental Figure 1a and as 

previously described (Arora et al., 2021; Hambright et al., 2024), showed a similar trend with age 

to that observed in the C12FDG percentage (Figure 16d, e, and f). Exemplarily, the percentage 

of C12FDG in samples from individuals aged 29 and 61 years was shown to have distinct 

differences in the percentage of C12FDG cells, although this was not a consistent trend for all 

samples (Supplemental Figure 1b).  

Figure 16. Senescence expression was slightly higher in older adults compared to younger adults. 

The percentage of senescent cells with C12FDG staining showed a trend towards older adult derived a) 
PBMCs and b) lymphocytes. c) In addition, the correlation between C12FDG percentage and 
chronological age was shown. Further, the percentage of high intensity C12 FDG percentage in both d) 
PBMCs and e) lymphocytes showed a similar trend with older individuals above 45 years. f) The 
correlation between high intensity C12FDG percentage and chronological age was shown.  
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3.1.4 Senolytic treatment in healthy samples in vitro 

The hypothesis of using senolytic drugs to eliminate unwanted senescent cells by various anti-

aging mechanism has been primarily studied in mice and cultured cells exposed to specific 

factors that induce senescence, including irradiated with UV or ionizing radiation or other 

substances (Di Micco et al., 2021). However, our focus was to study the naturally accumulated 

senescent cells in healthy young and old blood. To address this question, we cultured PBMCs 

for three days with nine different senolytic drugs that are thought to specifically target senescent 

cells: piperlongumine, ABT263, RG7112, nutlin-3a, dasatinib in combination with quercetin 

(D+Q), AMG232, JQ1 and S63845. A concentration-dependent cell viability assay was 

performed to determine the IC50 (Figure 17). PBMCs from healthy samples with different ages 

of 24, 31, 48 and 68 years were treated with each drug, and two concentrations were selected: 

one below and one above the IC50 (indicated as low and high concentration). The inclusion of 

two concentrations around IC50 facilitated an expansion of the effective concentration window 

and enhanced the probability of capturing a diverse range of donors with inherent variability. 

Figure 17. Concentration dependent viability upon senolytic drug treatment in healthy samples. 

To determine the dose range for subsequent analysis of senolytic compounds, PBMCs from healthy 
samples with different ages (24, 31, 48 and 68 years) were cultured for three days in 96-well plates at 
different concentrations as indicated. Each curve represents a healthy donor sample, which was 
performed in triplicate. Viability was then determined using CellTiter Glo assay and median IC50 values 
were calculated for each drug; ABT263: 417.7 nM, AMG232: 3.26 µM, D+Q: 17.4 µM, JQ1: 21.75 µM, 
nutlin-3a: 23.5 µM, piperlongumine: 17.8 µM, RG7112: 9.67 µM, S63845: 446.9 nM. 
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3.1.4.2 Reversal of epigenetic aging after senolytic treatment in vitro  

Epigenetic age prediction for the senolytic drug-treated and untreated cells was measured by 

three age-related CpGs located at the PDE4C, FHL2 and CCDC102B gene using 

pyrosequencing method. The untreated PBMCs showed a particularly good correlation between 

predicted age and chronological age with a mean age deviation of 0.34 years among all age 

groups (R2= 0.95; n = 18; Figure 18a; supported by Michael Bleichert and Miriam DM Sarvaas).  

 

Figure 18. Epigenetic age deviation in young and old samples after senolytics treatment. 

a) Correlation of predicted and chronological age of untreated samples was shown. b) Peripheral blood 
mononuclear cells of healthy donors were cultured for three days with nine different compounds at either 
high or low concentration: JQ1 (10µM, 20µM), S63845 (500nM, 1µM), ABT263 (200nM,500nM), 
piperlongumine (10µM, 50µM), dasatinib in combination with quercetin (D+Q; 20nM+ 50nM, 20µM+ 
50µM), AMG232 (1µM, 10µM), nutlin-3a (10µM, 50µM), and RG7112 (10µM, 50µM). Epigenetic age 
deviations in treated vs. untreated (n = 12 to 18) was predicted. Statistics was performed with one sample 
t-test.  
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Following the three day senolytic treatment with each component at concentrations below and 

above the IC50 (indicated as low and high concentration), we observed a general reduction in 

epigenetic age in all samples. Notably, a significant decrease in epigenetic age predictions was 

observed for four compounds: RG7112 (average deviations of -2.7 and -3.9 year for low and 

high concentrations, respectively; p = 0.002 and 0.0001), JQ1 (average deviations of -2.2 and -

3.0 years; p = 0.02 and 0.005), and AMG232 (average deviation for high = -3.0 years; p = 

0.0006). In addition, a clear trend was observed for nutlin-3a (average deviations of -1.2 and -

3.0 years), but this did not reach statistical significance. For the other drugs, we did not observe 

a clear effect on epigenetic age predictions (Figure 18b). 

 

 

Figure 19. Correlation of chronological age and epigenetic age predictions after senolytic 
treatment. 

Correlation between chronological age and epigenetic age predictions after three-day treatment with a) 
RG7112, b) JQ1, c) nutlin-3a, and d) AMG232 was demonstrated by comparing the predicted age from 
both concentrations with that of the untreated cells.  

 

Additionally, we sought to determine whether epigenetic age deviations are age-dependent and 
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may require a specific dosage to be effective. For the four selected drugs, an overall reduction 

in age was observed after treatment. However, in a few donors only one of the concentrations 

resulted in age reduction (Figure 19a-d). This must be taken into account when choosing the 

concentration for an individual and should be verified with a larger number of samples to exclude 

experimental variations.  

3.1.4.1 Removal of senescence associated markers after senolytics treatment in 

vitro 

Following three days of senolytic treatment, the remaining cells were analyzed by flow cytometry 

with C12FDG staining. Overall, senolytic drugs had a moderate specific effect on all drugs 

including both old and young samples (n = 5) in both PBMC and lymphocyte population (Figure 

20a and b, respectively). The number of samples was quite small to draw any definitive 

conclusions. To this end, a larger number of samples (total n = 11) was analysed with the 

selected four senolytic drugs RG7112, JQ1, AMG232, and nutlin-3a, with only one concentration. 

These were selected based on their effective outcomes when all following experiments were 

considered. A significant decline of C12FDG positive cells was observed for both PBMC and 

lymphocytes (Figure 20a and b) in treatment with RG7112 (p = 0.02 and p = 0.005, respectively) 

and nutlin-3a (p = 0.03, for both cell types). Furthermore, a significant reduction of senescence 

in PBMCs was observed for JQ1 (p = 0.018).  

 

Furthermore, similar significant changes were observed when we looked at high-density 

C12FDG cells in both PBMCs and lymphocytes (Figure 20c and d, respectively). The high-

density C12FDG subset was cleared by treatment with JQ1 in a 61-year-old female donor in 

lymphocyte (Figure 20f) and also in PBMCs, as an example (Supplemental Figure 1c and d; for 

both JQ1 and RG7112). Additionally, phase contrast microscopy revealed that JQ1 senolytic 

treatment preferentially removes larger plastic adherent cells with irregular shape in a 47-year-

old individual PBMC sample, as an example (Figure 20e). Anyhow, we observed a prominent 

population of β-Gal-positive cells in some patients, regardless of their age.  
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Figure 20. Percentage of senescent cells after senolytics treatment. 

Peripheral blood mononuclear cells of healthy donors were cultured for three days with nine different 
compounds: JQ1 (10µM), S63845 (1µM), ABT263 (200nM), piperlongumine (10µM), dasatinib in 
combination with quercetin (D+Q; 20nM + 20µM), AMG232 (1µM), nutlin-3a (10µM), and RG7112 (10µM). 
Percentage of senescent cells stained with C12FDG staining after senolytics treatment was shown for a) 
PBMCs and b) lymphocytes. Selected senolytics with 6 more healthy adults (n = 11) showed a significant 
decrease in senescent cells after treatment with RG7112, nutlin-3a and JQ1. c) Additionally, a percentage 
of high intensity C12FDG percentage in PBMCs and d) lymphocytes showed a reduction in RG7112, JQ1 
and nutlin-3a. e) Phase contrast microscopy image of the C12FDG staining of a 47year old PBMC sample 
was shown for both untreated and treated with JQ1 for 3 days. f) Exemplarily lymphocyte derived from a 
61-year aged sample showed a high number of senescent cells in the untreated cells and after treatment 
with JQ1 for 3 days, the population of senescent cells was successfully removed. Two-way ANOVA with 
multiple comparison was performed to assess statistical significance; * represents P ≤0.1 and ** 
represents P ≤0.01.  
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Figure 21. Percentage senescence markers with chosen senolytic drugs. 

RT-qPCR for senescence associated markers a) p16 (INK4a), p12 and p53 for selected senolytic drugs 
including RG7112, JQ1, AMG232 and Nutin3a. One sample t-test was used to assess statistical 
significance.  
 

Subsequently, we analyzed how gene expression of CDKN2A (p16INK4a), CDKN1A (p21), and 

TP53 (p53) was affected by the four senolytic compounds that affected epigenetic age 

predictions. In particular, p16INK4a showed a significant decrease upon treatment with all four 

compounds, while p53 showed a moderate reduction whereas this was less consistent for p21 

(Figure 21). Taken together, our results support the notion that particularly RG7112, JQ1, 

AMG232, and nutlin-3a preferentially clear the senescent subset of PBMCs in vitro. 

 

3.1.4.3 Changes in blood composition after senolytic treatment in vitro 

Since a reduction in epigenetic age and the removal of senescent cells have been observed in 

individuals with senolytic treatment, we sought to determine the changes in blood composition 

as a result of the treatment. Studies have shown that aging results in alterations in the function 

and proportion of blood cells, including a bias in specific lineages (Baylis et al., 2013). 

Flowcytometric analysis of the lymphocyte compartment of NK cells, B cells and T cells was 

measured as shown in Supplemental Figure 1e. Despite the few numbers of samples, a 

significant reduction in T cell count (p = 0.02) and an increase in NK cells (p = 0.05) were 

observed in PBMCs from old donors (n = 8) compared to young donors (n = 3). There was no 

significant difference observed for B cells (Figure 22a). Following the senolytic treatment of 

PBMCs after three days (n = 5 to 11), a significant increase in T cells was observed with RG7112 

(p = 0.0037), JQ1 (p = 0.0002), nutlin-3a (p = 0.0012), and AMG232 (p = 0.017). In contrast, B 

cells showed a significant reduction with JQ1 (p = 0.0002), RG7112 (p = 0.0386), and S63845 

(p = 0.045). In addition, a significant reduction in NK cells was observed with RG7112 (p = 
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0.0175), JQ1 (p = 0.0089), nutlin-3a (p = 0.0063), and AMG232 (p = 0.028) (Figure 22b and c), 

specifically in old samples.  

 

Figure 22. Percentage blood cell compositions after senolytic treatment. 

a) Percentage of blood cell composition of T, B, and NK cells in the untreated samples of healthy young 
(n = 3) old (n = 5) cells were shown. b) Peripheral blood mononuclear cells of healthy donors were cultured 
for three days with nine different compounds: JQ1 (10µM), S63845 (1µM), ABT263 (200nM), 
piperlongumine (10µM), dasatinib in combination with quercetin (D+Q; 20nM + 20µM), AMG232 (1µM), 
nutlin-3a (10µM), and RG7112 (10µM). Percentage of PBMCs was measured after the senolytic treatment 
in the samples for different lymphocyte population (n = 5 to 11). Statistics was performed with 2- way 
ANOVA with multiple comparison; * represents P ≤0.1, ** represents P ≤0.01, and *** represents P ≤0.001. 
c) The treatment specific changes in blood compositions were observed in all 4 drug treated cells 
compared to untreated cells. 

 

Overall, the results showed that treatment with senolytics, particularly with RG7112, JQ1 nutlin-

3a and AMG232 was effective in decreasing epigenetic age and removing the senescent cells 

from the blood in vitro. In addition, changes in blood cell compositions were observed, this might 

potentially contribute to the selective advantage of the drug on certain aged cell types.   
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3.2 Cellular age in myeloproliferative neoplasms 

3.2.1 Cellular age is accelerated in patients with MPN  

Myeloproliferative neoplasms are caused by somatic driver mutations that not only drive 

sustained cellular proliferation but also contribute to accelerated cellular aging, this could provide 

a new therapeutic approach to eliminate malignant cells. Therefore, we wanted to study whether 

MPN patients with specific mutations show signs of accelerated aging using aging parameters 

such as epigenetic age, telomere length and senescence, and whether these aged cells can be 

targeted with senolytics and telomerase inhibition.  

3.2.1.1 Epigenetic age in MPNs  

To explore how MPN affects epigenetic age predictions, we analyzed DNAm with targeted 

bisulfite amplicon sequencing (BA-seq) at three age-associated genomic regions in the 

CCDC102B, FHL2 and PDE4C genes. Epigenetic age predictions were initially validated with 

blood samples of 128 healthy donors (74 males and 54 females) aged 18-74 years (as shown 

previously in Figure 13a) and showed a mean age deviation (MAD) of 0.8 years, and a correlation 

with chronological age of R2 = 0.86. In contrast, epigenetic age-predictions of 129 MPN patients 

showed much higher deviations, especially in the advanced MPN entity myelofibrosis (ET: n = 

43, MAD = 6.9 years; PV: n = 39, MAD = 9.8 years; PMF: n = 35, MAD = 12.9 years; post-ET/PV 

MF: n = 12, MAD = 0.3 years; Figure 23a). Overall, epigenetic aging was rather increased, 

resulting in a positive epigenetic age deviation (predicted age – chronological age; Figure 23b). 

Figure 23. Epigenetic aging is progressively accelerated in MPN entities. 

a) Correlation of chronological age and epigenetic age predictions by bisulfite barcoded amplicon 
sequencing (BA-seq) of three CpGs in MPN patients (n = 129; PV = polycythemia vera, ET = essential 
thrombocythemia, PMF = primary myelofibrosis). b) Epigenetic age deviation in different MPN entities 
compared to healthy donors. Unpaired t-test was used to assess statistical significance. This figure was 
adapted from (Vieri et al., 2023). 

 

a b 
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3.2.1.2 Telomere length in MPNs  

In addition, telomere length (TL) was measured by flow-FISH analysis in granulocytes and 

lymphocytes as previously described (Ferreira et al., 2020). Granulocytes and lymphocytes are 

stained with a dye (LDS 751), that can penetrate the cell membrane and bind to nucleic acids 

and can be distinguished by signal intensities in both the FL-3 channel as well as in the forward 

scatter (FSC). As mentioned in the section above (3.1.1, Figure 13b), healthy controls (n = 134) 

were used for age adaptation of TL. This experiment was performed by Margherita Vieri and the 

data was used to compare the changes between epigenetic age and telomere length.  

 

Figure 24. Premature telomere attrition in some MPN entities. 

Telomere length (TL, in kb) was measured in granulocytes via flow-FISH in MPN patients, as described 
before (n = 129; PV = polycythemia vera, ET = essential thrombocythemia, PMF = primary myelofibrosis). 
b) Age-adapted TL in granulocytes in different MPN entities. One-sample t-test was used to calculate 
statistical significance. c) Correlation of TL and epigenetic age in different MPN entities. e) Correlation of 
epigenetic age deviation with age-adjusted TL in granulocytes in MPN entities. This figure was in parts 
adapted from (Vieri et al., 2023). 

 

In the 129 MPN samples, TL distribution in the granulocytes showed a clear association with 

chronological age (Figure 24a), while a significant telomere attrition was only observed for the 

PMF samples (p = 0.0009; Figure 24b). Interestingly, this is in line with higher epigenetic age-

predictions in PMF. As expected, no relevant deviation of TL from healthy controls was observed 

a b 

c d 
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in the lymphocyte compartment of all three MPN subgroups (Supplemental Figure S2). As TL in 

granulocytes representing the myeloid compartment revealed a better association than 

lymphocytes. Overall, there was only a moderate correlation between absolute TL and 

epigenetic age predictions (Figure 24c) and also between epigenetic age-deviation and age-

adjusted TL (Figure 24d), suggesting that both parameters for cellular aging reflect independent 

biological features of cellular aging. 

3.2.1.3 Senescence in MPNs  

Cellular senescence is one of the factors contributing to the aging process. With age, the 

accumulation of senescent cells increases, and the paracrine effect of these cells leads to the 

release of senescence-associated secretory phenotype (SASP) and inflammation in the 

surrounding area (Cuollo et al., 2020). Measuring senescence in MPN patients could provide 

insights into whether the mutations induce senescence.  

 

Figure 25. Presence of senescent cells in MPN samples. 

β-galactosidase staining in PBMC derived cells show senescence population (blue stained cells) b) β-
galactosidase staining within individual colonies depict senescence subsets c) PBMC of MPN patients (n 
= 7) and healthy donors (n = 6; one outlier was removed) were stained with C12FDG and analyzed by 
flow cytometry. The mean fluorescence intensity was in tendency higher in MPN samples, indicating that 
they possess higher β-galactosidase activity. 

 

a b 

c 
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To this end, we measured senescence using two methods, one is β-gal staining with image-

based analysis, which showed the presence of senescent cells in PBMC and also in the CFUs 

(Figure 25a-b). To further quantify this finding, we utilized C12FDG via flow cytometry to 

determine the mean fluorescent intensity. In comparison to healthy controls (n = 6), β-gal staining 

in PBMCs of MPN patients (n = 7) showed a more pronounced trend (p = 0.051; Figure 25c). 

Overall, these results reinforce the conclusion that aspects of cellular aging including cellular 

senescence are more prevalent in MPN. 

 

 

Figure 26. Presence of senescence associated signature in MPN samples. 

