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1 Abstract  

Myelodysplastic syndromes (MDS) are clonal disorders of hematopoietic stem and progenitor 

cells (HSPCs) characterized by ineffective hematopoiesis with dysplastic features and 

peripheral cytopenia. The disease can evolve from low risk to high risk MDS followed by 

transition into secondary acute leukemia (sAML). Even before MDS is evident, a considerable 

number of aged individuals show clonal expansion of blood cells but without features of 

hematologic malignancy. This phenomenon is termed clonal hematopoiesis of indeterminate 

potential (CHIP) and predisposes to blood cancer. The mutational spectrum found in 

individuals with CHIP, MDS, and sAML is overlapping, whereas the impact on hematopoiesis 

provoked by identical mutations differs depending on the underlying entity. The first part of 

this study focused on kinetic changes occurring within the hematopoietic hierarchy during 

aging and in individuals with CHIP and MDS. These characteristics may provide fundamental 

knowledge about achieving clonal dominance and the reorganization of the HSPC 

compartment in the process of leukemic transformation. We therefore established a data 

driven systems medicine approach. First, we sorted hematopoietic stem cells (HSCs), cultured 

them in differentiation medium, and immunophenotyped arising cell types for 7 days. Specific 

labeling enabled to track cell type and cell division status simultaneously. Generated data was 

then provided for mathematical modeling to assess plausible hematopoietic hierarchies and 

to investigate parameters for proliferation, differentiation, and cell death for each HSPC 

subcompartment. 

Starting with the analysis of age-related changes, we found increased HSPC proportions in 

bone marrow (BM) of aged individuals (n=15) compared to young (n=10). In our HSC culture 

approach, we also saw a trend for increased HSPC proportions but more important, we found 

an overall reduced cell production in aged individuals, which was remarkably visible on the 

more mature cell level. This effect could be further traced to a decreasing HSC proliferation, 

providing a simplified model of aging hematopoiesis in which age-related decline of blood cell 

production has its origin on the HSC level.  

Analysis of the mutational spectrum revealed that nearly 50 % of individuals in our healthy 

aged cohort carry a CHIP mutation. To further characterize these individuals, we compared 

them to healthy age-matched individuals without mutations (n=8) and to MDS patients (n=10). 

Applying the workflow described above, a systematic comparison of competing hematopoietic 
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hierarchies was performed on generated in vitro data. Almost all healthy non-mutated 

samples were best described by the classical model of hematopoiesis. However, the classical 

model of hematopoiesis was not sufficient to discribe hematopoiesis for some CHIP and the 

majority of MDS samples. Properties of models best describing hematopoiesis in CHIP and 

MDS were summarized in a union model to define proliferation, differentiation, and cell death 

of HSPC subcompartments. Deregulated rates were found at various level of the HSPC 

compartment with a high inter-individual heterogeneity in both CHIP and MDS. Our results 

depict increasing kinetic heterogeneity in CHIP and MDS and show that remodeling of the 

HSPC compartment is already present in a premalignant state.   

Our HSC culture approach using human primary material is focused on hematopoietic cells, 

however, the non-hematopoietic microenvironment is playing an important role in malignant 

transformation of hematopoietic neoplasms. The microenvironment consists of different cell 

types and structures, providing a complex signaling network regulating the physiological 

function of HSPCs but also influencing the development of de novo AML and MDS. Vice versa, 

the function and genetic profile of niche cells was shown to be altered in patients with MDS 

and AML. In the second part of this study, we aimed to investigate alterations occurring in the 

bone marrow microenvironment in the course of MDS development and in fully developed 

MDS. Therefore, we utilized a previously published mouse model, in which the epigenetic 

regulator ASXL1 is specifically deleted in the hematopoietic compartment. Unlike described in 

the publications, our Vav-cre+ ASXL1fl/fl mice showed only a very mild hematopoietic 

phenotype not sufficient to match criteria for an MDS-like phenotype. As expected from this, 

investigations on the BM niche including its composition and properties of mesenchymal stem 

cells could not reveal differences in ASXL1 deleted mice compared to control mice.  
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2 Introduction  

2.1 Hematopoietic stem cells  

The production of blood cells is maintained by a hierarchy of progenitors originating from 

hematopoietic stem cells (HSCs). Unique properties of stem cells include the ability of dividing 

and renewing themselves for a long period of time, and while stem cells remain unspecialized, 

they can give rise to specialized cell types (Zakrzewski et al., 2019). HSCs accomplish these 

requirements within the red bone marrow (BM) where they are localized with a frequency of 

1:10 0000 to 1:100 000 (Bonnet, 2002; Haas et al., 2018). Here, they are surrounded and 

influenced by a special microenvironment, the BM niche supporting HSC homeostasis.  

Maintaining hematopoiesis throughout our entire life, HSCs have an extensive proliferative 

capacity. During cell expansion, a fine balance between lineage commitment and HSC self-

renewal must be sustained. In mammalian adult hematopoiesis, asymmetric cell divisions 

have been suggested to regulate this balance (Takano et al., 2004). Alterations in the 

equilibrium of asymmetric versus symmetric cell divisions can affect tissue homeostasis and 

can lead to stem cell exhaustion or expansion (Ito and Suda, 2014). To preserve long-term 

proliferation capacity and genomic stability over the whole lifetime of an individual, 90 % of 

HSCs remain in a quiescent state in G0 phase (Passegué et al., 2005; Walter et al., 2015). Stem 

cell homeostasis, as well as quiescence, regeneration, and aging are affected by metabolic 

pathways, including hypoxia, glycolysis, and reduction-oxidation reactions (Ito and Suda, 

2014).  

The identification of HSCs can be realized using different methods: Transplantation studies are 

based on functional properties of HSCs, which are able reconstitute the entire hematopoietic 

system in vivo and to maintain blood production throughout the life span of the transplanted 

individual (Bonnet, 2002). The identification of HSCs via surface markers is based on 

phenotypical properties, allowing identification of functional human HSCs with a frequency of 

about 1:10 and allowing identification of functional mouse HSCs with a frequency of about 

1:2. Surface markers used for this identification are lineage- CD34+ CD38- CD90+ CD45RA- for 

human and lineage- CD48- Sca-1+ c-Kit+ CD150+ CD244- for mouse HSCs (Kiel et al., 2005; 

Majeti et al., 2007). On the transcriptional level, HSCs can be identified by expression of the 

HOXA3/PRDM16/HOXB6 module, as well as the expression of the HLF/ZFP36L2 module, 

comprising MECOM/EVI1, HFL, and GATA3 transcription factors (Fischbach et al., 2005; Frelin 
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et al., 2013; Kataoka et al., 2011; Shojaei et al., 2005; Velten et al., 2017). HSCs also express 

genes from the earliest priming modules, including the FLT3/SATB1 module present in the 

early lymphoid and myeloid1 progenitors and the GATA2/NFE2 module present in early 

megakaryocyte/erythrocyte progenitors (Velten et al., 2017).  

2.2 Hematopoiesis in human and mouse 

Hematopoiesis describes the continuous formation and turnover of all blood lineages, which 

is based on a hierarchy of progenitors. The well-known classical model of hematopoiesis 

suggests that HSCs give rise to multipotent progenitors (MPPs), which dichotomously form 

common myelocyte progenitors (CMPs) and multipotent lymphocyte progenitors (MLPs). 

CMPs can further differentiate to megakaryocyte erythrocyte progenitors (MEPs) or 

granulocyte monocyte progenitors (GMP, Doulatov et al. (2012); Nimmo et al. (2015)). 

Altogether, these cells correspond to the hematopoietic stem and progenitor cell (HSPC) 

compartment, identifiable by the expression of CD34 and accounting for 2.15 ± 1.01 % of all 

BM cells (Povsic et al., 2010). The vast majority of hematopoietic cells within the BM are 

further downstream of the HSPC compartment. These late progenitors differentiate from 

unipotent blasts through various steps to mature blood cells (Figure 1). 

Further investigations of the hematopoietic hierarchy in mouse and human have led to revised 

models of the classical HSPC hierarchy, showing that hematopoiesis is less hierarchical and 

less strict than initially thought: Adolfsson et al. (2005) identified a new hematopoietic cell 

type in mouse, the lymphoid-primed multipotent progenitors (LMPPs), which are FLT3+ 

lineage− Sca-1+ c-Kit+  cells (LSK FLT3+ cells). This cell type possesses B-cell, T-cell and 

granulocyte-monocyte (GM) potential but lack megakaryocyte-erythrocyte (MegE) potential. 

Mouse LSK cells were known to include long-term HSCs, short-term HSCs, and MPPs. The 

discovery of a distinct LSK subtype that does not have MegE potential lead to the emergence 

of an alternate model of hematopoiesis where MEPs can directly arise from HSCs. 

Furthermore, loss of MegE potential in the newly defined LMPP compartment indicates a 

direct LMPP to GMP transition, without differentiation into CMPs first. Adolfsson et al. (2005) 

also suggested a hematopoietic model combining data supporting the classical model of 

                                                      
1 In general, „myeloid” means related to or derived from the BM. In addition, it is often used 
for specific blood lineages, including granulocyte, monocyte, and sometimes erythrocyte and 
platelet lineages but excluding lymphocytes.  
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hematopoiesis and their findings. In this model, HSCs can generate LMPPs with lymphocyte 

and GM potential, and CMPs with MegE and GM potential. The direct differentiation path 

from HSCs to MEPs was also supported by in vitro studies of Takano et al, who investigated 

colony forming units of LSK daughter and granddaughter cells. However, a separate study 

from Forsberg et al. (2006) also investigated the lineage potential of FLT3+ LMPPs but found 

conflicting results, which instead support the classical model of hematopoiesis. 

In another mouse study, a fraction of phenotypically defined HSCs was shown to express von 

Willebrand factor (vWF), a protein mainly expressed by platelets and endothelium (Månsson 

et al., 2007). The existence of a megakaryocyte-primed HSC subset was also experimentally 

investigated by Sanjuan-Pla et al. (2013) generating vWF-eGFP transgenic mice, isolating LSK 

CD150+ CD48− CD34−  HSCs with a high eGFP expression and transplanting them into irradiated 

mice. They found that vWF-eGFP+ HSCs were platelet biased, additionally contributing to 

other myeloid lineages whereas their lymphoid contribution was very marginal.  

A direct transition from the MPP compartment to MEPs is supported by studies from Notta et 

al. (2016). They identified BAH1 and CD71 as erythroid and megakaryocytic differentiation 

markers within the human CD34+ CD38- MPP compartment.  

The basis of all these studies were defined cell compartments, presumed as homogenous cell 

populations, phenotypically characterized by different sets of surface markers and 

differentially expressed transcription factors (Akashi et al., 2000). Combined index-FACS and 

single-cell transcriptomic analysis recently revealed that lineage commitment is a continuous 

process, in which stem and progenitor cells do not represent stable and discrete states (Pellin 

et al., 2019; Velten et al., 2017). In this gradual differentiation, maturing cells pass through 

progenitor compartments defined by fluorescence-activated cell sorting (FACS), which can be 

therefore considered as transitory states (Haas et al., 2018; Laurenti and Göttgens, 2018).  
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Figure 1: Human hematopoietic hierarchy according to the classical model of hematopoiesis. Early 
hematopoiesis takes place within the hematopoietic stem and progenitor cell (HSPC) compartment comprising 
hematopoietic stem cells, multipotent progenitors, common lymphoid progenitors (also referred to as 
multipotent lymphocyte progenitor), common myeloid progenitors, granulocyte monocyte progenitors, and 
megakaryocyte erythrocyte progenitors. Later hematopoietic cells comprise morphologically distinguishable cell 
types, as indicated. Surface markers important for this study are shown below cell type names.  
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2.3 Aging, CHIP, and MDS 

With increasing age, the hematopoietic system undergoes dramatic changes, predominantly 

characterized by an increasing contribution toward myeloid cell types to the expense of 

lymphoid differentiation, loss of regenerative potential, and an increased number of 

phenotypically defined, long-term repopulating HSCs (Beerman et al., 2010; de Haan and Van 

Zant, 1999; Dykstra et al., 2011; Rossi et al., 2005). These observations are mainly based on 

murine data whereas human studies are rare and contradictory: Kuranda et al. (2011) did not 

observe a myeloid bias of aged human HSCs in xenograft experiments, whereas Pang et al. 

(2011) saw a myeloid lineage dominance along with decreased repopulating capacity in their 

xenograft experiments. Studies are consistent when analyzing the proportion of myeloid 

progenitors during aging, which were found not to be increased in humans (Kuranda et al., 

2011; Pang et al., 2011; Rundberg Nilsson et al., 2016). In line with the mouse studies, the 

frequency of HSCs is significantly increased with age in human BM (Pang et al., 2011; Rundberg 

Nilsson et al., 2016), though the study by Kuranda et al. (2011) could not show statistically 

significance for a comparable HSC population.  

Lymphoid to myeloid lineage skewing at the HSPC level might be caused by shifted 

differentiation at the branching point of MPP towards CMPs or MLPs or by altered 

proliferation and cell death rates at the CMP and MLP level. Furthermore, already the HSC 

pool was shown to be heterogeneous with HSCs biased towards the lymphoid or myeloid 

lineage (Beerman et al., 2010; Challen et al., 2010; Morita et al., 2010; Muller-Sieburg and 

Sieburg, 2006). Thus, alterations in the HSC pool composition with more myeloid biased HSCs 

than lymphoid biased HSCs might be a reason for early lineage skewing in aged individuals 

(Geiger et al., 2013), resembling more the concept of a gradual hematopoietic differentiation 

(Pellin et al., 2019; Velten et al., 2017).  