Gene expression profiles of 6 ET, 11 PV and 9 PMF patients, each compared with 6 healthy donors 
(Baumeister, Maie, et al., 2021) (GEO submission number GSE174060) and were analyzed for 
senescence-associated gene expression signatures. To this end, we focused on a set of 125 genes 
(SenMayo; highlighted in red) that are differentially expressed during senescence (Saul et al., 2022). 
Significantly differentially regulated genes were selected by a Benjamini–Hochberg adjusted p value <0.05 
and log2-fold changes above 0.5 or below −0.5. In fact, differential gene expression in MPN samples 
versus healthy donors revealed significant enrichment of this senescence-associated gene set for all MPN 
entities (p-value estimated by hyper geometric distribution). This figure was adapted from (Vieri et al., 
2023). 

 

Subsequently, we analyzed whether cellular senescence in MPN is also reflected in changes in 

senescence-associated gene expression. This was explored using the available gene 
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expression profiles of CD34+ cells derived from MPN patients (Baumeister et al., 2021). A well-

established set of 125 senescence-associated genes, as identified in a recent SenMayo study 

(Saul et al., 2022), revealed highly significant enrichment in each of the MPN subtypes when 

compared to healthy controls (Figure 26). The expression of interleukin-1 beta (IL-1β) was 

significantly upregulated in all MPN groups, especially in PMF and PV (both p < 0.001). In 

addition, upregulation of metalloproteinase MMP9 in ET (p = 0.026) and PMF (p < 0.001) and 

downregulation of AREG were found in all MPN subtypes (all p < 0.001). 

3.2.2 Malignant clones show prominent age association in MPN  

We then analyzed if these measures for cellular aging were associated with specific somatic 

mutations, and if they were exclusive to the malignant clone. Given that PBMCs are a mixed 

population of mutant and wildtype cells, we analyzed PBMCs carrying a specific mutation for 

their association with the mutant allele frequency, and furthermore single cell derived CFUs to 

elucidate the association with the malignant clones.  

 

3.2.2.1 Epigenetic age deviation showed a significant increase in patients with 

JAK2 V617F in MPNs  

Using a next-generation sequencing panel of 32 genes associated with hematological 

malignancies, we analyzed whether these measures of cellular aging were associated with 

specific somatic mutations. Epigenetic age deviation showed a significant increase in patients 

with JAK2 V617F (p < 0.001) and CALR mutations (p = 0.01; Figure 27a). In particular, patients 

with the JAK2 V617F mutation showed a significant association between epigenetic age 

acceleration (p = 0.0031; Figure 27b) and mutation burden when all MPN subgroups were 

combined. Despite the smaller sample size, the results were also significant for epigenetic age 

acceleration in PV (p = 0.0060). When comparing the CALR allele burden with the MPN entities 

(Figure 27c), PMF showed a similar trend of age acceleration, but for the changes in ET, where 

we do not see a clear correlation, this could also be due to a very small number of samples with 

low allele burden. Overall, there is a clear association between the increasing JAK2 V617F 

mutation burden and accelerated epigenetic aging in MPNs. 
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Figure 27. Epigenetic aging by mutations and correlations with JAK2 V617F burden. 

a) Epigenetic age deviation in MPN carrying different driver mutations. Unpaired Welch’s t-test was used 
to assess statistical significance. b) Correlation of epigenetic age deviation and JAK2 V617F allele burden 
in different MPN entities. c) Correlation of epigenetic age deviation and CALR allele burden in different 
MPN entities. This figure was adapted from (Vieri et al., 2023). 

 

To further elucidate whether the observed increase in epigenetic age in bulk PBMCs could be 

recapitulated in a single cell harboring a mutation, we analyzed the malignant clones of patients 

with MPN and analyzed single cell derived colony forming units (CFUs). Epigenetic age 

predictions were performed exemplarily for five wild type (WT) and five JAK2 V617F colonies for 

an individual patient per MPN sub entity, regardless of their CFU subtypes. As an example, no 

significant difference was observed in one of the age-associated regions between the subgroups 

of CFUs in the methylation levels (Supplemental Figure S3). There was some variation between 

individual colonies, but overall, the epigenetic age predictions were consistently higher for the 

mutated clones (Figure 28; Supplemental Figure S4). This is in line with the correlation between 

epigenetic age acceleration and the JAK2 V617F mutation observed in the PBMC measurement.  

a 

b c 
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Figure 28. Epigenetic aging is accelerated in colony forming units with JAK2 V617F. 

a) Epigenetic age predictions were performed in CFUs without (n = 5) and with JAK2 V617F (n = 5) in 
three different patients affected by either ET, PV, or PMF. This figure was adapted from (Vieri et al., 2023). 

 

3.2.2.1 Telomere length showed a significant decrease in patients with JAK2 

V617F in MPNs  

Further analysis of age-adjusted TL in granulocytes showed significantly accelerated telomere 

shortening in samples with mutations in CALR (p = 0.025) and ASXL1 (p = 0.004; Figure 29a). 

Notably, patients carrying the JAK2 V617F mutation showed a significant association of telomere 

attrition with mutational burden (p < 0.0001; Figure 29b) when all MPN subgroups were 

combined. Despite the smaller sample size, an association was also observed in TL for PV (p = 

0.0144), ET (p = 0.0257) and post ET/PV -MF (p = 0.0418). In ET, TL showed a moderate 

association with an increasing CALR mutation burden (Figure 29c), but due to the limited number 

of samples and the small range of mutational allele burden, it is difficult to draw any definitive 

conclusions. In summary, the results suggest that cellular aging in patients with MPN seems to 

be both particularly accelerated in the malignant clone and correlated with its clone size. 
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Figure 29. Telomere length by mutations and correlations with JAK2 V617F burden. 

a) Age-adapted TL in granulocytes in MPN carrying different driver mutations. One-sample t-test was used 
to calculate statistical significance. b) Correlation of age-adjusted TL and JAK2 V617F allele burden. c) 
Correlation of age-adjusted TL and CALR allele burden. This figure was adapted from (Vieri et al., 2023). 

 

In analogy, we analyzed TL in individual CFU derived JAK2 V617F and JAK2 WT colonies with 

telomere PCR (TEL-PCR) in 10 PV patients and 7 healthy donors (Figure 30a). Overall, the 

mean TL of colonies with JAK2 V617F mutation was significantly shorter than in WT colonies (p 

= 0.0075). The degree of telomere shortening in JAK2 V617F colonies (ΔTLmut-WT) was found 

to correlate significantly with the patient´s allele burden (Figure 30c). However, these 

associations were not observed in 7 PMF patients (Figure 30b and d). Telomere length 

measurements were performed by Margherita Vieri.  

 

a 

b c 
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Figure 30. Presence of telomere length attrition in colony forming units with JAK2 V617F. 

a) Telomere length analysis (TEL-PCR) in single colonies derived from ten PV patients (all positive for 
JAK2 V617F) and seven healthy donors (HD). For each patient, up to ten colonies were analyzed also for 
JAK2 V617F genotype and the mean difference in TL between WT and JAK2 V617F colonies of each 
individual PV patient was calculated (paired t-student test). b) In analogy, TL was analyzed in up to ten 
single colonies derived from seven PMF patients and the same seven healthy donors. c) Correlation 
between this mean difference in TL with the initial JAK2 V617F allele burden of the PV patient d) In the 
PMF patients, there was no clear correlation between the initial JAK2 V617F allele burden and the 
discrepancy in TL between mutated and non-mutated colonies. This figure was adapted from (Vieri et al., 
2023). 

 

3.2.3 Heterogeneity of epigenetic age based on single-read predictions 

It has been speculated that epigenetic age deviations in malignancies are due to altered DNA 

methylation patterns of the malignant clone, rather than the residual compartment of non-

mutated cells. To address this question, we analyzed the individual BA-seq reads. The analysis 

of BA-seq data was done by Miloš Nikolić.  

3.2.3.1 The single read association in the bulk samples of MPN 

Each of the three age-associated regions captures several neighboring CpG sites (PDE4C, n = 

26; FHL2, n = 18; and CCDC102B, n = 6). We anticipated that these neighboring sites are 

coherently modified, at least showing a prominent pattern in the malignant clone. In contrast, the 
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neighboring CpGs seem to be regulated independently (Figure 31). Nevertheless, we observed 

an aberrant DNA methylation pattern in the FHL2 and PDE4C regions in the MPN sample 

compared to healthy adults of the same age.  

 

Figure 31. Heterogeneity of age-associated DNA methylation in MPN. 

Heat map depicts exemplarily the frequencies of DNAm patterns within the neighboring CpGs of the 
PDE4C amplicon in BA-seq data of a) a healthy donor, and b) a PMF patient of the same age Furthermore, 
exemplary heatmaps are also shown for the c, d) FHL2 and e, f) CCDC102B amplicon. In healthy and 
MPN samples the patterns of neighboring CpGs are quite heterogeneous and there is no obvious clonal 
DNAm pattern in the patient samples. 
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Figure 32. Single read age prediction in healthy and MPN. 

The binary code of methylated and non-methylated CpGs of each amplicon was then used for single read 
prediction for PDE4C (a, b), FHL2 amplicon (c, d), and the CCDC102B amplicon (e, f). The histograms 
demonstrate the heterogeneity of single read predictions (ranging from 0 to 200 years), and their relative 
frequency are provided for all healthy donors (18 to 83 years old; n = 128; color code depicts donor age) 
and MPN patients (20 to 87 years old; n = 129). As expected, the higher predictions increase in elderly 
donors. Notably, the heterogeneity of epigenetic age predictions increases particularly in elderly MPN 
patients.  

 

The probabilistic method was used to predict epigenetic age for each individual DNA strand. For 

healthy samples, such single read-predictions followed a more homogeneous pattern than in 

MPN patients, suggesting that epigenetic aging is more heterogeneous in MPN samples (Figure 

a 
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b 
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32). Notably, FHL2 and PDE4C showed overall good correlation, and less age deviation in 

healthy samples, whereas MPN showed accelerated aging. Although CCDC102B wasn't able to 

capture the single read prediction in healthy compared to chronological age, overall, we 

observed a clear difference in MPN compared to healthy (Figure 33). 

 

 

Figure 33. Single-read epigenetic aging is accelerated in MPN compared to healthy patients. 

Correlation of chronological age and single read epigenetic age prediction of three CpGs a) PDE4C, b) 
FHL2 and c) CCDC102B in MPN patients.  

 

To better understand the variations in DNA methylation levels at neighboring CpGs, we utilized 

two alternative scoring systems, as described in a previous work (Eipel et al., 2019): the d-score 

and the n-score. The d-score is the sum of the absolute difference of DNAm values compared 

with those of age-adjusted controls. It thereby reflects how much a DNAm level in an MPN 

sample varies from a normal donor, taking all neighboring sites into account. For the 26 CpGs 

of PDE4C the d-score was significantly higher in all MPN entities as compared to healthy controls 

(Figure 34a). The n-score reflects the absolute difference between neighboring CpG sites and 

thereby indicates the extent of DNAm level changes within the PDE4C amplicons. The n-scores 

were also significantly higher in MPN samples, especially in PMF (Figure 34b). We observed 

similar patterns in the other age-associated CpGs, of FHL2 and CCDC102B (results not shown 

here). Overall, these data demonstrate that age-associated DNAm at neighboring CpGs is 

heterogeneous particularly within the malignant clone. 

a b c 
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Figure 34. DNA methylation variability in MPN. 

a) The DNAm at the neighboring CpGs within the PDE4C amplicon was compared to age-adjusted levels 
in healthy blood samples. The d-score demonstrates clear demarcation of MPN and control samples. b) 
Aberrant DNAm at age-associated CpGs often shows non-coherent DNAm levels at neighboring CpGs. 
This is exemplified by the n-score (Eipel et al., 2019) for the PDE4C amplicon, which is consistently higher 
in MPN as compared to healthy controls. Unpaired t-test was used to assess statistical significance.  

 

3.2.3.2 The single read prediction in single cell derived CFUs of MPN 

Notably, in contrast to the BA-seq DNA methylation patterns observed in the bulk PBMC 

analysis, the individual colonies revealed colony-specific prevalent DNAm patterns in all three 

age-associated regions (Figure 35). This demonstrates that the clonal CFUs capture a specific 

DNAm pattern, which is at least partly conserved during the 14-day expansion towards a colony. 

The DNAm patterns differed between CFU colonies carrying the JAK2 V617F mutation and their 

WT counterparts were evident. It is interesting to observe that even with the gain of DNA 

methylation in mutant clones, the patterns were more organized when compared to bulk PBMC 

samples.  

a b 
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Figure 35. Age-associated DNA methylation is more homogenous in colony forming units. 

Individual colony forming units (CFUs) were analyzed after 14 days (in analogy to Figure 28). a, b) The 
heat maps exemplarily depict frequencies of DNAm patterns within the neighboring CpGs of the FHL2 
amplicon in BA-seq data of a) WT, and b) JAK2 V617F mutated colonies from the same patient. c, d) In 
analogy, we analyzed the amplicons of CCDC102B for c) WT, and d) JAK2 V617F colonies from the same 
patient. In comparison to the corresponding heatmaps of blood (Figure 31) there are consistently more 
prominent patterns in individual colonies, which might reflect the pattern of the initial colony forming unit. 
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3.2.4 Senolytic treatment of MPN blood samples in vitro  

So far, this study has shown that cellular senescence and accelerated cellular aging are 

enhanced in MPN, particularly in the malignant clones. This suggests that senolytic drugs may 

be more effective in targeting these cells, which show accelerated aging and mutation than the 

remaining non-mutant cells. To address this question, we cultured PBMCs for three days with 

nine different drugs that have been suggested to specifically target senescent cells: 

piperlongumine, ABT263, RG7112, nutlin-3a, dasatinib in combination with quercetin (D+Q), 

AMG232, JQ1, and S63845. Furthermore, we tested the telomerase inhibitor BIBR 1532. After 

performing a concentration dependent cell viability assay to determine the IC50 (Figure 36) using 

four MPN samples, with each drug and selecting two concentrations, one below and one above 

the IC50 (indicated as low and high concentration).   

 

Figure 36. Concentration dependent viability upon senolytic drug treatment in MPN. 

To determine the dose range for subsequent analysis of senolytic compounds, PBMCs from MPN patients 
(79, 132, 135, 146 and 147) were cultured for three days in 96-well plates at different concentrations as 
indicated. Each curve represents a patient sample, which was performed in triplicate. Viability was then 
determined using CellTiter Glo assay and median IC50 values were calculated for each drug; ABT263: 
196.9 nM, AMG232: 9.2 µM, BIBR 1532 128.3 µM, dasatinib in combination with quercetin (D+Q): 44.15 
µM, JQ1: 18.6 µM, nutlin-3a: 46.4 µM, piperlongumine: 35.5 µM, RG7112: 26.7 µM, S63845: 5.5 µM.  
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PBMCs of 9 MPN patients with JAK2 V617F mutation were treated using two concentrations of 

each senolytics. After three days, the remaining JAK2 V617F mutation burden was analyzed 

using digital droplet PCR (ddPCR). The ddPCR method revealed a good correlation of JAK2 

V617F allele burden with NGS data in MPN patient samples (R2 = 0.97) and therefore appeared 

to be reliable for further measurements (Figure 37a). Overall, the senolytic drugs had only a 

moderate specific effect on the mutant subsets. Two compounds, JQ1 and piperlongumine 

showed a moderate but significant reduction in JAK2 V617F allele burden. Piperlongumine 

showed an effect only at low concentrations (Figure 37b).  

 

Figure 37. Change in JAK2 V617F allele burden after senolytic treatment in vitro. 

a) Analysis of JAK2 V617F mutation burden with digital droplet PCR versus deep sequencing. The fraction 
of JAK2 V617F mutations was analyzed in PBMCs of 50 MPN patients. b) PBMCs of MPN patients were 
cultured for three days with nine different compounds at either high or low concentration: JQ1 (10µM, 
20µM), S63845 (500nM, 1µM), ABT263 (100nM, 200nM), piperlongumine (10µM, 50µM), dasatinib in 
combination with quercetin (D+Q; 20µM, 50µM), AMG232 (1µM, 10µM), nutlin-3a (10µM, 50µM), BIBR 
1532 (50µM, 100µM), and RG7112 (10µM, 50µM). JAK2 V617F allele burden measured by ddPCR in 
untreated versus treated cells (n = 9; one-sample t-test). This figure was in parts adapted from (Vieri et 
al., 2023). 

 

a 
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Figure 38. Impact on cellular aging after senolytic treatment in vitro. 

a) Epigenetic age changes in treated versus untreated cells (n = 7; measured by pyrosequencing; one-
sample t-test). b) Changes in telomere length in treated versus untreated cells (n = 5; measured by TEL-
PCR; one-way ANOVA). TL in nutlin-3a 10 µM and RG7112 50 µM was not measurable due to a low 
concentration of DNA in the samples. This figure was adapted from (Vieri et al., 2023). 

 

In analogy, we analyzed if the treatment would have an impact on epigenetic age predictions (n 

= 7 for each compound; supported by Matthis Schnitker). Our results showed a moderate, non-

significant reduction in epigenetic age predictions for both RG7112 and piperlongumine (Figure 

38a), which may be due to depletion of clonal cells with premature epigenetic age. Furthermore, 

we measured TL with TEL-PCR (n = 5 for each compound; performed by Margherita Vieri). A 

significant increase in telomere length was again observed with JQ1, piperlongumine and nutlin-

3a (Figure 38b). These results indicate that at least JQ1 and piperlongumine might have a 

selective effect on malignant cells with accelerated cellular aging. Overall, our results suggest 

that cellular aging is accelerated in malignant MPN clones, and this may provide a target for 

treatment with senolytic drugs. 
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3.2.5 Mouse models associated with MPN  

3.2.5.1 Epigenetic age acceleration in JAK2 V617F mouse model  

Epigenetic age prediction was analysed in vav-cre driven Jak2 V617F transgenic mice after 

development of an MPN-like phenotype using unfractionated bone marrow cells (Figure 39a). 