The size of the HSC pool is regulated by different control instances, including the niche and 

the cell division mode (Giebel and Bruns, 2008). Whether HSCs divide symmetric or 

asymmetric is strongly linked to the polarity status before mitosis, which is in turn determined 

by cell-intrinsic level of the activity of CDC42. During aging, CDC42 activity is elevated leading 

to a loss of polarity in HSCs and to more symmetric cell divisions (Florian et al., 2012; Florian 

et al., 2018).  
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Aged HSCs can accumulate genetic lesions and DNA damage, favoring the event of clonal 

hematopoiesis and the selection of a pre-leukemic HSC clone. Individuals with such genetic 

alterations but without evidence of hematologic malignancies were classified as clonal 

hematopoiesis of indeterminate potential (CHIP, Steensma et al. (2015)). They have a small 

but significantly increased risk for coronary heart disease, ischemic stroke, and show increased 

all-cause mortality. Most important for this study, individuals with CHIP have an increased risk 

of acquiring hematological neoplasia such as myelodysplastic syndrome (MDS, Jaiswal et al. 

(2014); Silver and Jaiswal (2019)). The most common mutated genes in CHIP are DNMT3A, 

TET2, ASXL1, and PPM1D and 80% of detected mutations overlap with mutations found in 

leukemia or lymphoma (Steensma et al., 2015).  

MDS is a heterogeneous group of clonal stem cell disorders, characterized by BM failure, and 

frequently progressing into acute myeloid leukemia (AML). MDS is more common in older 

individuals, with a median disease onset of 70 years and a median survival of only 30 months 

(Germing et al., 2013; Greenberg et al., 2012). In this study, MDS were classified according to 

the 2016 revision to the World Health Organization (WHO) classification of myeloid neoplasms 

and acute leukemia (Arber et al., 2016). Important criteria for diagnosing MDS are peripheral 

cytopenia(s), morphologic dysplasia(s), blast count, cytogenetic abnormalities, and 

occurrence of ring sideroblasts, which are iron laden mitochondria accumulating around the 

nucleus of erythroid precursors (Arber et al., 2016). An important standard for assessing the 

prognosis of primary untreated adult MDS patients is the meanwhile revised International 

Prognostic Scoring System (IPSS-R). Considering cytogenetics, BM blast count, hemoglobin 

level, platelet counts, and the absolute neutrophil count, the IPSS-R score groups MDS 

patients into five risk categories with a median survival ranging from 0.8 to 8.8 years 

(Greenberg et al., 2012). 

With a share of 80% to 90%, the majority of MDS patients show recurring mutations. Mutated 

genes are predominantly involved in mRNA splicing, epigenetic regulation, receptor and 

kinase signaling, transcription regulation, tumor suppression, and adhesion. Most common 

mutated genes are SF3B1, TET2, SRSF2, ASXL1, DNMT3A, RUNX1, U2AF1, TP53, and EZH2 

(Table 1, Haferlach et al. (2014); Ogawa (2019); Papaemmanuil et al. (2013)). Furthermore, 

the genetic lesions affect the patients’ clinical outcome: Whereas mutations in TP53, EZH2, 

ETV6, RUNX1, and ASXL1 are predictive for a poor outcome, SF3B1 when present as a single 

mutation shows a decreased hazard ratio (Bejar et al., 2011; Haferlach et al., 2014). Mutations 
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are also associated with phenotypical characteristics, as shown for RUNX1, TP53, and NRAS 

being associated with severe thrombocytopenia and increased BM blasts (Bejar et al., 2011), 

or for SF3B1 being associated with the appearance of ring sideroblasts (Papaemmanuil et al., 

2011). 

Table 1: Major driver genes involved in the pathogenesis of MDS. * Mutant IDH1 and IDH2, but not 
unmutated forms, affect DNA methylation. † Germline variants are implicated in the predisposition 
to AML/MDS. Table copied from Ogawa (2019). 

Pathway/functions Driver genes 

DNA methylation  DNMT3A, TET2, IDH1,*IDH2,* and WT1  

Chromatin modification  
EZH2, SUZ12, EED, JARID2, ASXL1, KMT2, KDM6A, ARID2, PHF6, 
and ATRX  

RNA splicing  SF3B1, SRSF2, U2AF1, U2AF2, ZRSR2, SF1, PRPF8, LUC7L2  

Cohesin complex  
STAG2, RAD21, SMC3, and SMC1A (PDS5B, CTCF, NIPBL, 
and ESCO2)  

Transcription  
RUNX1,†ETV6,†GATA2,†IRF1, CEBPA, BCOR, BCORL1, NCOR2, 
and CUX1  

Cytokine receptor/tyrosine kinase  FLT3, KIT, JAK2, and MPL, CALR, and CSF3R  

RAS signaling†  PTPN11, NF1, NRAS, KRAS, and CBL (RIT1 and BRAF)  

Other signaling  GNAS, GNB1, FBWX7, and PTEN  

Checkpoint/cell cycle  TP53 and CDKN2A  

DNA repair  ATM, BRCC3, and FANCL  

Others  NPM1, SETBP1, and DDX41†  

 

The accumulation of genetic lesions (mutations and chromosomal aberrations) within HSCs 

are thought to be responsible for disease evolution. Proposed models for disease 

development suggest a linear evolution, in which mutations serially accumulate in HSCs, 

versus a non-linear model in which MDS stem cells have a significantly higher complexity of 

subclonal mutations compared to MDS blast cells suggesting a parallel clonal evolution with 

distinct subclones (Chen et al., 2019). During disease progression over years, the blast count, 

as well as number of mutations and other genetic alterations increases  (Ogawa, 2019; Walter 

et al., 2012). In our study, we particularly focused on mutations in ASXL1 and SF3B1, as they 

are very common in MDS, they are both founder mutations, and they represent both sides of 

the prognostic spectrum, with a poor and a favorable patient outcome, respectively  (Mossner 

et al., 2016; Ogawa, 2019).  
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2.4 Additional Sex Combs Like 1 – a polycomb repressive complex protein 

Additional Sex Combs Like 1 (ASXL1) codes for a nuclear protein with 1084 amino acids, 

characterized by an N-terminal HARE-helix turn-helix domain (HARE-HTH), an ASXH globular 

domain, and a C-terminal plant homeodomain (PHD). One physiological mechanism of ASXL1 

is its recruitment of the Polycomb repressive complex 2 (PRC2) to leukemogenic loci, which 

are repressed by PRC2-mediated histone H3 lysine 27 (H3K27) tri-methylation. In contrary, 

deleted ASXL1 does not associate with PRC2 and subsequently leukemogenic loci were not 

repressed (Abdel-Wahab et al., 2012). Furthermore, the ASXH globular domain of ASXL1 is 

able to associate with BAP1, an ortholog of the ubiquitin carboxy-terminal hydrolase calypso 

in drosophila. The effect of both proteins was mutually reinforced by association of a C-

terminally mutated ASXL1 protein with BAP1, leading to myeloid leukemogenesis through 

impairing multilineage differentiation of hematopoietic progenitors and accelerated RUNX1-

ETO induced leukemogenesis (Asada et al., 2018).  

These two examples are showing that mutations in ASXL1 can promote leukemogenesis 

through multiple effects and that mechanisms leading to leukemogenesis might not be 

sufficiently investigated. On the one hand, the effect of ASXL1 mutations on disease 

development and progression is mediated through a gain-of-function mutation due to 

expression of a truncated protein, on the other hand it is mediated through loss-of-function 

due to deletion of ASXL1. Mutations found in ASXL1 are predominantly localized in exon 12, 

prior to the highly conserved PHD domain but after HARE-HTH and ASXH globular domain, 

they appear to be heterozygous, and they are frameshift or base exchange mutations leading 

to a premature stop of translation (Carbuccia et al., 2009; Schnittger et al., 2013).  

2.5 Spliceosome factor 3b - a core component of U2 small nuclear 

ribonucleoprotein 

The splicing factor SF3B is a multiprotein complex and an integral component of the U2 small 

nuclear ribonucleoprotein (snRNP). Within the spliceosome, SF3B has an essential role in pre-

mRNA splicing as it recognizes the pre-messenger RNA’s 3’ branch site (Golas et al., 2003). 

Mutations in the largest subunit SF3B1 are mostly missense substitutions in the HEAT domain. 

The C-terminally located HEAT-domain forms a helical structure within the protein, providing 

a scaffold for the U2 snRNP to support interactions with other SF3B subunits and defining an 

RNA binding platform for branch site recognition (Zhou et al., 2020).  
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2.6 The bone marrow niche and its role in aging and malignant transformation 

The BM niche provides a multicellular microenvironment, regulating the hematopoietic 

function, including HSC quiescence, proliferation, mobilization, and lineage differentiation. 

The niche consists of a variety of different cells, including mesenchymal stem cells (MSC) that 

can differentiate into osteoblasts and adipocytes, endothelial cells, neuronal cells, and 

pericytes. Pericytes derive from mesenchymal origin and include a variety of stroma cells, such 

as pericytic MSC, Nestin-expressing cells, and CXCL12-abundant reticular (CAR) cells (Asada et 

al., 2017; Birbrair and Frenette, 2016; Cordeiro-Spinetti et al., 2015; Pleyer et al., 2016). HSCs 

can be localized in different subniches, near the inner bone surface (endosteal niche) where 

HSCs are predominantly quiescent, or close to blood vessels (arteriolar and sinusoidal 

perivascular niche). Whereas in the arteriolar niche HSCs are also shown to be quiescent, the 

sinusoidal perivascular niche comprises activated HSCs (Arber et al., 2016; Birbrair and 

Frenette, 2016; Cordeiro-Spinetti et al., 2015; Ikonomi et al., 2020).  

HSC aging and leukemogenesis are accompanied by changes in the BM niche. Aged stroma 

secreting higher levels of the pro-inflammatory CC-chemokine ligand 5 (CCL5) was shown to 

promote myeloid lineage skewing (Ergen et al., 2012). Aged stroma is also associated with 

reduced levels of secreted matrix protein osteopontin (OPN), leading to loss of HSC polarity 

and impaired engraftment potential (Guidi et al., 2017). Furthermore, aging is associated with 

the loss of niche-associated adrenergic nerves, which promotes HSC aging (Maryanovich et 

al., 2018).  

In MDS and AML patients, MSC were shown to be altered on the molecular and functional 

level, including chromosomal aberrations, transcriptomic and epigenetic alterations, as well 

as changes in cytokine secretion, support of HSC, and differentiation potential. MSCs are 

potent to modulate the immune system, they interact with other niche cells, as well as with 

normal and leukemic stem and progenitor cells. The molecular and functional alterations of 

MSCs during disease progression lead to remodeling of the niche, promoting disease 

development by abnormal stem cell niche interactions, alterations in the immune system and 

impaired growth control (Pleyer et al., 2016).  

Several studies in mice showed that alterations of specific components of the BM niche are 

sufficient to initiate or promote leukemia. Deletion of the miRNA processing endonuclease 

Dicer1 in osteogenic progenitors leads to impaired osteoblast differentiation and mice 
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developed an MDS-like phenotype with peripheral cytopenia, dysgranulopoiesis, dysplastic 

megakaryocytes and occasionally AML (Raaijmakers et al., 2010). A mouse model with 

constitutive activation of β-catenin in osteoblasts leads to altered differentiation of myeloid 

and lymphoid progenitors and the development of AML (Kode et al., 2014). A mixed form of 

MDS and myeloproliferative neoplasia (MPN) was found in mice with loss of Sipa1, a RAP1 

GTPase-activating protein, which is mainly expressed by mesenchymal stem and progenitor 

cells (Xiao et al., 2018). In humans, the concept of niche-induced leukemogenesis is supported 

by the occurrence of rare cases of donor-derived leukemia upon BM transplantation, where 

preexisting niche changes in the host are thought to support malignant transformation 

(Wiseman, 2011). In contrary, several studies report donor-derived leukemia arising from CHIP 

providing another hypothesis for leukemic transformation after transplantation (Gondek et 

al., 2016; Rojek et al., 2016).  

2.7 Aim of this study  

The HSPC compartment, including HSCs, MPPs, MLPs, CMPs, GMPs, and MEPs is shown to be 

altered during aging, in CHIP, and in myeloid malignancies. Data particularly describing the 

structure of the hematopoietic hierarchy and kinetic rates in the HSPC compartment are rare 

and often based on mouse studies. However, this kind of data is very important to understand 

how clonal dominance is achieved and to understand characteristics of a leukemic stem cell 

compartment. To address this, we aimed to establish a cell culture approach providing 

appropriate data for computational modeling to analyze the hematopoietic hierarchy as well 

as proliferation, differentiation, and cell death rates of each HSPC subcompartment. Human 

primary samples were used to purify HSC according to their surface marker profile and cells 

were cultured in medium allowing differentiation towards mature blood cells. Cell numbers, 

cell types, and cell divisions were analyzed at various time points to follow the process over 

time. Data was then provided for computational modeling revealing differences occurring in 

hematopoiesis during aging, in CHIP, and in MDS (Figure 2).  
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Figure 2: Workflow for investigating HSPC kinetics using human primary material. BM from healthy individuals 
and individuals with CHIP and MDS will be sorted for HSCs. HSCs will be cultured in medium allowing cell growth 
and differentiation, followed by time-resolved FACS analysis of these cultures to investigate different cell type 
numbers. Generated data will be provided for mathematical modeling unveiling alterations in HSPC kinetics, such 
as proliferation, differentiation, and cell death of HSPC subpopulations.  