The Jak2 V617F mutant mice (n = 4) exhibited a significant acceleration of epigenetic age 

compared to WT Jak2 (n = 9; Figure 39b, p = 0.02). TL did not differ between Jak2 WT and Jak2 

V617F (Figure 39c), which may be due to differential telomerase expression and TL regulation 

in mice compared to humans (Calado & Dumitriu, 2013; Tharmapalan & Wagner, 2024). 

 

Figure 39. Mouse model to investigate the effect of Jak2 V617F mutation on cellular aging. 

a) Epigenetic age in bone marrow derived cells from WT mice (grey) and Jak2 V617F mice (red) is plotted 
against their chronological age. b) The epigenetic age deviation was compared between both groups. 
Unpaired Welch’s t-test was performed for statistical analysis. c) Telomere length of WT versus Jak2 
V617F mice. This figure was in parts adapted from (Vieri et al., 2023). 

 

a 
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3.2.5.2 Epigenetic age acceleration in CML mouse model  

Chronic myeloid leukemia (CML), a Philadelphia-chromosome positive MPN, causes the fusion 

of the breakpoint cluster region (BCR) and the gene that encodes for the tyrosine kinase 

(Abelson murine leukemia; ABL), resulting in a gene encoding the BCR-ABL oncoprotein, which 

is associated with different types of leukemia (Koschmieder et al., 2005). Bone marrow cells 

from WT (n = 6) and diseased (n = 6) FVB\N SCLtTA/ Bcr-Abl mice were used to predict 

epigenetic age. The mean age prediction for WT is 43.9 weeks and for the mutant is 44.6 weeks, 

and the epigenetic age deviation is slightly higher for the disease phenotype but not significant 

(WT = 10.7 weeks, mutant = 12.4 weeks; Figure 40b). The age prediction measurements were 

supported by Juan Perez-Correa. 

Figure 40. Epigenetic age changes in CML mouse model. 

a) Epigenetic age in bone marrow derived cells from WT mice (grey) and CML mice (blue) is plotted 
against their chronological age. b) The epigenetic age deviation was compared between both groups. 
Unpaired Welch’s t-test was performed for statistical analysis, no statistical significance.  

 

3.2.5.3 Epigenetic age acceleration in PDGFRB mouse model  

Platelet-derived growth factor receptor beta (PDGFRB) is a tyrosine kinase receptor that 

activates the signaling pathway involved in cell growth and differentiation. Chromosomal 

rearrangement of PDGFRB is associated with hematologic malignancies, including MPN with 

eosinophilia (Di Giacomo et al., 2022). The Cre+ and +/d mouse models express the mutant 

form of Pdgfrb, specifically in the HSC. Cre- mice do not express the mutant Pdgfrb and serve 

as a non-transgenic control. Similarly, Cre+ and +/+ mice represent the WT with normal Pdgfrb 

expression. Peripheral blood samples were collected from fifty-three WT mice and nine mice 

expressing Pdgfrb, which were subsequently measured for epigenetic age prediction. The 

b a 
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mutant mice showed an acceleration of epigenetic age compared to the control mice (Figure 

41c). 

 

Figure 41. Epigenetic age changes in Pdgfrb mouse model. 

a) Epigenetic age in blood cells from WT mice (cre- & +/+ in grey, cre+ & +/+ in green, cre- & +/d in blue) 
and mutant for Pdgfrb mice (cre+ & +/- in orange) is plotted against their chronological age. b) The 
epigenetic age deviation was compared between all the groups and c) in both groups of mutant and non-
mutant mice. One outlier has been removed from each group and an unpaired Welch’s t-test was 
performed for statistical analysis.  

 

Overall, all disease mouse models showed a tendency towards accelerated epigenetic aging. It 

is remarkable to observe this difference even within a few samples with different mutations, 

indicating that age associated DNAm patterns may be a relevant aspect in the pathophysiology 

of MPN.  

c b 
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3.3 DNA methylation changes in MPN with JAK2 V617F mutation  

There is clear evidence that MPN is associated with aberrant DNA methylations. However, the 

specific causes of these epigenetic modifications remain unclear. To understand the impact of 

driver mutations such as JAK2 V617F on DNA methylation changes, we aimed to systematically 

analyze DNA methylation profiles in a patient-derived iPSC model. To this end, we used iPSC-

derived cells from PV patients with the JAK2 mutation and directed their differentiation towards 

hematopoietic progenitor cells. 

3.3.1 JAK2 V617F iPSC differentiated towards to hematopoietic differentiated cells 

We used previously established syngeneic induced pluripotent stem cell (iPSC) models from the 

group of Prof. Martin Zenke (Flosdorf et al., 2024; Satoh et al., 2021). Corresponding iPSC lines 

were generated from three PV patients with wild type (WT) JAK2, heterozygous (het), and 

homozygous (hom) JAK2 V617F mutations. Embryonic bodies (EB) were generated from the 

iPSCs by self-organization using microcontact printing (Elsafi Mabrouk et al., 2022).  

 

Figure 42. Embryonic body formation of iPSC derived cells. 

Exemplary microscopy images of EB generation from all three genotypes: WT, heterozygous (het) JAK2 
mutant, and homozygous (hom) JAK2 mutant. No clear differences between the clones were observed. 

 

There were no prominent differences in the morphology of the WT and malignant clones in the 

EB generation (Figure 42). Some clones required a longer period of time to detach from the cell 

culture plate than others, but this was not exclusive to a specific mutation type. The EBs from 

PV1 homozygous clone were more dissociated during self-detachment, even when the 
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experiment was repeated, so we ended up with a lower total number of EBs for this specific 

clone.  

 

Generated EBs were collected and cultured for 16 days in a gelatine coated plate for 

hematopoietic cell differentiation. During this period, the endothelial-like morphology observed 

showed adherence to the plate surface. Additionally, non-adherent cells with a rounded nucleus 

HSC progenitor phenotype were observed on the cell monolayer. The morphological 

characteristics of the hemogenic endothelial niche-derived hematopoietic stem cells exhibited a 

more pronounced phenotype in malignant clones, with patient 2 displaying a particularly 

distinctive cobblestone-like structure (Figure 43b). Furthermore, the number of cells produced 

per well on day 16 was found to be higher in mutant clones compared to wild-type clones (data 

not shown).  

 

Figure 43. Hematopoietic differentiated cells from EBs. 

a) Exemplary microscopic image of one patient derived hematopoietic differentiated cells (iHPCs) from 
JAK2 V617F het clone during different days of differentiation. b) Exemplary microscopic image of one 
patient derived hematopoietic differentiated cells (iHPCs) at day 16 from all three genotypes: WT, het 
JAK2 V617F mutant and hom JAK2 V617F mutant. The hematopoietic stem cells emerged from the 
hemogenic endothelium niche which formed a typical cobblestone structure (yellow arrows). 

 

3.3.2 Erythroid bias in hematopoietic derived JAK2 V617F iPSC cells 

The iPSCs derived hematopoietic stem and progenitor cells (iHPCs) were collected after 16 days 

of differentiation and subsequently analyzed for the expression of specific surface markers in 

order to identify the influence of the mutation on the cell lineages. The mutant iHPCs showed an 

increase in most hematopoietic markers compared to WT cells, including endothelial marker 

b 
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CD31, myelomonocytic marker CD33, megakaryocyte marker CD61, erythrocyte marker 

CD235a, and common leukocyte marker CD45. In contrast, the early hematopoietic progenitor 

markers such as CD34 and CD117 (c-kit) were not altered (Figure 44a). This difference was 

further exemplified in a CFU assay, where mutant clones exhibited a bias for erythrocyte and 

macrophage, and a higher number of CFU colonies compared to the WT cells (Figure 44b). 

These clones have been previously used in other studies and have been shown to recapitulate 

the pathognomonic bias toward megakaryocytic and erythroid differentiation of MPN patients 

(Flosdorf et al., 2024), consistent with our findings.  

 

 

 Figure 44. Myeloid bias in the mutant clones derived from hematopoietic differentiated cells.  

a) Flow cytometric analysis of hematopoietic surface markers on harvested iHPCs at day 16 of 
differentiation (n = 3 for each genotype). b) Number of colonies counted for individual colony types after 
14 days of colony forming unit (CFU) assays for patient 1 (n = 1) and patient 2 (n = 1) derived iHPCs. 
CFU-E = CFU erythrocyte; BFU-E = CFU burst forming unit erythrocyte; CFU-M = CFU macrophage; 
CFU-G = CFU granulocyte; CFU-GM = CFU granulocyte, macrophage; CFU-GEMM = CFU granulocyte, 
erythrocyte, macrophage, megakaryocyte. JAK2 WT (grey), JAK2 V617F het (pink), and JAK2 V617F 
hom (red). 

 

We then analyzed the DNAm profiles of all nine iPSCs and their iHPCs after 16 days of 

differentiation using the Illumina Infinium MethylationEPIC BeadChip. To validate the successful 

hematopoietic differentiation of iPSCs, the iPSCs and iHPCs were compared. iPSCs are 

characterized by the expression of pluripotency, for this purpose we utilized two epigenetic 

signatures such as the Epi-Pluri-Score (Lenz et al., 2015) and the Pluripotency Score (Schmidt 

et al., 2023).  
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All iPSCs maintained pluripotency by overlapping with a dataset of other pluripotent cell lines, 

while iHPCs overall matched the dataset of somatic cell lines (Figure 45a). In addition, the 

pluripotency score was significantly decreased in iHPCs compared to iPSCs (Figure 45b). The 

characterization of the three germ layers towards endoderm, ectoderm, and mesoderm markers 

was deconvoluted using germ layer specific methylation. As expected, iPSCs did not reveal any 

germ layer specific markers and while iHPCs exhibited mainly the mesoderm markers, they also 

exhibited other lineages. Furthermore, we observed differences in germ layer markers between 

the clones (Figure 45c).  
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Figure 45. Pluripotency markers of iPSCs and iHPCs by DNA methylation predictions. 

iPSCs and iHPCs were compared for a) Epi-pluri score: which analyzed DNA-methylation at three specific 
CpG sites. One of these CpGs was localized within the pluripotency-associated gene POU5F1 (also 
known as OCT4). Furthermore, the difference in DNAm levels (β-values) of CpGs in ANKRD46 and 
C14orf115 was determined and combined as Epi-Pluri-Score. The red and blue clouds refer to DNAm 
profiles (all Illumina HumanMethylation27 BeadChip platform) of 264 pluripotent and 1,951 non-pluripotent 
cell preparations, respectively, b) Pluripotency score: DNA-methylation was analyzed at three specific 
CpG sites. The first CpG is associated with palladin (PALLD, cg00661673), the second with no specific 
gene (cg21699252) and the third with MYCN opposite strand (MYCNOS, cg21699252) to predict a score, 
and c) Germ layer tracker: where the differentiation scores were calculated separately for every CpG and 
represent the difference to the mean methylation values of reference stem cells (Schmidt et al., 2023). d) 
DNA methylation profiles of WT iPSCs and iHPCs were compared to identify differentially expressed 
CpGs. The numbers indicate the difference in mean methylation of the cut-off 0.2 in grey and those that 
are significant in color, with blue indicating hypomethylation and red indicating hypermethylation. e) Gene 
ontology term analysis of the top statistically significant CpGs that were differentially methylated in both 
hypo- and hypermethylated genes when comparing WT iHPCs with iPSCs. Biological process terms were 
considered, and terms with a false discovery rate (FDR) of less than 0.05 were analyzed using the R 
package missMethyl. Gene ratio is defined as the number of differentially expressed genes (DE genes) 
divided by the total number of genes in the set. DE is the number of differentially methylated genes. P.DE 
is the p-value for overrepresentation of the GO term. This figure was in parts adapted from (Flosdorf et 
al., 2024). 

 

To gain a better understanding of the epigenetic changes that occur during the differentiation to 

iHPCs in WT, we performed differential DNA methylation analysis with at least a 20 % difference 

in mean methylation and p-values < 0.05. Comparison of iHPCs with iPSCs resulted in 3,201 

hypermethylated and 25,507 hypomethylated significant CpGs (Figure 45d). Gene ontology 

(GO) analysis of these differentially methylated CpGs showed enrichment of genes associated 

with the development of anatomical structures, including blood vessels, circulatory systems, and 

vasculature, as well as cell communication, signal transduction, and cell migration (Figure 45e). 

This finding is consistent with the endothelial to hematopoietic transition observed during the 3D 

iPSC hematopoietic differentiation model (Ackermann et al., 2021).  

 

3.3.3 DNA methylation changes in iPSC with JAK2 V617F 

It is known that specific CpG sites gain or lose DNA methylation due to genetic mutations that 

result in aberrant methylation patterns, a hallmark of cancer (Chen et al., 2017; Esteller, 2005). 

Therefore, we wanted to see if reprogramming PV cells into iPSCs could potentially reverse 

these mutation-specific changes in the DNA methylation landscape. To this end, we analyzed 

the multidimensional scaling plots (MDS plot) of the 10,000 most variable CpG sites and found 

that the iPSCs tended to cluster based on donor rather than mutation genotype (Figure 46a). 

This indicates that the iPSCs were still able to capture patient-specific differences. Upon 

analyzing the mean differentially methylated regions between the WT and mutant iPSCs, no 

significant CpGs were found and very few differentially methylated sites were present with more 

than 20 % mean differential methylation (Figure 46b-d). This suggests that both WT and mutant 

iPSCs show similar patterns of DNA methylation changes and leads to the interpretation that 

mutation specific methylation changes could be reversed in these clones. 
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Figure 46. Differentially methylated regions in iPSCs. 

a) MDS plot with top 10,000 variables in the iPSC samples alone show differences between the clones. 
Scatter plot of the mean methylation beta values from b) wild type (WT) iPSCs and JAK2 V617F 
heterozygous iPSCs, c) WT iPSCs vs. JAK2 V617F homozygous iPSCs and d) JAK2 V617F heterozygous 
versus homozygous iPSCs are shown. The numbers indicate the difference in mean methylation with a 
cut-off of 0.2 in grey, at which no CpGs exhibited statistical significance. 

 

3.3.4 DNA methylation changes in hematopoietic cell with JAK2 V617F 

The DNA methylation profiles of iHPCs from WT and mutant clones were compared in order to 

explore the potential contribution of residual epigenetic memory to the reacquisition of the MPN 

phenotypic and pathological changes in the differentiated cells. The top 10,000 variable CpG 

sites were plotted for multidimensional scaling, showed that the iHPCs cluster based on their 

mutation genotype rather than the donors (Figure 47a), in contrast to what was observed in 

iPSCs. There were outliers among the 9 clones, such as homozygous iHPCs from patient 3 and 

WT iHPCs from patient 1. Upon analyzing the mean differentially methylated regions between 

the WT and mutant iHPCs, no significant CpGs were found (Figure 47b-c). Nevertheless, the 

distribution of the CpGs among the plots (Figure 47b and c) showed that the CpGs were more 

clustered around the upper right region, suggesting a higher methylation level in WT iHPCs, 

while the heterozygous and homozygous iHPCs consistently showed lower methylation levels. 

The mutant iHPCs exhibited a higher number of hypomethylated CpGs compared to WT, with 

6,006 CpGs in heterozygous and 4,612 CpGs in homozygous iHPCs, as well as 3,564 CpGs 

a 

b c d 
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shared between both groups. This suggests that certain regions in WT might be associated with 

gene silencing or regulation due to its hypermethylation, while mutant cells might be 

transcriptionally active or accessible in those regions due to hypomethylation. Notably, no 

differences were observed between heterozygous and homozygous iHPCs (Figure 47d). The 

GO term analysis of the common 3,564 hypomethylated CpGs among heterozygous vs. WT and 

homozygous vs. WT iHPCs showed an enrichment of genes that were associated with immune 

system activation, immune response, and cytokine production (Figure 47e). This observation 

was consistent when considering each individual mutant genotype alone compared to WT iHPCs 

(Supplemental Figure S5). In contrast, the common 1189 hypermethylated CpGs among 

heterozygous vs. WT and homozygous vs. WT iHPCs showed no GO term associated genes 

with FDR less than 0.1.  

 

Figure 47. Differentially methylated regions in iHPCs. 

a) MDS plot with top 10,000 variables in the iHPCs samples show differences between genotypes rather 
than between patients. Furthermore, mean methylation values of CpGs when compared between b) wild 
type (WT) iHPCs vs. JAK2 V617F heterozygous iHPCs, c) WT iHPCs vs. JAK2 V617F homozygous 
iHPCs, and d) JAK2 V617F heterozygous vs. homozygous iHPCs are shown. The numbers in grey 
indicate the difference in mean methylation at a cut off of 0.2, at which no CpGs exhibited statistical 
significance. e) GO term analysis of the top hypomethylated 3564 CpGs that are common between 
heterozygous and homozygous iHPCs compared to WT iHPCs. Biological process terms were 
considered, and terms with a false discovery rate (FDR) of less than 0.1 were analyzed using the R 
package missMethyl. GeneRatio is defined as the number of differentially expressed genes (DE genes) 
divided by the total number of genes in the set. DE is the number of differentially methylated genes. P.DE 
is the p-value for overrepresentation of the GO term. 
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We assume that the small sample size (n = 3 per genotype) and the presence of outliers (Figure 

34a) did not lead to statistical significance in the data of mean methylation differences between 

WT and mutant iHPCs. Therefore, to explore beyond mean methylation, we performed a 

comparison between each patient’s mutant iHPCs and their respective WT iHPCs individually. 