 

Our HSC culture approach is focused on cell-intrinsic driven alterations, whereas in vivo the 

normal and diseased hematopoietic system is influenced by the microenvironment and vice 

versa. In the second part of this study, we want to investigate alterations occurring in the BM 

niche during the course of MDS development and in fully developed MDS. We therefore utilize 

a previously described mouse model with hematopoietic deletion of ASXL1 (genotype Vav-

cre+ ASXL1fl/fl, Abdel-Wahab et al. (2013)). We planned to analyze general alterations that may 

occur within the BM niche composition, followed by evaluation of alterations in MSC 

properties and function (MSC growth, osteogenic and adipogenic differentiation).  
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3 Methods 

3.1 Healthy and MDS sample collection and storage 

BM samples were obtained from MDS patients undergoing routine clinical evaluation. Healthy 

BM samples were collected from donor BM filters courtesy of the Stiftung Aktion 

Knochenmarkspende Bayern or obtained from femoral heads of patients undergoing hip 

replacement surgery courtesy of Dr. Martin Nolde and Dr. Dominikus Hausmann. Written 

informed consent in accordance with the Declaration of Helsinki was obtained from all 

patients according to protocols approved by the ethics committee of the Technische 

Universität München. 

For cell extraction, BM filters were washed with PBS in a reverse direction, starting with the 

smallest filter. Received cell suspension was pooled to a volume of 50 ml. Femurs were 

chopped, placed into PBS and BM cells were mechanically extracted by shaking. Remaining 

bone pieces were removed by a 70 µm cell strainer. Cells were centrifuged (450xg, 10 min) 

and pellets were resuspended in 50 ml PBS. BM from MDS patients was diluted in IMDM to a 

total volume of 50 ml.  

For healthy and MDS samples, mononuclear cells (MC) were isolated by gradient separation. 

Therefore, 2 parts of diluted sample were layered over 1 part of ficoll (Merck, Cat: L0115). 

Samples were centrifuged for 15 min, 2100 rpm, without break and MC were collected from 

the interphase. The MC suspensions were again centrifuged (10 min, 1500 rpm), cell pellets 

were mixed with freeze medium (10 % DMSO (Serva, Cat: 20385), 90 % heat inactivated FCS 

(Merck, Cat: S0115 or Biochrom, Cat: S0115), 5x107 cells/ml), and frozen at -80°C using a 

freezing chamber maintaining a controlled freezing rate of approximately 1°C per minute. 

Healthy and MDS samples were stored in an N2 biobank. 

3.2 Sample preparation and antibody staining for FACS  

For sorting HSCs, frozen patient and donor BM samples were quickly thawed in a 37 °C water 

bath and immediately placed into IMDM (1x) + GlutaMAX (Gibco, Cat: 31980-022). Dead cells 

were reduced by density gradient centrifugation as described in the previous section. Cells 

were then washed with 2 ml PBS, centrifuged (450xg, 10 min) and pellets were mixed with 2 

ml of 1 µM CellTraceTM Violet stain (ThermoFisher Scientific, Cat: C34557) in PBS (37°C) and 

incubated for 20 min at 37°C. The reaction was stopped by adding 10 ml ice-cold HF2 medium 
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containing 1xHBSS (Gibco, Cat:14185-045), 2% heat-inactivated FCS (Biochrom, Cat: S0115), 

0.01 M HEPES (Gibco, Cat: 15630-056), and 100 U/ml Pen/Strep (Gibco, Cat: 15140-122). After 

incubating 5 min on ice, the suspension was centrifuged and antibody staining was performed.  

First, cells were incubated with 100 µl biotin-coupled lineage mix (Table 2) for 20 min on ice 

and in the dark. Samples were then centrifuged (1500 rpm, 5 min) and pellets resuspended 

with 100 µl of fluorescence-coupled antibody mix (Table 2). After incubating 40 min on ice and 

in the dark, 2 ml of HF2 was added and the cell suspension was centrifuged (1500 rpm, 5 min). 

Pellets were resuspended in 500 µl HF2 with 0.2 µg/ml propidium iodide and filtered using a 

40 µm cell strainer.  

The sorting procedure was performed on a BD FACSAriaTM III equipped with 488 nm, 405 nm, 

561 nm, and 633 nm lasers either in purity, single cell, or index mode. Purity of bulk-sorted 

HSC at day 1 in culture ranged from 77.9 - 95.4% (median purity 91.2%).  

Table 2: Antibody panel mix used for identifying HSPC subpopulations, including HSCs, MPPs, MLPs, CMPs, 
GMPs, and MEPs in human BM cells.  

Antibody 
target 

Conjugate Clone Dilution Company Order No  

Biotin-coupled lineage mix 

CD4 Biotin RPA-T4 1:100 BioLegend 300504 

CD8a Biotin RPA-T8 1:100 BioLegend 301004 

CD15 Biotin H198 1:100 BioLegend 323016 

CD19 Biotin H1BT9 1:100 BioLegend 302204 

CD235a Biotin HIR2 1:100 eBioscience 13-9987-82 

Fluorescence-coupled antibody mix 

CD34 FITC 581 1:20 BD 555821 

CD90 PE 5E10 1:20 eBioscience 12-0909-42 

CD123 BV510 6H6 1:20 BioLegend 306021 

CD38 APC HB7 1:40 BD 345807 

CD45RA PE-Cy7 HI100 1:40 BD 560675 

CD45 PeCy5.5 HI30 1:100 BioLegend 304028 

Streptavidin APC/Cy7  1:100 BioLegend 405208 

 

For analysis of cell compartments on day 1-7, cultured cells were harvested, centrifuged and 

antibody staining was performed as described for the sorting procedure, but without 



Methods 

16 

CellTraceTM Violet staining. Additionally, 50 µl of Flow-Count Fluorospheres (Beckman Coulter, 

Cat: 7547053) were added right before sample acquisition. FACS analysis was performed on a 

BeckmanCoulter CyAn, equipped with 405nm, 488nm, and 633 nm lasers. Compensation and 

gating were performed using the FlowJo V10 software. In every FACS analysis and prior to 

applying the cell type specific gating strategy, cell debris, doublets, and dead cells were 

excluded using the gating software. Since CD38+ cells have been shown to lose CD38 

expression during in vitro short-term culture (von Laer et al., 2000), the correct separation of 

CD38- and CD38+ compartments were based on backgating on CD90+ HSC. Gates were 

adjusted for each day of measurement and for each sample acquisition.  

3.3 Serial dilution of CellTraceTM Violet stained cells 

For determining FACS detection limit (LOD), a serial dilution of CellTraceTM Violet stained cells 

was performed. BM of a healthy individual was thawed and parted. One part was stained with 

CellTraceTM Violet stain as described in Sample preparation and antibody staining for FACS . 

Both, stained and unstained cell suspensions were counted and mixed in a serial dilution. Cells 

were measured on a BeckmanCoulter CyAn, and CellTraceTM Violet positive and negative cells 

were assessed for 100 or 1000 counts using the FlowJo V10 software. LOD for both cell 

numbers was estimated based on the standard deviation of the response and the slope 

(European Medicines Agency (1995)):  

 

Notably, it is recommended that the upper concentration level for calculating the LOD should 

not exceed 10 times the expected LOD (Thomas et al., 2016). Therefore, prior to the LOD 

calculation, measured values were plotted against the used concentration and the expected 

LOD was manually estimated. Values not exceeding 10 times the expected LOD were then 

used for calculating the LOD.  

3.4 Cell culture 

For HSC-culture, either serum-free medium supplemented with 5 growth factors (SFM + 5GF) 

or serum-free medium supplemented with 8 growth factors (SFM + 8GF) was used (Table 3). 

Bulk-sorted HSCs were cultured at a concentration of 2.5x103 cells/ml. Single-HSCs were 
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sorted into the inner wells of a 96-well plate and cultured in 100 µl medium. Outer wells were 

filled with H2O. 

Table 3: List of ingredients for serum-free medium supplemented with 5 growth factors (SFM + 5GF) or serum-
free medium supplemented with 8 growth factors (SFM + 8GF). Since usage of SFM + 8GF lead to a higher cell 
yield than SFM + 5GF as shown in Figure 4, SFM + 8GF was used for all following experiments.  

Reagent Company, order number SFM + 5GF  SFM + 8GF 

IMDM(1x)+GlutaMAX Gibco, 31980-022 80%  80%  

BIT9500 StemCell Technologies, 09500 20% 20% 

2-mercaptoethanol Gibco, 31350-010 10 µM 10 µM 

Ciprofloxacin CiproHEXAL, 200mg/100ml 8 µg/ml 8 µg/ml 

LDL StemCell Technologies, 02698 4 µg/ml 4 µg/ml 

SCF R&D Systems, 255-SC 100 ng/ml 100 ng/ml 

FLT3-Ligand R&D Systems, 308-FK 100 ng/ml 100 ng/ml 

TPO R&D Systems, 288-TP 25 ng/ml 25 ng/ml 

IL3 R&D Systems, 203-IL 10 ng/ml 10 ng/ml 

IL6 R&D Systems, 206-IL 10 ng/ml 10 ng/ml 

GM-CSF R&D Systems, 215-GM  50 ng/ml 

G-CSF Filgrastim, Hexal  50 ng/ml 

Erythropoietin Janssen, PZN: 00878122  2 U/ml 

 

Clonogenic capacity determined by colony forming unit (CFU) assay was either assessed for 

index-sorted or purity-sorted human HSCs. For index-sored HSCs, 100 µl of human 

StemMACSTM HSC-CFU Media with EPO (Miltenyi, Cat: 130-091-280) was prepared in each well 

of a 96-well plate. After sorting single-HSCs into these wells, plates were cultured for 21 days 

in a humidity chamber at 37°C with 5% CO2.  For purity sorted HSCs, 1000 cells were mixed 

with 3 ml human StemMACSTM HSC-CFU Media with EPO and split into two 30 mm culture 

dishes. Cells were cultured at 37°C with 5% CO2 for 14 to 21 days. Colonies were scored with 

an inverted microscope using standard criteria.   

If there was a sufficient number of HSCs after sorting, or if there was enough frozen BM 

material for repeated sorting, samples were analyzed in replicates.  

3.5 Index sort data analysis  

Index sort files were analyzed using the FlowJo V10 software and following instructions 

described in The Daily Dongle (2016). Briefly, single CD34+ HSPCs cells from a healthy 
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individual were index-sorted into three 96-well plates. This results in three sort files, each 

containing 96 cells. By applying the index sort script, each of the 96 cells appears as a new 

population. Each population was exported into single files, which can be manually assigned to 

a specific well number (A1 to H12) and mapped to results from the colony forming unit assays 

by adding keywords. All files (3x96) were concentrated into one file considering all necessary 

parameters (fluorescence channels) and keywords (well number and colony status). After 

concentrating all files (3x96) into one file, gating can be performed as usual, but including 

information about the colony forming unit status.  

3.6 Mutational analysis 

MDS patient samples were sequenced for diagnostic purposes for the most common 

mutations (Haferlach et al., 2014). Healthy control samples were tested for clonal 

hematopoiesis-associated mutations using a previously described NGS assay covering 68 

genes recurrently altered in myeloid neoplasms (Rothenberg-Thurley et al., 2017) by the 

Laboratory for Leukemia Diagnostics, Department of Medicine III, University Hospital, Ludwig-

Maximilians-Universität, Munich, Germany. For assessing variant allele frequencies (VAF) in 

HSCs, DNA from a minimum of 200 sorted HSCs was subjected to whole-genome amplification 

(GenomiPhi V2, GE Healthcare), and subsequently analyzed using the same 68-gene panel by 

Laboratory for Leukemia Diagnostics, Department of Medicine III, University Hospital, Ludwig-

Maximilians-Universität, Munich, Germany. 

3.7 Time lapse experiments 

Polydimethylsiloxane (PDMS) microwells were designed and fabricated by Alexandra 

Murschhauser from the Faculty of Physics and Center for NanoScience (CeNS), Ludwig-

Maximilians-Universität, Munich, Germany. Each PDMS insert is consistent of 30 custom made 

microwells, each with a diameter and a depth of 300 μm. Inserts were placed onto a glass 

bottom dish and sterilized by 10 min UV exposure. Before seeding, PDMS microwells were 

incubated with 3 ml SFM + 8GF at 37°C. Then, bulk-sorted HSCs were directly pipetted into the 

microwells and incubated for 10 min. Density was checked and if necessary, another seeding 

step followed to achieve optimal microwell occupation (i.e. 2-3 cells per well). Time-lapse 

measurements were performed with a Nikon Ti Eclipse microscope (Nikon, Japan) and an 

incubation box (Okolab, Italy) at 37°C and 5% CO2. A 20 min time interval for image acquisition 

was sufficient for accurate manual tracking. Manual single cell tracking was carried out using 
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the software tTt by Moritz Thomas from the Helmholtz Zentrum München–German Research 

Center for Environmental Health, Institute of Computational Biology, Neuherberg, Germany. 

Each cell was manually assigned to a cell fate: (i) division, (ii) cell death, or (iii) termination of 

tracking due to loss of cell identity, either because the cell could no longer be reliably tracked 

or because acquisition ended at 165 h. The single cell analysis was performed with PyCharm 

2018.3.2 by Lea Schuh from the Helmholtz Zentrum München–German Research Center for 

Environmental Health, Institute of Computational Biology, Neuherberg, Germany.  