A subsequent analysis focused on the CpGs that consistently showed differential methylation 

patterns, either an increase or decrease, across all patients. In order to capture even small 

differences, a 10 % of methylation change threshold was used. A total of 6,733 and 1,552 CpG 

sites were identified as 10 % hypomethylated and hypermethylated respectively in the 

heterozygous iHPCs compared to WT across all patients (Figure 48a and c). Similarly, 189 and 

165 CpGs were 10 % hypomethylated and hypermethylated respectively in homozygous iHPCs 

compared to WT (Figure 48b). The higher overlap of CpGs in the heterozygous iHPCs clones 

could be due to the fact that all three heterozygous iHPCs were clustered together in the MDS 

plot, whereas this is not the case for the homozygous clones. Overall, 34 CpGs were commonly 

hypomethylated in both heterozygous and homozygous iHPCs compared to WT. Similarly, 35 

CpGs that were commonly hypermethylated in both the heterozygous and homozygous iHPCs 

compared to WT. Interestingly, the hypermethylated CpGs in the heterozygous clones were not 

hypomethylated in the homozygous clones, and vice versa, when using the 10 % cut off.  

 

The genomic positions of these shared hyper and hypomethylated CpGs among patients 

showed that the hypermethylated regions were highly significantly enriched in gene bodies, 

intergenic regions as well as open sea for both heterozygous and homozygous mutant clones. 

While hypomethylated CpGs were prominently enriched in the upstream promoter-regions 

(TSS1500 and TSS200) for the heterozygous mutant clones. Furthermore, it was enriched in 

CpG islands and the region of 2 kb flanking regions of CpG islands which are termed shore 

regions, and which were strongly related to gene expression. Whereas hypomethylated CpGs 

of homozygous mutant clones showed comparatively moderate enrichment in the 5′ untranslated 

regions (UTRs), gene bodies and intergenic regions (Figure 48e and f). This suggests that the 

mutant specific hypomethylated CpGs were located in the gene transcription sites, potentially 

leading to disease specific alterations. Gene ontology analysis of these differently methylated 

regions showed that the hypomethylated regions were associated with inflammatory responses 

including the production of FasL and the hypermethylated regions were associated with 

angiogenesis (Supplemental Figure S6).  
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Figure 48. The common CpGs between JAK V617F heterozygous and homozygous clones 
compared to WT iHPCs. 

Venn diagrams show the overlap of the number of CpGs that are commonly hypomethylated across all 
patient samples when compared to a) heterozygous vs. WT iHPCs and b) homozygous vs. WT iHPCs. 
Similarly, the number of CpGs that are commonly hypermethylated across all patient samples when 
compared to c) heterozygous vs. WT iHPCs and d) homozygous vs. WT iHPCs is shown. The methylation 
β-value cut off was set at < -0.1. e) Enrichment of hypomethylated CpG sites in heterozygous (from a) and 
homozygous clones (from b) in different genomic regions and different locations relative to CpG islands. 
f) Enrichment of hypermethylated CpG sites in heterozygous (from c) and homozygous clones (from d) in 
different genomic regions and different locations relative to CpG islands. Hypergeometric distribution: * 
represents P < 0.05, # represents p < 10-10, ₳ represents p < 10-20, and $ represents p < 10-100. 

 

In addition, we looked at the epigenetic aging of these cells, based on our study we expected 

that the mutant cells would exhibit an increased age compared to the WT cells. However, we 

observed a slight tendency for age increase towards the mutant cells with hematopoietic 

differentiation, but not in the iPSCs (Figure 49). These predictions were overall close to 0 years, 

as generally observed upon reprogramming. It is important to note that these clocks developed 

by Horvath for whole blood and pan tissue clocks were not specifically trained for iPSCs and 

their differentiated cells.  
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Figure 49. Epigenetic age prediction of iPSCs and their iHPCs. 

Epigenetic age prediction was performed on iPSCs and iHPCs of WT, heterozygous and homozygous 
clones for the JAK2 V617F mutation using the a) Horvath clock trained based on 336 CpGs in blood and 
the b) Horvath skin and blood clock trained on 391 CpGs in pan tissues. This figure was adapted from 
(Vieri et al., 2023). 

 

3.3.5 Comparison of patient samples with JAK2 V617F mutation to the iHPCs with 

JAK2 V617F mutation   

To better understand if the DNA methylation changes observed in JAK2 V617F mutant iHPCs 

are comparable to those observed in MPN patients with the same JAK2 V617F mutation, we 

analyzed PBMCs from 10 PMF patients carrying JAK2 V617F mutations and 10 age matched 

healthy controls. The patient raw data was analyzed by Esra Dursun Torlak using a similar 

normalization method performed for iHPCs and iPSCs data. PMF patients showed 2198 

hypermethylated CpGs and 5322 hypomethylated CpGs with more than 20 % differentially 

methylated and a p-value less than 0.05, in comparison to healthy controls (Supplemental Figure 

S7), after filtering out for the similar CpG sites in all the datasets including JAK2 patient, iHPCs, 

and iPSCs. These differentially methylated CpGs were further compared for the analysis of the 

mean methylation values in the iHPCs, where a pronounced hypomethylation was observed in 

the iHPCs of both heterozygous and homozygous clones in comparison to WT, but this was not 

prominent in hypermethylated regions (Figure 50a-b). However, these patient specific CpGs 

showed rather small changes in iPSCs, and they were not specific to hyper or hypomethylated 

regions (Figure 50c-d). Altogether, the hypomethylated DNA patterns observed in JAK2 mutant 

patients are moderately recapitulated in the iHPCs, but not in iPSCs, as expected. 
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Figure 50. Average methylation difference between JAK2 V617F iHPCs with PMF patients 
harboring JAK2 V617F mutation. 

CpGs that show a significant difference in mean DNA methylation for hyper- and hypomethylated CpGs 
between JAK2 V617F PMF and healthy control are compared to see if the methylation changes follow a 
similar pattern in iHPCs from a) JAK2 V617F heterozygous compared to their WT controls and for b) JAK2 
V617F homozygous vs. WT iHPCs. Similarly, in iPSCs from c) heterozygous vs. WT and d) homozygous 
clones compared to their WT controls. One-way ANOVA was performed to assess statistical significance; 
** represents P ≤0.01, *** represents P ≤0.001, and **** represents P ≤0.0001.  

 

Furthermore, we compared the significantly differentially methylated CpGs in patient samples to 

iHPCs with JAK2 V617F mutation and identified that they share a significant number of 

hypomethylated CpGs. Specifically, heterozygous iHPCs showed 328 hypomethylated CpGs 

and homozygous iHPCs showed 323 hypomethylated CpGs compared to their WT control. 

Notably, both heterozygous and homozygous iHPCs shared 243 hypomethylated CpGs out of a 

total of 408 CpGs. In contrast, only a few shared hypermethylated CpGs were observed between 

mutant iHPCs and PMF samples (Figure 51a-b). Consistent with the previous results, iPSCs 

showed a very low number of shared differentially methylated CpGs compared to PMF patient 

samples and their respective WT controls (Figure 51c-d). 

a b 
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Figure 51. DNA methylation changes of JAK2 V617F iHPCs and iPSCs compared to PMF patients 
harboring JAK2 V617F mutation. 

Comparison of significantly differentially methylated CpGs between JAK2 patient and healthy control with 
a) heterozygous iHPCs vs. WT iHPCs, b) homozygous iHPCs vs. WT iHPCs, c) heterozygous iPSCs vs. 
WT iPSCs, and d) homozygous iPSCs vs. WT iPSCs. Blue - hypomethylated regions, red - 
hypermethylated CpGs shared by both groups and the other CpGs that do not belong to these groups are 
shown in grey. Venn diagram represents the common CpGs between het vs. WT and hom vs. WT for 
hypomethylation and hypermethylation independently. Blue - hypomethylated regions and red - 
hypermethylated CpGs. e) Gene ontology analysis of all hypomethylated 408 CpGs shared between JAK2 
patient vs. healthy and JAK2 mutant iHPCs vs. WT iHPCs. Biological process terms were considered and 
were analyzed using the R package missMethyl. GeneRatio is defined as the number of differentially 
expressed genes (DE genes) divided by the total number of genes in the set. DE is the number of 
differentially methylated genes. P.DE is the p-value for overrepresentation of the GO term. f) The mean 
methylation values for CpGs within the genomic location of JAK2 gene are shown for JAK2 V617F patient 
samples, healthy control, and JAK2 V617F iHPCs and iPSCs.  

 

Gene ontology analysis of these commonly hypomethylated CpGs showed that they were 

enriched in genes associated with platelet activation, blood coagulation and megakaryopoiesis 

(Figure 51e). This suggests that mutant iHPCs partially recapitulate the epigenetic changes 

observed in PMF patients with the JAK2 V617F mutation, particularly in the hypomethylated 

regions. Nevertheless, no significant methylation changes were observed in the JAK2 gene locus 

when comparing the JAK2 mutant cells with the WT controls (Figure 51f).  

 

In conclusion, the JAK2 V617F iPSC derived hematopoietic differentiated cells showed 

erythrocyte bias and served as a suitable model for studying the JAK2 mutation. However, no 

significant alterations in DNAm levels were observed when WT and mutant iHPC clones were 

compared. The hypomethylated CpGs among the iHPCs and PMF populations indicate that 

methylation changes do not evoke significant mutation associated epigenetic modifications, but 

rather contribute to play a role in the activation and regulation of the immune system and to some 

extent in cell lineage differentiation.  
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4. Discussion 

4.1 Tackling healthy aging and increasing longevity  

4.1.1 Cellular aging biomarkers in healthy adults 

Unravelling the complex biological processes underlying cellular aging is crucial to successfully 

tackle age related diseases. Although there is no single gold standard for biological aging, in this 

thesis we compared several cellular aging factors, including epigenetic age and cellular 

senescence between young and old healthy blood cells. Since the first described epigenetic age 

predictors in 2011, numerous generations of clocks have been developed for various 

applications, including forensics and for particular diseases, providing information on health or 

disease state (Bell et al., 2019; Koch & Wagner, 2011). However, most of these clocks were 

based on many CpGs with the use of bead chip arrays, but use of new target assays with few 

CpGs are cost-effective, easier applicable and less labor intense (Han et al., 2020).  To this end, 

we used three age-associated CpGs to predict epigenetic age in blood, selected from the 9 CpG 

model from a previous work (Han et al., 2020). These CpGs showed highest correlation with 

age, with two CpGs, in the region of FHL2 and PDE4C which become hypermethylated and one 

CpG in CCDC102B which becomes hypomethylated upon aging. Our results show that the new 

targeted 3 CpG method can be used to predict the epigenetic age with less deviation. Yet, a few 

outliers were observed, which could be due to the fact that the CpGs in the model only 

considered a linear correlation with the chronological age, whereby age-related changes could 

also be accelerated in either early or late adulthood (Kananen et al., 2016). A longitudinal study 

of over a 12 year follow up period of young adults showed that the increase in biological age can 

be effectively predicted by lower physical performance and cognitive decline (Belsky et al., 

2015). This underscores the importance of refining prediction models to include CpGs that 

correlate not only with chronological age but also with deviations in age-related changes (Bell et 

al., 2019). Recent advances have been employed to model the dynamic changes in methylation 

with the pseudotime trajectory and epigenetic state based on the similarities between the 

samples rather than chronological age. This model showed an association between the age 

associated molecular changes and mortality risk (Lapborisuth et al., 2022), highlighting the 

potential for more improved models to provide deeper insights into the aging process.    

 

Age associated DNAm changes are studied using many technologies, including Illumina bead 

chip array, whole genome bisulfite sequencing to targeted assays using pyrosequencing, and 

ddPCR. Most of these are from bulk cells which only gives an overall methylation value between 

0 to 1 or 0 to 100 %. This hides the changes in individual single cell or single DNA strand 

information. To better understand this heterogeneity, we used barcode amplicon sequencing. 
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This is a high-resolution method, which we used to obtain not only mean methylation values but 

also measure methylation levels in the neighboring CpGs on a single cell level from individual 

DNA strands of the target region in a window frame of about 250 bp. Using this method allowed 

us to predict the age for each single strand DNA as described before (Han et al., 2020). When 

examining the DNAm patterns of healthy individuals across distinct age groups, we observed 

that the DNAm patterns of specific age-related regions showed increased diversity of regional 

stochastic patterns with age (Figure 14). A recent study showed a nonlinear change in 

heterogeneity, indicating that the global heterogeneity occurs most rapidly in youth and slows 

down by old age (Karetnikov et al., 2024). This led us to question why DNA methylation in cells 

becomes more heterogeneous with age. One hypothesis is the phenomenon known as 

epigenetic drift. During aging, the majority of CpG islands that are initially not methylated gain 

methylation with time and regions with CpG sites that are initially heavily methylated lose 

methylation due to the disruption in the DNA methylation pattern (Issa, 2014; Teschendorff et 

al., 2013). In our study, we investigated this phenomenon by measuring the n-score between 

neighboring CpGs, which shows the increasing disorder of methylation with age. Other studies 

have shown that Jensen-Shannon entropy can be used to understand the heterogeneity. The 

increase in entropy of a CpG means that the methylation state is less predictable, and extreme 

methylome entropy showed a correlation with accelerated age (Hannum et al., 2013). Recent 

studies have shown that changes in epiallele distribution are responsible for the correlation 

between increased entropy and aging. As stem cell replication is the primary driver of 

methylation changes with age in adult tissues, this is exclusively an aging phenomenon that can 

be seen across different tissues (Vaidya et al., 2023). Further methods to analyze single DNA 

strand methylation are important in future to study if these DNAm patterns correlate with stem 

cell replication errors.  

 

While cellular aging and senescence are not identical, the two processes are clearly interlinked 

(Wagner, 2019). To further exemplify, we compared old and young PBMC cells for senescence 

marker C12FDG, a β-galactosidase fluorescent substrate. We saw a trend towards high number 

of senescent cells in adults with progressing age in both PBMCs and lymphocytes (Figure 20). 

Similarly, a recent study has shown that the percentage of circulating C12FDG positive PBMCs 

is associated with the increase in age and serum biomarkers associated with senescence 

(Hambright et al., 2024). The increase in accumulation of senescent cells with age has been 

linked to metabolically activity, as these cells secrete senescence-associated secretory 

phenotype (SASP) factors leading to tissue disruption, fibrosis and inflammation (Ellison-

Hughes, 2020). Senescent cells not only cause functional decline but also through their 

paracrine activities and long-term persistence, lead to the death of neighboring healthy cells 

(Overholtzer, 2019). There are substantial challenges in detecting senescent cells due to the 

lack of a specific marker which can be applied to a large variety of cell types and senescence 
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types (Suryadevara et al., 2024). Measuring the state of cellular senescence with either a single 

marker or at a single point in time can lead to incorrect conclusions. For example, increased 

senescence associated beta-galactosidase (SA-β-gal) staining may reflect a continuous 

increase of lysosomal mass and autophagic flux, which may also detect quiescent cells with 

reversible growth arrest (Ashraf et al., 2023). Recently, a machine-learning algorithms that take 

advantage of nuclear changes associated with senescence have been developed to quantify 

senescent cells (Duran et al., 2024). In addition, multiplexed cellular profiling with mass 

cytometry has shown promise in identifying senescent cells at single cell resolution by p16+ 

Ki67-BCL-2+ cells (Doolittle et al., 2023). Combination of makers, such as DNA methylation age 

and the apoptosis marker CD95 have also been proposed as a useful markers to study 

senescence in some PBMC subsets, including T, B and NK cells (Owen et al., 2023).  

 

Blood cell composition undergoes changes as individuals age. Specifically, in mice it is shown 

that with age there is a bias between myeloid and lymphoid compartment (Pang et al., 2011; 

Tharmapalan & Wagner, 2024). Also, studies have shown that certain blood subtypes such as 

T cells (Jaffe & Irizarry, 2014), B cells (Frasca et al., 2011) decrease with age, while other cells 

as NK cells increase (Hazeldine & Lord, 2013). Our results are consistent with these findings 

(Figure 22a), although it should be noted that only a small number of samples were used in this 

study. In addition, analyzing of the different subsets within the T, B, and NK cells would be 

beneficial. Studies have shown that aging results in a decrease in the proliferation of T and B 

cells, whereas there is a decrease in naïve lymphocytes and an increase in memory cells 

(Nikolich-Zugich, 2018). One reason for that could be that the cells of adaptive immunity undergo 

dynamic epigenetic modification as they develop and during several immune responses. These 

accumulated alterations in DNA methylation have been hypothesized to initiate the oncogenic 

events in these immune cells (Kondilis-Mangum & Wade, 2013). Similarly, the function of NK 

cells changes with age, with an increase in the CD56dim cell population and a decrease in the 

CD56bright cells. CD56bright cells are potent cytokine producers, while the CD56dim NK cells 

are the predominant subset in the blood and are efficient effectors in immune response (Gounder 

et al., 2018). Further, the percentage of senescent cells in different blood subtypes are 

necessary, as some studies have shown that the accumulation of senescent cells during aging 

in mice is associated with an age-related decline in immune system capability (Ovadya et al., 

2018). A recent SenMayo study explored changes in RNA expression profile associated with 

SASP related genes using bone marrow samples, which showed a bias of senescence towards 

monocyte and macrophage (Saul et al., 2022). Also, an increase number of senescent cells has 

been observed in PBMC sample of patients with amnestic mild cognitive impairment and 

Alzheimer’s disease and associated with disease progression (Salech et al., 2022). Furthermore, 

the age range for defining young and old may also be an important aspect to consider. A recent 

study of plasma proteins across different age groups has shown that the proteins associated 
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with aging differ between men and women. Furthermore, when using a non-linear model to 

quantify the proteomic changes, three distinct main clusters were identified at the ages of 34, 

60, and 78 (Lehallier et al., 2019). By underlying the age associated discrepancies in blood 

compositions, it may be foreseeable in the future to detect bias in the stem cell hierarchy and 

predict the perturbations in stem cell fate decisions that could eventually lead to a disease.  