3.8 Multi-compartment model and parameter inference 

Mathematical modeling was performed by Lisa Bast from the Helmholtz Zentrum München–

German Research Center for Environmental Health, Institute of Computational Biology, 

Neuherberg, Germany. Hematopoiesis was modeled as a biochemical reaction network of 

seven species S = {HSC, MPP, MLP, CMP, GMP, MEP, CD34-}, as published for models A – J  in 

Bast et al. (2021). For the A, B, D, G, I union model (Figure 13B) the ordinary differential 

equation (ODE) system of the multi-compartment model includes reactions R1 – R7 for 

proliferation, R22 – R27  for cell death, and R8, R10 – R13, R16 – R21  for differentiation between 

cell compartments according to Table 1-2 in Bast et al. (2021).  Parameter inference was 

conducted by maximum likelihood estimation for every individual separately (see Transparent 

Methods in Bast et al. (2021)).   

3.9 Animals 

To generate mice with a homozygous, heterozygous, or without deletion of ASXL1 in the 

hematopoietic system, Vav-cre (Tg(Vav1-icre)A2Kio) mice were crossed to ASXL1 (STOCK 

Asxl1tm1.1Iaai/J) mice. Genotypes of littermates were analyzed by PCR using the KAPA Mouse 

Genotyping Hot Start Kit (peqlab, Cat: 07-KK7352-01) according to the manufactures protocol. 

Temperatures for primer annealing were adjusted. Primer sequences, as well as annealing 

temperatures are described in Table 4. Mice of either genotype had libitum access to food 

and water and were housed and fed according to federal guidelines. 
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Table 4: Primers used for mouse genotyping. Vav-cre transgene was detected by Vav-cre forward (FW) and 
reverse (RW) primer, resulting in a 236 bp product. Wild type and floxed ASXL1 was detected by ASXL1 FW and 
RW primer, resulting in a 251 bp and 450 bp product, respectively. Excision of ASXL1 after Cre recombination 
was confirmed by primers detecting a floxed portion of the construct (ASXL1 Del FW and RW primer).  

Primer Sequence Annealing 
temperature  

Vav-cre  FW AGATGCCAGGACATCAGGAACCTG 
RW ATCAGCCACACCAGACACAGAGATC 

58 °C 

ASXL1  FW ACACCAACCAGCCGTTTTAC 
RW TCCTTGGATTTTTCTCAGCA 

58 °C 

ASXL1 Del FW ACGCCGGCTTAACTGTACACG 
RW GACTAAGTTGCCGTGGGTGCT 

64 °C 

 

3.10 Organ extraction 

For organ extraction, mice were sacrificed by cervical dislocation after anesthetizing with 

Isofluorane. Peripheral blood was directly extracted by puncture of the heard. Femur and tibia 

of mice were dissected, BM flushed, and cells resuspended in HF2 buffer. Femur and tibia 

were then smashed, adherent cells were extracted after collagenase treatment for 1.5 h at 

37°C, and cells were resuspended in HF2 buffer. Remaining bone pieces were used for direct 

MSC culture. Peripheral blood, BM, and cells extracted after collagenase treatment were 

viable frozen at -80°C by mixing cell pellets with freeze medium (10% DMSO (Serva, Cat: 

20385), 90% heat inactivated FCS (Merck, Cat: S0115 or Biochrom, Cat:S0115), 5x107 cells/ml) 

and a controlled freezing rate of approximately 1°C per minute. For long-term storage, 

samples were transferred into an N2 biobank. 

3.11 Mouse MSC culture 

MSCs were either obtained from smashed bone pieces, or from cells extracted after 

collagenase treatment (see Organ extraction). Bone pieces or cells were plated in mouse MSC 

medium (MEM α, GlutaMAX™ (Gibco, Cat: 32561037), supplemented with 10% FCS, 100 U/ml 

Pen/Strep (Gibco, Cat: 15140-122), and 0.05 mM 2-mercaptoethanol) and cultured at 37°C, 

5% CO2 until passage 3, obtaining an enriched MSC population. MSCs were splitted at a 

confluency of 60 to 70%.  

3.12 In vitro colony-forming assay of murine hematopoietic cells 

BM of Vav-cre+ ASXL1fl/fl, Vav-cre+ ASXL1fl/wt, and Vav-cre- ASXL1fl/fl mice was quickly thawed, 

washed with IMDM and mixed with cytokine-supplemented methylcellulose medium 
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(Methocult, STEMCELL Technologies, Cat: M3434) at a density of 4x104 cells/replicate. 

Colonies were counted and classified after 10 days of culturing at 37°C and 5% CO2.  

3.13 Investigating CFU-F capacity  

For assessing fibroblast colony-forming units (CFU-F), 100 mouse MSCs from passage 3 were 

plated onto one well of a 6 well plate. Cells were cultured at 37°C and 5% CO2 in MSC medium 

for 3 days until small colonies were formed. Cells were visualized by crystal violet staining: 

Adherent MSCs were washed with PBS and fixed with 70% ethanol for 10 min at room 

temperature. Cells were stained for 1 h with 0,1% crystal violet stain. Staining solution was 

removed and wells were washed with deionized water. Colonies were counted with an 

inverted microscope. 

3.14 RNA isolation, cDNA transcription, and qPCR 

RNA isolation was performed using the RNeasy Mini Kit (QIAGEN) from frozen cell pellets 

containing approximately 107 cells. Cell pellets were resuspended in 350 µl RLT buffer 

containing 1% β-mercaptoethanol and were then centrifuged for 3 min at 10000 rpm. After 

adding 350 µl ethanol to the separated supernatant, lysates were transferred onto RNeasy 

Mini spin columns and centrifuged for 15 sec at 10000 rpm. The flow through was discarded 

and 700µl RW1 buffer was added to the column, followed by centrifugation (15 sec at 10000 

rpm). The flow-through was discarded and 500 µl RPE buffer was added to the column and 

again centrifuged (15 sec at 10000 rpm). After discarding the flow-through, 500 µl of RPE 

buffer was added to the column and centrifuged at maximum speed for 2 min. The column 

was placed onto a new 1.5 ml collection tube and RNA was eluted by adding 16 µl RNase free 

water onto the column membrane and centrifugation for 1 min at maximum speed. RNA 

concentration and purity were measured using the NanoDropTM.  

Reverse transcription of RNA was carried out using the QuantiTectRev. Transcription Kit 

(QIAGEN, Cat: 205311) according to the manufacturer’s protocol. Briefly: Up to 1µg of isolated 

RNA was mixed with 2 µl gDNA Wipeout Buffer (7x) and RNase-free water to a total volume 

of 14 µl. The mixture was incubated for 2 min at 42°C and then immediately placed on ice. To 

each mixture, 6 µl of RT master mix containing 1 µl Quantiscript Reverse Transcriptase, 4 µl 

Quantiscript RT Buffer (4x), and 1 µl RT Primer Mix, was added. Samples were incubated for 

15 min at 42°C followed by incubation for 3 min at 95°C. cDNA was stored at -20°C.  
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Real time quantitative PCR was performed using the Brilliant III Ultra-Fast SYBR® Green QPCR 

Maser Mix (Agilent Technologies, Cat: 600882) and specific primer for RUNX1, PPARG, and 

RPL13A. Each reaction contained 10 µl Reference dye with Master mix (1:50), 8 µl H2O, 0.5 µl 

of each Primer (diluted 1:10 with H2O), and 1µl cDNA, resulting in a total volume of 20 µl. 