4.1.2 Senolytic compounds reduce epigenetic age and senescence markers 

There have been several studies which utilized different methods to increase longevity in human 

and mice. Studies on mice with heterochronic parabiosis model showed that the systematic 

administration of plasma transfusions from young mice can rejuvenate aged mice by improving 

cognitive function and tissue regeneration (Villeda et al., 2014). Another significant discovery of 

the mTOR inhibitor rapamycin in 2009, which has been shown to extend the life span of mice, 

has opened up new opportunities to maximize the lifespan of humans (Harrison et al., 2009; 

Selvarani et al., 2021). In recent years, senolytic has emerged as a promising approach to 

eliminate senescent cells. A very small percentage of senescent cells is already enough to cause 

physical dysfunction in mice (Xu et al., 2018). The removal of senescent cells by the senolytic 

drug ABT263 has been shown to rejuvenate aged tissue stem cells in mice (Chang et al., 2016). 

Preclinical studies in mice and clinical studies in human showed that senolytics help to eliminate 

senescent cells and improve age related conditions and chronic diseases (Kirkland & Tchkonia, 

2020; Rad & Grillari, 2024). In most clinical cancer trials, senolytics are used as a combination 

therapy that helps to counteract drug resistant cells. Most of the in vitro studies performed so far 

are based on modelling the senescence system by artificially inducing DNA damage through 

radiation or inflammatory cytokines to show that senolytics have the potential to eliminate these 

cells (Veronesi et al., 2023). There is a lack of studies to quantify and understand the senolytics 

treatment in primary blood samples and especially in the healthy aging humans. Therefore, we 

hypothesized that targeting these cells with senolytic drugs may have the potential to reduce 

epigenetic aging and other senescence associated markers. 

 

For this purpose, we focused on nine senolytics drugs that have already been shown in other 

studies to target senescent cells and that were also chosen based on different mechanism of 

action that led the cells to apoptosis (as described in section 1.3.3.1). Our findings validate the 

accumulation of moderately higher senescence in old adults than in young adults and it can be 

specifically targeted by senolytics. Interestingly, we observed clearance of C12FDG positive 

senescent cells with some drugs and in particular a significant decrease with RG7112, nutlin-3a 

and JQ1 (Figure 20b). However, these results were independent of the age of the sample. 

Subsequently, the gene expression of CDKN2A (p16INK4a) showed a clear decrease upon 

treatment with all four compounds. There is increasing evidence for a correlation between p16 

and chronological age (Tsygankov et al., 2009), and the elimination of p16 positive cells in mice 
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resulted in an expansion of lifespan (Baker et al., 2016). It was anticipated that p21 would be 

upregulated in senescent cells compared to those treated with senolytics. However, the 

observed gene expression of CDKN1A (p21) and p53 in the samples was less consistent. P21 

expression has been previously discussed to be associated with a generic DNA damage 

response and regulated by direct transactivation via p53, which makes it difficult to use as a 

unique senescent marker (Hernandez-Segura et al., 2018). It is also important to better 

understand the relevance of cell cycle division for senescence and elimination by senolytics 

(Tripathi et al., 2021). The use of senolytics by removing nonfunctioning aged cells from the 

heterogeneous cell population and creating a microenvironment that favors the functioning cells 

by reducing inflammation, opens up new potentials for healthy aging and prevent the disease 

onset.  

 

In addition, a striking decrease in epigenetic age was observed for some senolytic drugs in both 

old and young adult derived PBMCs, even with the small number of samples. We see an effect 

on the selected drugs, i.e., a significant decline in epigenetic age for JQ1 at high concentration, 

RG7112 at both concentrations and AMG232 at high concentration in PBMCs (Figure 18b). 

Validating our results with a substantial number of samples is required and adjusting the drug 

dosage for each individual would be beneficial to target them efficiently. Of the four drugs that 

showed an overall effect on both epigenetic age and cellular senescence, JQ1 is a potent 

inhibitor of the BET family that showed potential benefit in the treatment of obesity by reducing 

fat mass (Fornelli et al., 2024), and it also removed senescent cells in human fibroblasts induced 

by a related chemotherapy drug via ferroptosis, mediating an iron-dependent programmed cell 

death (Go et al., 2021). The other three of the four drugs, RG7112, AMG232 and nutlin-3a, 

belong to MDM2 inhibitors, which interfere with the interaction between p53 and MDM2 and lead 

to a stabilized p53 that promotes cell apoptosis. Apart from the tumor and hematological studies, 

RG7112 has also been shown to improve low back pain by removing senescent cells in the 

intervertebral disc and improving tissue homeostasis, and combination therapy with two 

senolytics made the effect even more pronounced (Cherif et al., 2020; Mannarino et al., 2023; 

Riessland & Orr, 2023). AMG232, also known as KRT 232, has not been specifically studied on 

aging research,  even though it is currently being used in numerous clinical trials in solid tumors 

and hematological malignancies such as AML and myelofibrosis (Verstovsek et al., 2022). In 

contrast, nutlin-3a is used in many age related studies, e.g. to protect the anterior surface of the 

eye from SARS-CoV-2 infection by p53 activation (Zauli et al., 2022), also as a therapeutic target 

for age related muscular degeneration, where treatment resulted in clearance of senescent cells 

and improved retinal degeneration in a mouse model (Chae et al., 2021). Either way, impact of 

senolytic compounds on age-associated biomarkers does not reflect safety and effectiveness of 

senolytics on aging of the organism, which still remains to be vigorously tested in vivo.   
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Interestingly, treatment with senolytics led to a relative change within blood cell type composition. 

A significant decrease in NK cells upon treatment was observed. This led us to hypothesize that 

senolytics enhance the ability to identify and eliminate senescent cells that might be susceptible 

to certain cell types by altering the cytokine profiles. Recent studies have revealed that NK cells 

play a crucial role in immunosurveillance of senescent cells through the granule exocytosis 

pathway. Senescent cells upregulate the expression of the NKG2D receptor ligands MICA and 

ULBP2, independently of the stimuli that trigger senescence, allowing interaction with NK cells 

and facilitating the effective clearance of senescent cells (Sagiv et al., 2016). In addition, an age 

related decline in cytokine production also contributes to NK cell dysfunction (Brauning et al., 

2022). The impact of senolytics on B cells is not yet fully understood but it is suggested that 

senolytics may help in the removal of aged B cells (Lorenzo et al., 2023). The observed relative 

increase in the number of T cells after senolytics treatment might be due to the removal of 

senescent T cells, which consequently results in the survival of functioning T cells. However, this 

requires further measurements. It is also possible that the increased T cell numbers might be 

due to the influence of the overall alteration of the lymphocyte sub compartments. It would be 

informative to analyze the T cell subsets such as CD8 and CD4 after the senolytics treatment, 

as several studies have demonstrated that CD8 T cells are responsible for the surveillance of 

senescent cells (Marin et al., 2023). Furthermore, it has been shown that the treatment of aged 

mice with senolytics restores the differentiation of CD4 T cells to a more youthful phenotype by 

counteracting TGF-β production by senescent cells (Lorenzo et al., 2022). Further studies are 

necessary to determine the effect on functioning cells after treatment and potential alterations in 

the stem cell population.  

 

The elimination of senescent cells represents a promising therapeutic target for age related 

phenotypes and diseases. The use of senolytics has been demonstrated to have an improved 

effect on healthy aging, which could be employed to rejuvenate aged hematopoietic stem cells 

and modulate senescent immune cells. Overall, an understanding of healthy aging strategies 

can be used to tackle age-related diseases and to apply similar mechanisms to other diseases, 

including malignancies. 
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Figure 52. Graphical abstract of aging in healthy blood cells.  

In the event of DNA damage, normal cells enter a transient growth arrest, thereby enabling the repair of 
the damaged DNA. In the event that the damage is not correctly repaired, the affected cells may undergo 
apoptosis or other forms of regulated cell death. Alternatively, damaged cells may undergo a process of 
cellular senescence and persist in the body. The accumulation of senescent cells is associated with aging, 
and the use of senolytics has demonstrated efficacy in removing these cells and reducing epigenetic age.   
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4.2 Malignant clones are prominently associated with aging and targeting them 

reduce mutation burden 

4.2.1 Cellular aging is specifically accelerated in advanced MPN entity 

The association between cancer and aging has been widely discussed, with many studies 

showing alterations in aging biomarkers, including epigenetic age in solid tumors or 

hematological malignancies (Berben et al., 2021; Horvath, 2013). Furthermore, changes in aging 

biomarkers have been associated with cancer incidence and mortality risk (Zheng et al., 2016). 

In particular, DNA methylation has been associated with disease progression, disease initiation, 

and the monitoring of drug responses (Nebbioso et al., 2018; Pierce, 2022). This led us to focus 

on the changes in cellular aging in the hematological malignancy myeloproliferative neoplasm, 

which is commonly diagnosed in older individuals and the severity of the disease increases with 

age (Baumeister, Chatain, et al., 2021).  

 

The role of epigenetic dysregulation in the pathogenesis of MPN is widely known. Nevertheless, 

there are only a very few studies on epigenetic age and its relationship to MPN, which have also 

not yet been systematically investigated. For this purpose, we used 3 age-associated CpGs in 

the genes of PDE4C, FHL2 and CCDC102B for epigenetic age prediction similar to healthy 

samples. Our results showed a significant acceleration in epigenetic aging across all 129 MPN 

samples compared to healthy samples (Figure 23b). In addition, the different MPN entities 

showed variances in age deviation, reflecting the severity of the disease. Compared to PMF and 

post-ET/PV MF, ET or PV showed a lower age deviation, and compared to PV, ET showed an 

even lower age deviation. In a similar study, Mc Phearson and colleagues showed an increase 

in epigenetic age in PV but not in ET, with methylation age predicted using the pyrosequencing 

method and our old 3-CpG prediction model with ASPA, ITGA2B, and PDE4C (Weidner et al., 

2014). These findings are consistent with our study, which showed a correlation between the 

JAK2 V617F mutation allele burden and epigenetic age (McPherson et al., 2019). In addition, 

we observed a significant increase in epigenetic age deviation among MPN patients with JAK2 

and CALR mutation. However, the correlation between increasing allele burden and age was 

only prominent in patients with JAK2 mutation (Figure 27b), which might be attributed to the 

small number of samples with CALR mutation.  

 

Furthermore, we observed a tendency towards higher epigenetic age in MPN samples with more 

than one mutation, although this needs to be proven by a large number of cohorts. Studies have 

shown that the association of additional mutations in MPN plays a role in clonal evolution and 

disease progression. Epigenetic mutations such as DNMT3A, TET2, IDH1/2, EZH2 and ASXL1 

have been associated with changes in the epigenetic landscape (Szybinski & Meyer, 2021; 
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Vainchenker & Kralovics, 2017). The study on ASXL1 and TET2 in myelofibrosis showed that 

increased DNA methylation levels are associated with regulatory regions of cancer associated 

regions (Nielsen et al., 2017). A better understanding of the impact of these mutations on DNA 

methylation and epigenetic aging could provide valuable insights into the early transformation of 

MPN. However, there are large variances among some MPN patients who are predicted to be 

much younger in age. This could be due to the fact that the proportion of mutations varies across 

different blood compartments in an individual (Van Egeren et al., 2021), similar to DNAm varying 

from one cell to another (Hernando-Herraez et al., 2019). A focus on specific subsets of PBMCs 

for epigenetic age prediction could lead to a deeper understanding of the outliers.  

 

Previous studies have primarily focused on identifying patient specific DNA methylation changes 

in MPN. A study by Perez at al. in 2013 showed comparable aberrant DNAm patterns across 

ET, PV and PMF subtypes of MPN when compared to healthy individuals, as well as patients 

with or without JAK2 mutation (Perez et al., 2013). Similarly, ET samples with different driver 

mutations demonstrated that the total DNAm profiles did not show clustering based on mutation 

subtype (Alimam et al., 2021). However, it has been shown that these patterns were more 

prevalent in transformed MPNs, exhibiting increased differentially methylated regions enriched 

in genes associated with AML (Perez et al., 2013). Similarly, Nielsen et al. observed a distinct 

methylation pattern in MF patients with ASXL1 mutation (Nielsen et al., 2017). Furthermore, a 

recent study showed that the DNAm profile of bone marrow derived stable and progressive PMF 

could distinguish fibrotic progression (Lehmann et al., 2021). Collectively, these studies indicate 

that DNA methylation changes are not prominently linked to MPN phenotype or mutation status. 

However, methylation changes are more prevalent in advanced MPNs, and the inclusion of 

additional mutations can influence these epigenetic changes. Interestingly, this is reflected in 

our epigenetic age predictions between the MPN samples. A systematic analysis of the impact 

of epigenetic age on the progression of fibrosis or leukemic transmission, and its relationship to 

driver and additional mutations, may substantiate these findings. Even though survival is a key 

endpoint in clinical cancer trials, lately, the use of epigenetic age has been discussed to offer a 

more robust measure for monitoring disease and treatment regimens (Mittal & Vaughan, 2023). 

 

Telomere length (TL) is known as another indicator of biological age, our results on healthy 

individuals showed a positive correlation between TL reduction and age in granulocytes (Rufer 

et al., 1999). Furthermore, the differences in TL between the subpopulations of leukocytes are 

associated with the functionality of the cells during healthy aging. It has been hypothesized that 

partial telomerase deficiency may be a contributing factor in the inability to maintain telomere 

homeostasis, which eventually results in the loss of cell replication capacity and the onset of 

cellular senescence or cell death (Aubert et al., 2012; Lansdorp, 2022). The change in TL is 

rather disease specific. In specific malignancies, TL is shortened due to the rapid proliferation 
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and cycling of disease specific hematopoietic stem cells, leading to hematopoiesis exhaustion 

and chromosomal instability (Brummendorf et al., 2000; Ohyashiki et al., 2002). Conversely, a 

recent study indicates that longer telomeres and increased epigenetic aging are associated with 

a higher risk of developing several hematological malignancies (Y. Li et al., 2024). This suggests 

that increased telomerase activity, resulting in longer telomeres that enable the cells to survive 

longer and acquire genetic abnormalities over time, may play a role in malignancies  (Hosnijeh 

et al., 2014; Lan et al., 2009).  

 

To analyze the changes in telomere length in our MPN samples, we measured telomere length 

using Flow-FISH. PMF showed a significant reduction in telomere length in the granulocyte 

compartment (Figure 24b), reflecting the accelerated epigenetic age deviation. This was not 

observed in the lymphocyte compartment, which is consistent with the myeloid compartment 

restriction nature of MPN (Dahlstrom et al., 2015). PMF is considered as the most advanced 

subtype of MPN, associated with dysregulation of the stem cell niche and altered communication 

between hematopoietic stem cells and stromal cells, which maintains the neoplastic clone and 

leads to disruption of normal hematopoiesis (Le Bousse-Kerdiles, 2012). In another study, a few 

differentially methylated CpGs were found to be capable of distinguishing between stable and 

progressive fibrosis PMF using an EPIC array, with fibrotic progression showing accelerated 

epigenetic aging (Lehmann et al., 2021). Previous studies have explored the relationship 

between TL and MPN subtypes. One study found that TL was shorter in ET, which was also 

pronounced in mutations harboring CALR, JAK2 and triple negative (TN) (Alimam et al., 2018). 

Another study found that telomere attrition was prominent in both PV and PMF (Ruella et al., 

2013). These differences in reported telomere length findings across MPN studies might be 

attributed to differences in age ranges and allele burden, and the specific methods used to 

measure telomere length. In addition to MPN, other malignancies such as chronic myeloid 

leukemia are also associated with a significant telomere length shortening, which is correlated 

with the percentage of the malignant clone (Bouillon et al., 2018). The relationship between 

telomere length attrition and epigenetic age acceleration in hematologic diseases are widely 

discussed in other studies. It has been shown that both parameters clearly reflect cellular aging, 

but they appear to happen independently (Cypris et al., 2020). 

 

Our results indicate a significant telomere attrition in patients with CALR and most prominently 

with ASXL1 (Figure 29a). However, with increasing JAK2 allele burden, the telomere attrition is 

rather moderate. Another study shows that telomere attrition is independent of JAK2 positive or 

negative clones but rather correlates more with clonality of the malignant clone. Homozygous 

JAK2 mutations have been associated with shorter telomeres compared to heterozygous clones 

(Bernard et al., 2009). The striking shortening of TL observed in ASXL1 patients in the PMF and 

post-ET/PV-MF group confirms the association of the additional ASXL1 mutation with a poor 
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clinical outcome and the likelihood of leukemic transformation (Wang et al., 2021) due to an 

increased replicative potential of the cells. Further study of telomerase in malignancies is 

necessary. The upregulation of the telomerase activity in CD34+ hematopoietic progenitor cells 

of Philadelphia chromosome negative MPN has been shown to result in a selective growth 

advantage of the malignant clone (Spanoudakis et al., 2011). This suggests that targeted 

inhibition of telomerase could be an effective therapeutic approach. Other studies have 

demonstrated that the telomerase inhibitor imetelstat is effective in patients with short TL (Frink 

et al., 2016) and specifically in ET patients with ASXL1 mutation (Oppliger Leibundgut et al., 

2021), supporting our findings that telomere shortening in ASXL1 mutation may be due to 

replicative senescence. 

 

This led us to question the association between senescence and MPN. Considering the clear 

acceleration of epigenetic aging and telomere shortening, it is expected that there would be an 

increased number of senescent cells. Utilizing a gene set specifically developed to identify 

senescence of hematopoietic and mesenchymal cells at the single cell level from SenMayo (Saul 

et al., 2022), we found evidence of increased gene expression signatures in all MPN sub entities. 

Specifically, there was a significant upregulation of interleukin-1 beta (IL-1β) in MPN groups, 

especially in PMF and PV. IL-1β, known as a master regulator of inflammation, controls the 

production of pro-inflammatory cytokines. Previous studies have shown an association between 

IL-1β and HSC aging, leading to reduced stem cell renewal and increased myeloid proliferation 

in aged and damaged mice due to increased IL-1β production (Colom Diaz et al., 2023). Its 

association with MPN has been well extensively studied and shown to be present in high levels 

in patients with advanced stages of PMF, and also correlated with MPN patients with JAK2 

V617F (Rai et al., 2022). Studies have suggested that IL-1β-mediated inflammation may 

promote the early clonal expansion of JAK2 V617F clone and control the transition from CHIP 

to MPN (Rai et al., 2024). Another significantly upregulated gene, metalloproteinase MMP9, is 

evident in ET and PMF but not in PV. This is consistent with other studies that have shown an 

elevation in ET and PMF with an association with platelet formation and migration of 

megakaryocytes (Fan et al., 2023). Additionally, the matrix degrading nature of this enzyme 

leads to fibrotic transformation of the bone marrow by degrading the extracellular matrix 

components (ECM), making it a non-invasive biomarker tool for myelofibrosis (Hasselbalch et 

al., 2023). Lastly, a significant downregulation of AREG gene was found in all MPN subtypes, 

which is a ligand of the epidermal growth factor receptor (EGFR). This is consistent with previous 

studies on MPN (Baumeister, Maie, et al., 2021) and AML (Haouas et al., 2010). In addition, 

staining with senescence-associated β-galactosidase showed a tendency towards a higher level 

of senescence in MPN samples compared to age matched healthy samples.  
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4.2.2 Aberrant DNA methylation patterns are reduced in CFU colonies 

The heterogeneity of cellular aging within an individual is anticipated, as each cell has its unique 

life history. We wanted to know whether this heterogeneity becomes more organized in the 

context of disease, especially when the cells sharing the same mutation undergo clonal 

outgrowth and potentially have the chance to share similar epigenetic patterns. Alternatively, the 

patterns could be much more aberrant due to the complexity of the disease and the inflammatory 

microenvironment. For this purpose, we compared an age matched healthy control to a PMF 

patient. PMF showed an aberrant methylation pattern and an increase in d-score and n-score in 

the age-related region of our interest, demonstrating that the heterogeneity of cells is more 

pronounced in the disease state than in aging due to genomic instability. Especially in the 

advanced MPN entity PMF there was a prominent increase compared to healthy controls, which 

is similar to what is known in MDS and AML (Eipel et al., 2019).  

 

Furthermore, we analyzed the age predictions of target amplicon sequencing for each individual 

DNA strand, as described in a previous study (Han et al., 2020). The predicted age represents 

the estimated percentage of cells belonging to a specific age range, ranging between 0 to 200 

years. Notably, a similar clustering of cells with a higher predicted age was observed in MPN, 

with a more pronounced effect than in older adults. Trapp and colleagues showed a similar 

prediction model for single cells, confirming our findings on epigenetic age heterogeneity among 

cells (Trapp et al., 2021). This could be due to the long term evolution of the disease and the 

differences in the clinical histories of the patient samples in our study, which may potentially lead 

to an increased epigenetic memory (Paska & Hudler, 2015) and epigenetic plasticity (Schoofs 

et al., 2014). Regardless of the MPN phenotype, malignant cells showed aberrant DNA 

methylation changes similar to those seen in aged cells. Thus, we hypothesized that epigenetic 

dysregulation may occur independently of their genetic background of a specific disease. To 

further elucidate this point, we performed an analysis on single cell derived CFU colonies, which 

were genotyped for the JAK2 V617F mutation and used wild type as control. Interestingly, the 

heterogeneity in the DNAm patterns appeared to be reduced within a single CFU colony 

compared to the bulk PBMC samples. This supports our hypothesis, that the aberrant pattern 

becomes less diverse in the CFU initiating cell during the 14 days of culture expansion but 

becomes more diverse over the course of MPN development. A follow-up study to investigate 

the kinetics of this effect would be valuable. To date, there have been few studies on 

malignancies at the single cell level that focus on cellular aging, our findings help to narrow down 

the significant impact of the malignant clones. It is striking that the accelerated aging of JAK2 

mutated CFUs was observed in all MPN subtypes (Figure 28). 
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Nevertheless, the predicted age varies among colonies with the same genotype. Even though 

the mutant colonies share the same mutation status, they do not exhibit the same age difference. 

Furthermore, β-galactosidase staining observed a distinct morphological senescence-like 

phenotype within a single CFU colony. This could be due to the fact that cell differentiation is a 

continuous process that may not necessarily follow a uniform pattern. Even if it originates from 

a single cell, it can lead to different maturation states. In addition, the hierarchical and 

heterogeneous changes are more obscured in the context of disease (Cheng et al., 2020). 

Interestingly, it was found that neither the number nor the size of the colonies correlated with the 

replicative senescence onset (Maier et al., 2008), which further validates our finding that the 

observed discrepancy is not a result of the culture conditions. It would be also beneficial to find 

out the presence of other mutations in each colony. In future, new approaches should be 

developed to study disease development by examining cells at the earliest possible stage with 

specific CpGs associated with the disease, as opposed to merely focusing on age-related CpGs. 

 

Regarding telomere length in CFU colonies of PV, a significantly shorter TL was observed in 

JAK2-mutated colonies compared to their WT counterparts, suggesting that accelerated aging 

is specifically restricted to the malignant clones. This observation is further supported by the fact 

that WT colonies from PV patients had a similar TL to colonies from healthy donors. Surprisingly, 

PMF patients showed no difference in TL between mutant and WT colonies derived from the 

same patient or even when compared to healthy donor derived CFUs (Figure 30b). This result 

was somewhat unexpected, given that, as previously discussed in our study, we observed 

accelerated aging in bulk PBMCs from PMF patients. This led us to question whether PMF 

colonies are exhausted regardless of the mutation status. This discrepancy could be due to the 

presence of a more primitive subset of mutant CD133+ HSPCs in PMF that exhibit multipotent 

cloning capacity (Triviai et al., 2015) and still exhibit normal TL. Alternatively, there may be a 

selective loss of these HSPC subsets with accelerated aging during the CFU assay, possibly 

due to hypersensitivity of progenitors to growth factors. Anyhow, it is evident that cell extrinsic 

factors and changes in the HSC niche affect normal hematopoiesis in PMF (Lataillade et al., 

2008). To better understand the TL and telomerase activation in PMF mutant colonies, it would 

be ideal to study the bone marrow compartment where the neoplasm occurs. 

4.2.3 Senolytic treatment targets the accelerated aged malignant clones  

Treatment options for MPN primarily focus on managing symptoms and controlling complications 

by limiting the highly proliferating blood cell with cytoreductive agents and specifically targeting 

the mutant clones with JAK2 inhibitors. It is important to note that the JAK2 inhibitors primarily 

target the subpopulation of mature progenitor mutant cells and spare the disease initiating stem 

cells (Wang et al., 2014). In addition, there is a potential risk of developing mutation resistant 

cells, this can limit the available treatment options for patients. Furthermore, the residual cells 
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that are not eliminated by the immune system result in a pro inflammatory environment and 

cause the disease to progress to an advanced stage by acting as a tumor promoter (Zhao et al., 

2021). Studies have shown that JAK inhibitors (JAKi) may contribute to ineffective targeting of 

MPN driving cells due to cell extrinsic mechanisms that provide cell survival signals. The 

combination of JAKi with MEK/ERK targeting, which is associated with MAPK signaling, has 

shown potential in improving the treatment outcomes of MPN patients (Stivala et al., 2019). 

Additionally, there are further therapeutic combinations of JAKi with BCL2, BET or PI3Kdelta 

inhibitors. On the other hand, senolytics, which are drugs that eliminate senescent cells, have 

been used in cancer clinical studies, often in combination with other cancer drugs. In cancer, 

cellular senescence plays a role in tumor suppression, but the accumulation of senescent cells 

and secretion of SASP can lead to aggressive cancer cell behavior (Demirci et al., 2021). 

Therefore, elimination of these cells with senolytics has been tested in different hematopoietic 

diseases. Recent studies have shown that combining JAKi and senolytics can effectively 

eliminate JAK2 inhibitor resistant cells (Jiang & Jamieson, 2018).  Additionally, the targeting of 

senescent cells with senolytic drugs in our study has been shown to reduce the epigenetic aging 

of cells in old healthy adults. Therefore, we sought to study whether this approach could also be 

used to target malignant cells due to their accelerated cellular age.  

 

A moderate reduction in JAK2 V617F allele burden and an increase in average TL were 

observed upon treatment with JQ1 and piperlongumine. Nutlin-3a showed an increase in TL 

after treatment, although the mutation allele burden showed minimal change. The changes in 

epigenetic age were less pronounced, as there was a tendency for epigenetic age to decrease 

with low concentration of piperlongumine and RG7112, but this was not statistically significant. 

These drugs might therefore have some specificity for the malignant subset, particularly for 

subclones with shorter telomeres. Interestingly, this effect might be telomere biology-specific, as 

the expression of telomerase is exclusive to malignant cells and not observed in normal cells 

(Fragkiadaki et al., 2022). However, the extract mechanisms remain to be elucidated. JQ1 is a 

BET inhibitor that induces apoptosis in tumor cells by downregulating E2f/p21 signaling and 

regulating c-MYC. It has also been used in clinical trials in patients with AML and MDS 

(Shorstova et al., 2021). Similar to our results, Kleppe and colleagues demonstrated a reduction 

in the disease burden of MPN by JQ1 treatment, either alone or in combination with ruxolitinib, 

which was mediated by a reduction in NF-kB inflammatory changes (Kleppe et al., 2018). Other 

BET inhibitor proteins, such as pelabresib (CPI-0610), are used in ongoing phase 3 clinical trials 

in MF patients (NCT04603495). Combination with ruxolitinib has demonstrated improvement in 

both spleen volume and symptom score (Harrison et al., 2022). Another BET inhibitor, ABBV-

744, is being tested in an ongoing clinical trial (NCT04454658). In myelofibrosis patients, ABBV-

744 is used as a monotherapy and also in combination with JAKi. Another drug that showed an 

effect is piperlongumine, which is a potent cytotoxic component found primarily in the fruits and 
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roots of the plant long pepper. It selectively induces reactive oxygen species (ROS) production 

via inhibition of antioxidant enzymes that are important for cancer cell survival (Rawat et al., 

2020). Furthermore, piperlongumine has been shown to target senescence human WI-38 

fibroblasts (Wang et al., 2016) and to eliminate cancer cells by blocking the JAK2/STAT3 

pathway (Chen et al., 2019).  

 

On the other hand, navitoclax, also known as ABT263, which targets anti-apoptotic BCL-2 family 

proteins, has been studied in phase 2 clinical trials in patients with MF (NCT03222609). The 

clinical outcomes showed that the addition of a navitoclax to ruxolitinib resulted in molecular 

response and fibrosis reversal (Pemmaraju et al., 2022). However, our study did not reveal any 

effect in PV samples regarding mutation burden or cellular aging. In addition, telomerase inhibitor 

BIBR 1532 did not show a significant effect in the treatment for PV samples. Furthermore, the 

treatment of patients with PMF in CFU colonies led to cellular senescence and a reduction in the 

mutation burden in these patients, as discussed in our previous study (Vieri et al., 2023). The 

response was observed only in the patients with shorter TL and not in those with the longer TL. 

Telomerase activity has been associated with cancer survival, as it prevents the shortening of 

telomeres in cancer cells. By inhibiting telomerase, it is possible to eliminate a population of 

malignant cells. Another telomerase inhibitor imetelstat, has been part of the phase 2 clinical 

trials in MF patients (Mascarenhas et al., 2022). Taken together, these senolytic drugs may 

specifically target the malignant clone with a shorter TL in MPN. They can be used in a one-two 

punch approach, as a first step to induce cellular senescence through anticancer interventions, 

including telomerase inhibitors, followed by subsequent treatment with senolytics to remove 

those malignant cells (Wang et al., 2022). However, it must be considered that the compounds 

may also have non-senolytic effects, particularly at these relatively high concentrations during 

short-term in vitro treatment. Further studies at the stem cell level and in different cell 

compartments, as well as long-term treatments are needed to understand the mechanism behind 

this phenomenon. In addition, we need to keep in mind that the in vitro screening assays may 

provide a quite different outcome to in vivo therapy. 

 

The decision-making process of damaged cells is critical in cancer development. If they do not 

undergo senescence or apoptosis, they can become cancerous. This scenario highlights a 

critical juncture where cells with compromised DNA integrity and inadequately replicated 

telomeres can evade programmed cell death or stable cell cycle arrest, allowing them to persist 

and proliferate abnormally and potentially resulting in tumorigenesis (Matt & Hofmann, 2016). 

Although temporal arrest of cell proliferation may be beneficial, the persistence of senescence 

cancer cells can be unfavorable. This “two-edged sword” nature of senescence needs to be 

further understood. The distinction between helper senescence (promotes tissue regeneration) 

and deleterious senescence (causes tissue damage) needs new methods to discern the early 
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and late phase of senescence (Tripathi et al., 2021). However, there are still challenges in 

senolytic treatment, as there is a potential risk for drug resistance. Different senolytics target 

different pathways to induce apoptosis in senescent cells, and there is no single broad range 

drug available to kill all senescent cells, so choosing for combination therapy is still a challenge. 

Additionally, genotoxic stress induced by therapy and oncogene induced senescence needs to 

be systematically studied to understand the mechanisms involved in senolytics. The clearance 

of senescent cells by senolytics may impact the immune system, as the secretion of SASP can 

recruit immune cells such as NK cells or cytotoxic T cells to recognize and eliminate the 

senescent cells (Prata et al., 2018). However, maintaining the right balance between 

inflammation and immune activation is important.  

 

There are more emerging drug treatments in cancer apart from senolytics, drugs that block the 

DNA methylation which is known as DNA demethylating agents. Aberrant DNAm and epigenetic 

dysregulation have been linked with MPN pathogenesis. Inhibition of DNAm might be a potential 

treatment option for myeloid malignancies. This can cause cancer cells to alter genes that are 

silenced in normal cell development. Reactivation of these silenced genes could potentially 

activate the immune response against cancer, similar to how immune system recognizes viral 

infections (Patel et al., 2021). This led us to question the potential link between DNAm changes 

in MPN mutations, and further understanding of these changes could potentially uncover targets 

and biomarkers.  

Figure 53. Graphical abstract of cellular aging which is accelerated in malignant MPN clones. 

The cellular aging process is accelerated in MPN, with a correlation observed between accelerated aging 
and the JAK2V617F allele burden. Notably, the accelerated aging appears to be particularly prevalent in 
malignant clones. In polycythemia vera, the targeting of these aged cells with senolytic drugs 
demonstrated a reduction in allele burden, suggesting the potential for new therapeutic strategies.   
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4.3 JAK2 V617F mutation alone is not enough to drive disease associated changes 

in DNA methylation  

4.3.1 JAK2 V617F-derived iPSC clones and their hematopoietic cells do not 

capture malignancy associated DNA methylation changes  

JAK2 V617F gain of function mutation was first discovered in 2005 (James et al., 2005) and is 

known to be prominent in PV patients leading to erythrocyte bias. As JAK/STAT pathway is the 

one associated with BCR-ABL negative MPNs, irrespective of their driver mutations, the 

mutation led to constitutive activation of the signaling pathway and proliferation of the cells. 

Initially, it was thought that the driver mutations in MPN are the first cause of the disease and 

change the clonal dominance towards mutated cells. Later studies have shown that the MPN 

driver mutation does not necessarily have to be the first hit mutation but can also be the 

sequential acquisition followed by a CHIP mutation or unknown mutations. It was later found that 

the order of the mutation and the inclusion of the additional mutation can determine in which 

lineage the malignant cells want to clonally dominate (Kralovics et al., 2006). Only recently in 

2022, Williams and colleagues found that the JAK2 V617F mutation can occur very early in life, 

even in the embryo using a mathematical model related to hematopoietic phylogenies and clonal 

history (Williams et al., 2022). Studying the JAK2 V617F mutation in an iPSC model would be a 

valuable method to recapitulate the early onset of the malignant phenotype and associated 

changes. 

 

Our study (section 4.2) shows that indicators of cellular aging, epigenetic age and telomere 

length are accelerated in MPN patient samples and specifically in clones carrying the JAK2 

V617F mutation. In addition, the MPN associated mouse model including Jak2 V617F showed 

a clear acceleration of epigenetic aging (Figure 39b), as the mutation is induced by vav-cre and 

thus expressed throughout the hematopoietic system, leading to accelerated aging. 

Consequently, it was plausible that the JAK2 V617F mutation has a direct impact on cellular 

aging. Nevertheless, neither epigenetic aging nor telomere shortening was significantly 

accelerated in iPSCs or iPSC-derived hematopoietic cells with the JAK2 V617F mutation 

compared to their syngeneic wild-type counterparts (Figure 49). It is possible that the general 

resetting of age-related changes during reprogramming in iPSCs (Horvath, 2013; Weidner et al., 

2014) masks some of the mutational effects that may only become apparent during prolonged 

differentiation. Although it was previously hypothesized that the rearrangement of chromatin 

during epigenetic aging could contribute to the acquisition of specific mutations (Wagner et al., 

2015), this does not appear to be the case in this scenario. Nevertheless, looking not only at 

epigenetic aging but also at global methylation changes could shed light on whether epigenetic 

modifications contribute to mutation or rather to disease-related changes.  
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While epigenetic changes in MPN are only studied in relation to their subtypes in patient samples 

(McPherson et al., 2017), this led us to explore the impact of the single driver mutation JAK2 

V617F in an iPSC setup, as this may resemble the early development of disease onset. The 

iPSC clones used in this thesis have already been published. The isogenic controls were 

generated using CRISPR/Cas9 editing to achieve either a JAK2 insertion or to repair a mutant 

to WT (Flosdorf et al., 2024; Satoh et al., 2021). Based on the efficiency of homology-directed 

repair (HDR) for these clones, both WT and heterozygous clones were obtained to generate 

homozygous clones. We found that iPSCs cluster according to patients rather than mutation 

genotype, which is expected and mirrors the patient specific genomic profile. Overall, there are 

very few differentially methylated CpGs between WT and mutant iPSCs, as well as between the 

heterozygous and homozygous JAK2 V617F clones. This confirms that the reprogramming 

process resets the epigenetic landscape to establish marks of pluripotency through DNA 

methylation and chromatin remodeling process (Lee et al., 2014). Similar studies on mutant iPSC 

models have shown that there is no pronounced effect on DNAm levels while maintaining the 

pluripotency state. In particular, DNMT3A knockouts of iPSC clones, which are recurrently 

mutated in clonal hematopoiesis and leukemia, have shown that DNAm levels show no 

significant changes when comparing WT with mutant iPSC clones (Cypris et al., 2022). In 

addition, AML patient derived iPSCs harboring MLL rearrangements have shown that iPSCs lack 

leukemic potential by resetting DNA methylation and gene expression patterns, especially by 

erasing the epigenetic memory of the disease (Chao et al., 2017), which aligns with the findings 

of our study.  

 

Hematopoietic differentiation of iPSCs is influenced by several factors such as the culture 

medium, cytokines, culture conditions, and plate coating. These factors collectively determine 

the composition of the final pool of cells (Tursky et al., 2020). Utilizing a cytokine-driven 3D 

differentiation protocol results in endothelial to hematopoietic transition HSCs with a distinct 

cobblestone-like microenvironment morphology (Ackermann et al., 2021), resembling a mixture 

of primitive and definitive hematopoiesis. Studies have shown that HSCs derived from primary 

samples more closely resemble definitive hematopoiesis (Slukvin, 2016). Analysis of surface 

markers and DNA methylation patterns using GO term in our study align with human 

hematopoietic development (Figure 44a and Figure 45e, respectively). The GO terms associated 

with hypermethylation are related to anatomical structures, whereas hypomethylation is more 

closely linked to lineage determination, immune cell regulation and activation, which is consistent 

with another study (Li et al., 2021). Furthermore, differentiation resulted in a heterogeneous cell 

population that not only consists of hematopoietic cells but also includes stromal cells, which are 

known to play a role in MPN (Leimkuhler et al., 2021; Ramos et al., 2017). The presence of JAK2 

mutations has been detected not only in hematopoietic cells but also in endothelial cells and 

their precursors (Farina et al., 2021), which led us to study the effects of JAK2 mutation on all 
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cells without sorting them. In addition, the hematopoietic hierarchy is rather a continuous process 

and classical sorting based on surface markers would be limited as it depends on the maturity 

state of the cell (Ali et al., 2017; Schulte et al., 2015) and the maturation time of individual clone. 

 

Consistent with other studies using these clones, we observed an erythrocyte bias in the JAK2 

V617F mutant clones. It is interesting that the mutation alone is sufficient to constitutively activate 

the JAK/STAT signaling pathway and increase the proliferation and differentiation of erythrocyte 

progenitors, similar to previous studies (Collins et al., 2024; Ye et al., 2014; Ye et al., 2009). The 

mutation has a specific affinity for promoting erythroid and megakaryocytic cell lineage 

differentiation and is linked with dysregulation of specific transcription factors and altered 

interaction with the bone marrow microenvironment (Varricchio & Hoffman, 2022). The ability to 

recapitulate a similar bias independent of external factors in an iPSC setting is noteworthy. 

Although, we saw patient-specific differences in the iHPCs, such as for patient 2, with a mutation 

history of 96 % JAK2 allele burden in the primary sample, we were able to reprogram these cells 

into homozygous iPSCs. These homozygous clones were more likely to have a higher number 

of hematopoietic cells and CFU colonies than patient 1 or 3 derived homozygous iPSC clones 

with a 37% and 25 % JAK2 allele burden, respectively. Overall, hematopoietic cells largely 

cluster according to the presence versus absence of JAK2 mutation (Figure 47a), with some 

outliers in this clustering, such as patient 1 JAK2 WT and patient 3 JAK2 V617F homozygous. 

We assume that the observed differences may be attributed to the genetic editing of the clones 

and the mutation history of these patients from whom the cells were reprogrammed. Despite the 

identification of additional single nucleotide polymorphisms (SNP) in TET2, CBL, ASXL1, EZH2, 

TP53, and SETB1 in different clones by NGS sequencing of MPN-related genes, these were 

classified as not pathogenic (Supplement Table S1; (Flosdorf et al., 2024)). Studies have shown 

an increased prevalence of the JAK2 V617F somatic mutation in individuals with specific 

germline SNPs. It has been hypothesized that the predisposition of 46/1 haplotype may have 

contributed to the development or clonal expansion of the JAK2 V617F positive MPNs (Hinds et 

al., 2016; Nielsen et al., 2013). Alternatively, DNA methylation plays an important role in SNPs, 

including CpG mutations, at different developmental stages and also in the context of clonal 

hematopoiesis of indeterminate potential, which could contribute to disease development (Silver 

et al., 2021; Zhou et al., 2020). The effect of these SNPs on DNA sequence variation or DNA 

methylation status remains unexplored. 

 

Consequently, there are no significant differences in methylated CpGs when comparing the 

JAK2 mutant to WT in iHPCs. Initially, it was assumed that the epigenetic changes in the DNAm 

status of the mutant iHPCs would differ from those observed in the WT. A number of different 

studies based on iPSC disease models have demonstrated changes in methylation patterns in 

comparison to their syngeneic control clones. As an example, the hematopoietic and 
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megakaryocytic differentiated cells of RUNX1 mutant iPSC lines showed a distinct DNAm pattern 

in comparison to the WT (Tanaka et al., 2024). Similarly, the DNMT3A knockout iPSC clones 

showed considerably higher DNAm at many CpGs in wildtype iHPCs when compared to the 

knockout iHPC clones (Cypris et al., 2022). Additionally, PRDM8 knockout iPSCs demonstrated 

methylation differences when their neuronal differentiation was compared between WT and the 

mutant (Cypris et al., 2020). This was not observed with JAK2 mutant iHPCs, potentially 

indicating that the epigenetic alterations of JAK2 mutations are minimal or that the inherent 

patient-specific variations are more pronounced than the mutation or it can also be that iHPC 

differentiation needs longer time to evoke such changes. Even though, the analysis of 

methylation changes that were not statistically significant but showed a notable trend revealed 

that many CpG sites in the mutant iHPCs displayed a decrease in methylation compared to the 

WT iHPCs. To understand this further, we employed a different approach to analyze the CpG 

sites that showed at least a 10 % increase or decrease in methylation in both homozygous and 

heterozygous iHPCs compared to their individual WT iHPCs. This approach was used to reduce 

the impact of donor-to-donor variability and focus more on the methylation changes that occur 

within each patient-derived cell. Interestingly, the differentially methylated regions showed a 

higher overlap in the heterozygous clone as compared to the homozygous mutant iHPCs. 

Furthermore, the hypomethylated regions were significantly enriched in the transcription sites of 

the genomic location in the mutant iHPCs, whereas the hypermethylated regions were rather in 

the intrinsic regions. 

 

It is also interesting to note that the DNA methylation levels did not change in comparison 

between the heterozygous and homozygous JAK2 V617F clones (Figure 47d). In the clinical 

setting, JAK2 V617F heterozygous versus homozygous cells exhibit distinct biological behavior 

due to the gene dosage influencing the degree of enhanced JAK2 V617F signal transduction 

(Moliterno et al., 2023). Furthermore, the evolution of homozygous clones, which is often caused 

by uniparental disomy (Li et al., 2014), is associated with disease progression and accumulation 

of the additional mutations (Passamonti & Rumi, 2009). The lack of DNA methylation differences 

between heterozygous and homozygous clones may be attributed to the fact that methylation 

changes require a longer period of time to acquire, while the iPSC experimental setup may not 

provide sufficient time for these differences to develop. In addition, the potential technical 

limitations associated with methylation analysis may also be a contributing factor. Although the 

Illumina EPIC array covers around 850,000 CpG sites, the uneven distribution of CpG probes 

across the genome (Moran et al., 2016) may lead to underrepresentation of certain genomic 

regions, and the individual CpGs on the array capture only the mean methylation levels and not 

the resolution of a single base. Further methods utilizing WGBS and nanopore sequencing of 

heterozygotes and homozygotes for each allele and allele-specific methylation remain relevant 

in order to make a conclusion between these clones (Ahsan et al., 2024; Do et al., 2020). Overall, 
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DNA methylation analysis provides insight that there are no significant methylation changes 

among the mutant and WT iHPCs. Even the non-significant changes in DNA methylation do not 

appear to drive the JAK2 V617F mutation related pathways in the iPSCs and their differentiated 

iHPCs, but rather influence the cell lineage differentiation and immune response. 

4.3.2 Hypomethylation is shared between JAK2 mutation iHPCs when compared 

with primary patient samples carrying JAK2 mutation 

To better understand whether the DNAm changes observed in our JAK2 V617F knockout iHPC 

clones are associated with aberrant DNAm patterns in patient samples, we utilized methylation 

profiles from PMF patients with JAK2 V617F mutations. Although studies have shown that iHPCs 

from iPSCs are not identical to HSPCs from primary samples, which are more mature cells and 

exhibit more advanced disease progression, there were phenotypic similarities in the 

hematopoietic lineage cells, particularly in monocytic cells. However, it has previously been 

shown that DNA methylation patterns between iHPCs and HSPCs are not completely identical 

(Cypris et al., 2019). When comparing samples from PMF patients with JAK2 V617F mutation 

to healthy individuals, it was found that the differentially methylated CpGs sites showed a 

predominant number of hypomethylation patterns, rather than hypermethylation (Supplemental 

Figure S7a). Similarly, another study observed global hypomethylation in myelofibrosis when 

compared to healthy controls, consistent with our data. Nevertheless, no methylation changes 

were observed when comparing primary and secondary myelofibrosis (Martinez-Calle et al., 

2019). When comparing the methylation changes between JAK2 patient and healthy samples, 

as well as between JAK2 mutant iHPCs and WT iHPCs, JAK2 mutant cells showed a high 

number of common hypomethylated CpG sites (Figure 51). While the global mean 

hypomethylation followed a comparable trend in both JAK2 mutant patient and JAK2 iHPCs, the 

mean methylation in hypermethylated patterns was not so pronounced (Figure 50). 

 

Global DNA hypomethylation is a common feature in many cancers. In 1998, it was first 

discovered that global hypomethylation in cancer leads to the activation of oncogenes such as 

K-ras (Feinberg & Vogelstein, 1983). Hypomethylation at the promoter regions or transcription 

start sites is often associated with the increase in gene expression. The absence of methyl 

groups is generally associated with more open chromatin structure. This allows transcription 

factors and other regulatory elements to bind more easily to DNA and facilitate the initiation of 

transcription (Wilson et al., 2007). It has been recently hypothesized that enhancer associated 

DNA methylation is linked with myeloid malignancies, specifically with AML clones exhibiting 

hypomethylation in enhancer regions, and that the methylation levels correlate with the patient 

overall survival. This might potentially contribute to the gene expression in the malignant 

phenotype (Ordonez et al., 2019). Moreover, hypomethylation in cancer is usually located 

outside the promoter regions, which can lead to genomic instability and disruption of 
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chromosomal integrity (Ahuja & Issa, 2000; Baylin et al., 1998). Notably, the loss of methylation 

on repetitive elements has been associated with chromatin relaxation and unscheduled 

transcription in various human pathologies (Pappalardo & Barra, 2021). 

 

With regard to the aging associated immune system impairments, which are shown to be 

associated with changes in DNA methylation, hypermethylation is more closely linked to 

regulated programmed changes, whereas hypomethylation is more related to environmental and 

stochastic processes (Marttila et al., 2015). One of the main aspects of cancer is DNA 

methylation in tumor suppressor genes, which is associated with gene silencing that is normally 

controlled in normal tissues (Ordonez et al., 2019). In addition, other studies have shown that 

hypermethylation is linked to genes associated with age related phenotypes or disease. For 

instance, hypermethylated differentially methylated regions in tissues overlap with stem cell 

bivalent chromatin markers, which is linked to stem cell aging (Cakouros & Gronthos, 2019). 

This further led us to the question about the association between hypomethylation in MPN 

disease and its impact on gene expression, including the role of abnormal DNA methylation 

changes and their interaction in gene silencing. This remains to be further explored. 

 

The gene ontology (GO) term analysis of regions showing hypomethylation in mutant iHPCs 

compared to WT cells reveled a significant associated with immune cell signaling pathways, the 

activation of leukocytes, myeloid cells, and T cells, as well as genes related to IL-6 production 

(Figure 47e). Among the commonly methylated CpGs in both heterozygous and homozygous 

clones in all three donors showed that the hypermethylated genes were associated with process 

related to angiogenesis, while the hypomethylated genes were more related to cell lineage 

differentiation and inflammatory responses, including FasL ligand production (Supplemental 

Figure S6c-d). FasL is a member of tumor necrosis factor (TNF) cytokine family and it binds to 

the Fas receptor, which induces apoptosis through activation of caspases (Waring & Mullbacher, 

1999). An abnormal expression of FasL/FasR has been associated with the pathogenesis of 

MPN and other hematological malignancies (Bar-Natan & Hoffman, 2019). Furthermore, shared 

hypomethylated regions between mutant iHPCs and PMFs were found to be enriched for genes 

involved in platelet activation, hematopoietic cell differentiation, megakaryopoiesis, blood 

coagulation and inflammatory responses (Figure 51e-f). Similar associations were observed 

when comparing JAK2 PMF with healthy samples (Supplemental Figure S7b). These findings 

align with previous studies, that have shown differential methylation in genes associated with 

immune and inflammatory responses, cell proliferation and differentiation between transformed 

and chronic MPNs (Perez et al., 2013). Moreover, another study with MF patients with ASXL1 

mutation showed differentially methylated genes involved in tumor suppressor genes and 

inflammation (Nielsen et al., 2017). 

 



 

117 

 

It is hypothesized that chronic inflammation in MPN may trigger clonal evolution and contribute 

to complications by inducing a state of chronic oxidative stress, thereby promoting genomic 

instability for the acquisition of mutations (Baumeister, Chatain, et al., 2021; Hasselbalch, 2012) 

or giving a selective advantage to mutant JAK2 clones in this highly inflamed environment 

(Fleischman, 2015). Furthermore, the activation of JAK/STAT pathway results in the production 

of pro inflammatory cytokines such as IL-6, leading to cell proliferation, activation, and 

differentiation (Cokic et al., 2015). It is important to note the limitations associated with GO terms 

for DNA methylation data, as it considers the number of CpG occurrences within a gene. Studies 

have shown that these counts can differ depending on the genes in a hyper- and 

hypomethylation state. Even when comparing the equal number of genes in both states, a 

greater number of GO terms are often observed in genes with hypermethylated CpGs (Kananen 

et al., 2016).  

 

Studies have shown that inflammatory associated DNA methylation changes occur 

predominantly in open chromatin regions, enhancers, and other regulatory genomic loci 

(Wielscher et al., 2022). Additionally, the majority of differently methylated CpGs in MPN were 

significantly associated with enhancer regions (Martinez-Calle et al., 2019) and are consistently 

upregulated upon promoter hypomethylation (Alimam et al., 2021). The systemic expansion of 

clinical thrombotic tendency and the promotion of MPN stem cell clonal expansion are facilitated 

by the inflammatory state induced by JAK2 mutant stem cells in their microenvironment. This 

creates a detrimental cycle that enhances the prothrombotic state in these diseases 

(Hasselbalch et al., 2021). 

 

In summary, the observed changes in DNA methylation in JAK2 V617F iHPCs and patient 

samples were largely associated with inflammation. No methylation changes were observed in 

relation to the JAK/STAT mutation pathways. This was further confirmed by analyzing the DNA 

methylation changes in the JAK2 locus, where no distinction was observed between mutant and 

wild type cells. This suggests that the observed changes in DNA methylation do not directly 

contribute to the pathogenesis of the disease, but there could be a possibility that this is a result 

from the inflammation induced by the malignant process. In future, DNA methylation signatures 

may be employed to understand the impact of different degrees of inflammation (Wielscher et 

al., 2022). Moreover, the MPN associated complications that are driven by DNA methylation can 

be modified by eliminating the inflammatory environment. As in our study, treatment with 

senolytics may prove beneficial in removing these mutant cells. The results of the DNA 

methylation analysis should be interpreted with caution, as they provide only indirect evidence. 

To validate these findings, it is necessary to perform gene expression analysis.   
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4.4 Concluding remarks and outlook  

Our study provides further evidence for an association between epigenetic age and cellular 

senescence. The removal of senescent cells using senolytic treatment was shown to reduce the 

epigenetic age of healthy PBMCs in vitro, indicating that this approach may be useful in drug 

screening for senolytic compounds. Furthermore, cellular aging is accelerated in MPN compared 

to healthy individuals based on epigenetic age, telomere length and senescence. These clones 

which show signs of accelerated aging can be targeted with senolytics, leading to a reduction in 

JAK2 allele burden and an increase in telomere length with certain senolytics. This suggests that 

the senolytics may be used in MPN as a treatment option. Most drug treatment options for MPN 

only reduce the JAK2 allele burden of the mature mutant progenitor cells, but do not eliminate 

the disease-causing mutant stem cells (Izzo et al., 2024). In the future, iPSCs could be utilized 

for senolytic drug screening. By utilizing the barcoded method (Cypris et al., 2022), there is a 

possibility to combine different types of mutant genotype and study if these drugs also eliminate 

the disease-causing mutant stem cells in combination with senolytics. 

 

Accelerated epigenetic aging is prominent in cancers including MPN, however the underlying 

reason is not fully understood. It could result from stochastic epigenetic modifications (Meyer & 

Schumacher, 2024; Tong et al., 2024) or co-regulated age-associated patterns (Liesenfelder et 

al., 2024; Tarkhov et al., 2024). DNAm analysis of JAK2 V617F mutant iHPCs and iPSCs 

showed no significant changes compared to the wild type, and not specific to the JAK/STAT 

mutation-pathway, suggesting that the single driver mutation is not enough to induce any DNAm 

alterations. It appears to be that the DNAm changes act indirectly, possibly influenced by 

inflammation due to increased inflammatory cytokine production (Gleitz et al., 2021; Hermouet 

et al., 2015). Additional mutation in the epigenetic modifiers in MPN can contribute to the DNAm 

aberrations (Nielsen et al., 2017; Perez et al., 2013). This could be understood by 

reprogramming patient samples that consist of additional MPN mutations, as this might be an 

exciting outlook to study the disease progression of MPN. Further investigation of the 

differentiation of JAK2 V617F iPSCs into non-hematopoietic lineages would be a valuable 

addition to the existing work. This could provide insight into whether the mutation can give rise 

to normal, non-malignant cell types in the presence of the mutation. In addition, studying the 

interplay between epigenetic clocks, single nucleotide polymorphisms (SNP), and MPN 

development would be an interesting aspect, as SNPs are associated with epigenetic changes 

which could influence the epigenetic clocks while that can also influence the acquisition of 

somatic mutations through a shared heritable factor (Morales Berstein et al., 2022). 

 

Our study provides evidence that DNAm changes occur in the MPN patient samples, and the 

stochasticity reduced in colony forming unit derived mutant cells. However, in early disease 
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onset by utilizing the iPSC derived hematopoietic cells models, it appears that the mutation alone 

is not enough for the DNAm acquisition. Either these alterations may appear later through the 

clonal evolution via inflammation, or the proliferation of cell phenotypical differences, or affect 

other epigenetic modifications. This work highlights the interplay between cancer and aging and 

offers novel therapeutic targets for malignancies by focusing on aged cells. In addition, it opens 

avenues for studying the relevance of DNAm in cancer beyond being a biomarker.   
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Supplemental Materials 

Supplement Table S1. Overview of patient samples used for iPSC reprogramming. 

 

List of all iPSC clones used in this study, their genotype, how the respective clones were 

generated and the references.   

 

Patient  Age Gen
der 

Patient 
JAK2V617F   

Clone 
name 

hPSC 
registry ID 

Genotype Clone 
JAK2V617F  

Additional single nucleotide 
polymorphism (SNPs) 

Generation References 

Patient 
1 

43 f 37%  PV007 UKAi002-A Wild type  39% CBL Reprogramming (Satoh et al., 2021) 

PV009 UKAi002-B Heterozygous 48%  25% CBL, 27% TET2 Reprogramming (Satoh et al., 2021) 

PV012 UKAi002-B3 Homozygous 100%  100% ASXL1, 42% CBL, 49% 
DNMT3A, 51% EZH2, 48% 
MPL, 100% SETPB1, 50% 
SH2B3, 52% TET2, 51% TP53 

CRISPR/Cas9 (Flosdorf et al., 2024) 

Patient 
2 

47 m 96%  PV2072 UKAi003-A1 Wild type 
 

100% ASXL1, 49% DNMT3A, 
53% EZH2, 100% TP53 

CRISPR/Cas9 
repair 

(Flosdorf et al., 2024) 

PV2070 UKAi003-A2 Heterozygous 52%  100% ASXL1, 51% DNMT3A, 
51% EZH2, 100% TP53 

CRISPR/Cas9 
repair 

(Flosdorf et al., 2024) 

PV2021 UKAi003-A Homozygous 99%  100% ASXL1, 51% EZH2, 99% 
TP53 

Reprogramming (Satoh et al., 2021) 

Patient 
3 

38 m 25%  PV3026 UKAi013-A Wild type 
 

100% ASXL1, 46% TET2, 56% 
TP53 

Reprogramming (Flosdorf et al., 2024) 

PV3006 UKAi013-B Heterozygous 39%  100% ASXL1, 51% SETPB1, 
50% TET2, 52% TP53 

Reprogramming (Flosdorf et al., 2024) 

PV3007 UKAi013-B1 Homozygous 100%  100% ASXL1, 51% DNMT3A, 
49% EZH2, 50% SETPB1, 50% 
TET2, 50% TP53 

CRISPR/Cas9 (Flosdorf et al., 2024) 



 

148 

 

Supplemental Figure  
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Supplemental Figure S1. Gating strategy for the flow cytometry data with the healthy senolytics 
treated PBMCs. 

a) Gating for strategy for the selection of C12FDG cells is as follows: FSC vs. SSC (forward scatter, FSC, 
size vs. side scatter, SSC, granularity) for PBMS including monocytes, granulocytes and lymphocytes. 
FSC-A vs. FSC-H for doublets exclusion. FITC gating in relation to the autofluorescence control. FSC-A 
vs. FITC for the selection of high intensity C12FDG staining. b) C12FDG-FITC positive cells was shown 
at 29 and 61 years of age, in the PBMC and lymphocyte population with background autofluorescence 
control. c) High intensity C12FDG-FITC positive cells of a 61-year-old PBMC sample is shown in the 
following order: autofluorescence control (unstained), untreated, after the treatment with JQ1 and RG7112 
(from left to right). d) As shown in (c), but in lymphocyte population. e) Gating strategy for lymphocyte 
compartment exemplarily shown for T-cell analysis in the following order: FSC vs. SSC for lymphocyte 
selection, FSC-A vs. FSC-H for doublets exclusion, gating at autofluorescence control, and the implication 
of this gating for the CD3 marker, as an example.  

Supplemental Figure S2. Age-adjusted telomere length in lymphocytes in different MPN entities. 

Telomere length (TL, in kb) was measured in lymphocytes via flow-FISH in blood of MPN patients (n = 
129). One-sample t-test was used to calculate statistical significance. There is no significant reduction in 
telomere length is observed in lymphocyte compartment in any MPN entities. 

 

 

Supplemental Figure S3. Exemplarily for one age-associated region, FHL2 methylation percentage 
differences between different CFU subtypes. 

CFU-E = CFU erythrocyte; BFU-E = CFU burst forming unit erythrocyte; CFU-M = CFU macrophage; 
CFU-G = CFU granulocyte. 
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Supplemental Figure S4. Cellular aging is accelerated in colony forming units with JAK2 V617F 
using 2 CpG prediction, PDE4C and FHL2. 

Epigenetic age predictions were performed in CFUs without (n = 5) and with JAK2 V617F (n = 5) in patients 
affected by either ET, PV, or PMF. 

 

 

Supplemental Figure S5. Gene ontology term analysis of hypomethylated CpGs between mutant 
iHPCs and WT iHPCs. 

GO term analysis of the top hypomethylated CpGs associated with genes, when comparing a) 
homozygous iHPCs with WT iHPCs and b) heterozygous iHPCs with WT iHPCs. Biological process terms 
were considered, and terms with a false discovery rate (FDR) of less than 0.1 were analyzed using the R 
package missMethyl. GeneRatio is defined as the number of differentially expressed genes (DE genes) 
divided by the total number of genes in the set. DE is the number of differentially methylated genes. P.DE 
is the p-value for overrepresentation of the GO term. 
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Supplemental Figure S6. Methylation changes in the heterozygous and homozygous iHPCs 
compared to WT across all patients. 

Heatmaps for top 20 differentially methylated CpGs across all patients, where a) Top 20 hypomethylated 
CpGs and b) hypermethylated CpGs are common in both heterozygous and homozygous clones 
compared to WT iHPCs. GO term analysis of the commonly CpGs that were differentially methylated in 
both heterozygous and homozygous iHPCs compared to WT showing genes associated with c) 
hypomethylation and d) hypermethylation. 
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Supplemental Figure S7. DNA methylation changes in PMF patients with JAK2 V617F mutation 
compared to healthy controls. 

a) Scatter plots show DNA methylation levels primary myelofibrosis (PMF) with JAK2 V617F mutation (n 
= 10) in comparison to data of healthy donors (n = 10). The numbers indicate the difference in mean 
methylation of cut-off 0.2 in grey and those that are significant in color, with blue indicating 
hypomethylation and red indicating hypermethylation. b) GO term analysis of the top statistically significant 
CpGs that were differentially methylated in both hypo- and hypermethylated genes when comparing PMF 
with healthy.  

  

a b 



 

153 

 

List of Figures 

Figure 1. Embryonic hematopoietic development...................................................................... 2 

Figure 2. Hierarchy model of hematopoietic development. ........................................................ 4 

Figure 3. Clonal hematopoiesis and aging. ............................................................................... 6 

Figure 4. The JAK-STAT signaling pathway in MPN. .............................................................. 11 

Figure 5. The interplay between chromatin organization and DNA methylation. ...................... 16 

Figure 6. Mechanisms of DNA methylation and demethylation. .............................................. 18 

Figure 7. Senescence associated pathways. .......................................................................... 22 

Figure 8. Senolytics mechanism of action. .............................................................................. 25 

Figure 9. Schematic view of CRISPR/Cas9 genome editing. .................................................. 29 

Figure 10. Differentiating human pluripotent stem cells towards a hematopoietic fate. ............ 31 

Figure 11. Classification of single colonies from colony forming assay. .................................. 37 

Figure 12. Scheme for hematopoietic differentiation of iPSCs. ............................................... 40 

Figure 13. Cellular aging prediction model for healthy blood samples. .................................... 51 

Figure 14. Heterogeneity of age-associated DNA methylation in healthy samples. ................. 52 

Figure 15. n-score for three age-associated region in healthy samples. .................................. 53 

Figure 16. Senescence expression was slightly higher in older adults compared to younger 

adults. ..................................................................................................................................... 54 

Figure 17. Concentration dependent viability upon senolytic drug treatment in healthy samples.

 ............................................................................................................................................... 55 

Figure 18. Epigenetic age deviation in young and old samples after senolytics treatment. ...... 56 

Figure 19. Correlation of chronological age and epigenetic age predictions after senolytic 

treatment. ............................................................................................................................... 57 

Figure 20. Percentage of senescent cells after senolytics treatment. ...................................... 59 

Figure 21. Percentage senescence markers with chosen senolytic drugs. .............................. 60 

Figure 22. Percentage blood cell compositions after senolytic treatment. ............................... 61 

Figure 23. Epigenetic aging is progressively accelerated in MPN entities. .............................. 62 

Figure 24. Premature telomere attrition in some MPN entities. ............................................... 63 

Figure 25. Presence of senescent cells in MPN samples. ....................................................... 64 

Figure 26. Presence of senescence associated signature in MPN samples. ........................... 65 

Figure 27. Epigenetic aging by mutations and correlations with JAK2 V617F burden. ............ 67 

Figure 28. Epigenetic aging is accelerated in colony forming units with JAK2 V617F. ............ 68 

Figure 29. Telomere length by mutations and correlations with JAK2 V617F burden. ............. 69 

Figure 30. Presence of telomere length attrition in colony forming units with JAK2 V617F. ..... 70 

Figure 31. Heterogeneity of age-associated DNA methylation in MPN. ................................... 71 

Figure 32. Single read age prediction in healthy and MPN. ..................................................... 72 

Figure 33. Single-read epigenetic aging is accelerated in MPN compared to healthy patients.73 



 

154 

 

Figure 34. DNA methylation variability in MPN. ....................................................................... 74 

Figure 35. Age-associated DNA methylation is more homogenous in colony forming units. .... 75 

Figure 36. Concentration dependent viability upon senolytic drug treatment in MPN. ............. 76 

Figure 37. Change in JAK2 V617F allele burden after senolytic treatment in vitro. ................. 77 

Figure 38. Impact on cellular aging after senolytic treatment in vitro. ...................................... 78 

Figure 39. Mouse model to investigate the effect of Jak2 V617F mutation on cellular aging. .. 79 

Figure 40. Epigenetic age changes in CML mouse model. ..................................................... 80 

Figure 41. Epigenetic age changes in Pdgfrb mouse model. .................................................. 81 

Figure 42. Embryonic body formation of iPSC derived cells. ................................................... 82 

Figure 43. Hematopoietic differentiated cells from EBs. .......................................................... 83 

Figure 44. Myeloid bias in the mutant clones derived from hematopoietic differentiated cells. 84 

Figure 45. Pluripotency markers of iPSCs and iHPCs by DNA methylation predictions. ......... 86 

Figure 46. Differentially methylated regions in iPSCs. ............................................................. 87 

Figure 47. Differentially methylated regions in iHPCs. ............................................................ 88 

Figure 48. The common CpGs between JAK V617F heterozygous and homozygous clones 

compared to WT iHPCs. ......................................................................................................... 90 

Figure 49. Epigenetic age prediction of iPSCs and their iHPCs. ............................................. 91 

Figure 50. Average methylation difference between JAK2 V617F iHPCs with PMF patients 

harboring JAK2 V617F mutation. ............................................................................................ 92 

Figure 51. DNA methylation changes of JAK2 V617F iHPCs and iPSCs compared to PMF 

patients harboring JAK2 V617F mutation. ............................................................................... 94 

Figure 52. Graphical abstract of aging in healthy blood cells. ............................................... 101 

Figure 53. Graphical abstract of cellular aging which is accelerated in malignant MPN clones.

 ............................................................................................................................................. 110 

 

List of Supplemental Figures 

Supplemental Figure S1. Gating strategy for the flow cytometry data with the healthy senolytics 

treated PBMCs. .................................................................................................................... 149 

Supplemental Figure S2. Age-adjusted telomere length in lymphocytes in different MPN entities.

 ............................................................................................................................................. 149 

Supplemental Figure S3. Exemplarily for one age associated region, FHL2 methylation 

percentage differences between different CFU subtypes. ..................................................... 149 

Supplemental Figure S4. Cellular aging is accelerated in colony forming units with JAK2 V617F 

using 2 CpG prediction, PDE4C and FHL2. .......................................................................... 150 

Supplemental Figure S5. Gene ontology term analysis of hypomethylated CpGs between mutant 

iHPCs and WT iHPCs. .......................................................................................................... 150 



 

155 

 

Supplemental Figure S6. Methylation changes in the heterozygous and homozygous iHPCs 

compared to WT across all patients. ..................................................................................... 151 

Supplemental Figure S7. DNA methylation changes in PMF patients with JAK2 V617F mutation 

compared to healthy controls. ............................................................................................... 152 

 

List of Tables 

Table 1. Primer list for the genotyping of single CFU colonies. ............................................... 43 

Table 2. Primer sequence for BA-seq for PCR1 with handle sequence. .................................. 45 

Table 3. PCR conditions for bisulfite barcoded amplicon sequencing. .................................... 45 

Table 4. PCR conditions for pyrosequencing for age-associated regions for human and mouse.

 ............................................................................................................................................... 46 

Table 5. Primer sequence for pyrosequencing assays for human and mouse aging. .............. 47 

 

List of Supplemental Tables 

Supplement Table S1. Overview of patient samples used for iPSC reprogramming. ............ 147 

 

List of Abbreviations  

°C degrees Celsius 

µl microliter 

µM micromolar 

5hmC 5-hydroxymethylcytosine  

ABL Abelson murine leukemia 

AML acute myeloid leukemia 

ANOVA analysis of variance 

APC allophycocyanin 

ASXL1  additional sex combs–like transcriptional regulator 1 

BBA-Seq barcoded bisulfite amplicon sequencing 

BCR breakpoint cluster region  

BER base excision repair  

bFGF  basic Fibroblast Growth Factor 

BFU-E burst forming unit – erythroid 

BMP4 bone morphogenetic protein 4  

bp base pair 

C12FDG 5-dodecanoylaminofluorescein di-β-D-galactopyranoside 

CALR calreticulin  

CAR-T chimeric antigen receptor T-cell  

CCDC102B coiled-coil domain-containing protein 102B  



 

156 

 

CDK cyclin-dependent kinase  

CFU colony forming unit 

CFU-E colony forming unit erythroid 

CFU-G colony forming unit granulocyte 

CFU-GEMM  colony forming unit granulocyte, erythrocyte, macrophage, megakaryocyte 

CFU-GM colony forming unit granulocyte, macrophage 

CFU-M colony forming unit macrophage 

CHIP clonal hematopoiesis of intermediate potential 

CML  chronic myeloid leukemia  

C-MYC cellular myelocytomatosis oncogene  

CpG cytosine guanine dinucleotide 

CRISPR/Cas
9 

clustered regularly interspaced short palindromic repeats guided Cas9 
nucleases  

D+Q dasatinib in combination with quercetin  

ddPCR digital droplet PCR  

DDR DNA damage response  

DE  differentially expressed  

DMSO dimethyl sulfoxide 

DNAm DNA methylation 

DNMT3A  DNA (cytosine-5-)-methyltransferase 3α 

DNMTs DNA methyltransferases 

DSB double stranded breaks  

EB embryoid body 

ECM extracellular matrix components 

EGFR epidermal growth factor receptor  

EHT endothelial-to-hematopoietic transition 

EMP erythromyeloid progenitor cell 

EMT epithelial-mesenchymal transition  

EPIC Illumina Methylation EPIC BeadChip 

ESC embryonic stem cells  

ET essential thrombocythemia 

FACS Fluorescence-activated cell sorting 

FDR false discovery rate 

FGF2 fibroblast growth factor 2  

FHL2 four and a half LIM domains protein 2  

FITC Fluorescein isothiocyanate 

FSC forward scatter 

GEO Gene Expression Omnibus 

GM-CSF granulocyte-macrophage colony-stimulating factor 

GO gene ontology  

HDR homology directed repair  

HE hemogenic endothelium  

het heterozygous  

hom homozygous  



 

157 

 

HSC hematopoietic stem cell 

Hsf4 heat shock transcription factor 4  
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IFN-alpha interferon-alpha  
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PRPF8  pre-mRNA processing factor 8 
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ROS reactive oxygen species 

SAM S-adenyl methionine  

SASP senescence-associated secretory phenotype  

SA-β-gal SA-β-galactosidase  

SCF stem cell factor  
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TP53  tumor protein p53 

TSS transcription start sites 
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