Samples were analyzed in triplicates and non-template controls were performed to detect 

contaminations. Real time PCR was performed with the StepOnePlusTM System (Applied 

BiosystemsTM). RUNX1 and PPARG were relatively quantified using the comparative delta CT 

calculation method and after normalization to RPL13A. 

3.15 Antibody staining and FACS analysis of murine cells 

For analyzing mature hematopoietic cells, stem cells, and stroma cells in mice, viable frozen 

cells were thawed, resuspended in IMDM(1x)+GlutaMAX (Gibco, Cat: 31980-022), and 

counted. Then, 1 to 10 x106 cells were mixed with respective antibody panel mixes 

summarized in Table 5. Single stains of each fluorophore serve for compensation. Antibodies 

were incubated for 1 h. Cells were then washed with HF2 medium, centrifuged, and pellets 

were resuspended in 500 µl HF2 with 0.2 µg propidium iodide. FACS analysis was performed 

on a BeckmanCoulter CyAn, equipped with 405nm, 488nm, and 633 nm lasers. Compensation 

and gating were performed using the FlowJo V10 software. Prior to applying the cell type 

specific gating strategy, cell debris, doublets, and dead cells were excluded using the gating 

software. 
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Table 5: Antibody panel mixes used for identifying mature hematopoietic cells, stromal cells, and stem cells in 
mice. Each antibody was used at a concentration of 1:500.  

Antibody target Conjugate Company Order No  

Mature panel 

CD3e PE Cy5.5 Invitrogen  35-0031-82 

Gr1 eFluor 450 Invitrogen 48-5931-82 

B220 PE Cy7 Invitrogen 25-0452-82 

CD11b APC Invitrogen  17-0112-82 

TER119 PE Invitrogen 12-5921-83 

MSC panel 

Alcam PE  R&D FAB1172P 

CD31 APC Invitrogen 17-0311-82 

CD144 eFluor 450 Invitrogen 48-1441-82 

Sca1 PE Cy7 Invitrogen 25-5981-82 

TER119 PE Cy5.5 Invitrogen 35-5921-82 

CD51  Biotin Invitrogen 13-0512-82 

Streptavidin APC/Cy7 BioLegend 405208 

Stem cell panel 

TER119 Biotin Invitrogen 13-0112-85 

CD11b Biotin eBioscience 13-0112-85 

B220 Biotin eBioscience 13-0452-85 

CD48 Biotin Invitrogen 13-0481-85 

Gr1 Biotin eBioscience 13-5931-85 

CD3e Biotin eBioscience 13-0031-85 

Streptavidin  PerCP Cy5.5  eBioscience 45-4317-82 

CD150 PE Invitrogen 12-1501-82 

Sca1 PE Cy7 eBioscience 25-5981-82 

c-Kit  APC eBioscience 17-1171-83 

CD34 FITC eBioscience 11-0341-85 

Single stains for compensation 

CD45 FITC Invitrogen 11-0451-82 

CD45 PE Invitrogen 12-0451-82 

CD45 PE Cy7 Invitrogen 25-0451-82 

CD45  Per CP Cy5.5 eBioscience 45-0451-82 

CD45 eFluor 450 eBioscience  48-0451-82 

CD45 APC eBioscience 17-0451-82 

CD45 APC Cy7 Invitrogen 47-0451-82 

 

3.16 Mouse blood values 

Peripheral blood of mice was analyzed after blood sampling with the scil Vet ABC 

™Hematology Analyzer. 

3.17 SDS-PAGE and Western Blot  

Mouse BM or spleen cell suspensions obtained after organ extraction were centrifuged and 

pellets were lysed by adding 30 – 50 µl lysis buffer. Samples were pipetted up and down for 
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re-suspension, incubated 30 min on ice, and sonicated (10 sec, 4 cycles, 30% power). The 

lysates were centrifuged at 6000 xg for 10 min at 4°C and supernatants were collected and 

diluted in PBS supplemented with protease inhibitor. Protein concentrations were analyzed 

using the DC Protein Assay (Bio-Rad). For each sample, 50 µg protein was mixes with PBS 

(supplemented with protease inhibitor) to a total volume of 15 µl. The suspension was then 

mixed with 15 µl 2x loading dye and heated for 5 min at 95°C. Prepared samples were loaded 

ono Mini-PROTEAN TGX Stain-Free Gels (Bio-Rad). As a molecular weight marker, 3 µl 

PageRulerPlusPrestained Protein Ladder (Thermo Fisher Scientific) was used.  Proteins were 

separated in SDS running buffer at 120 V for 1.5 h. Afterwards, gels were immediately placed 

into transfer buffer. For Western blot, the BioRad Criterion Blotter, a wet blotting system was 

used. The polyvinylidenefluoride (PDVF) membrane was activated in methanol for 30 sec. 

Then, sponge, filters and PDVF membrane were incubated in transfer buffer. The blotting 

sandwich was arranged as follows: Sponge, 2 filter papers, gel, PDVF membrane, filter paper, 

and sponge. Proteins were blotted in cooled transfer buffer at 100 V for 30 min.   

After the blotting procedure, membranes were blocked in 5% milk/TBS-T for 1 h at room 

temperature at gentle shaking.  After three times of washing with TBS-T for 5 min, the primary 

antibody for ASXL1 (Santa Cruz, Cat: sc-293204, clone 6E2, diluted 1:500) was added and 

incubated overnight at 4°C in TBS-T containing 1% BSA and 0.1% sodium azide. Prepared 

antibody solutions were stored at 4°C and reused several times.  

On the next day, primary antibody was removed and the membrane was washed three times 

in TBS-T each for 10 min at room temperature with gentle shaking. Then, the anti-mouse HRP-

linked secondary antibody (1:10000) was added and incubated for 1.5 h. After removing 

secondary antibodies, membranes were washed three times with TBS-T at room temperature. 

Antibody binding was visualized on light-sensitive screens (Kodak) using ECL substrate.  

3.18 Statistical analysis  

Statistical analysis was performed using the GraphPad Prism software, if not stated otherwise. 

Statistical tests and corresponding p-values are summarized in Table S3. Dot plots are showing 

individual values and median line.  
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4 Results 

4.1 A workflow for investigating HSPC kinetics 

For analyzing HSPC kinetics as proposed in Figure 2, it is essential to have a robust FACS gating 

scheme for sorting HSCs and analyzing HSPC subpopulations, optimal culture conditions and 

knowing methodological limitations. For establishing these essential steps, we tested our 

gating scheme on the functional level, compared culture media, and tested the detection of 

rare populations via FACS. 

4.1.1 Phenotypically defined HSPC subpopulations give rise to an expected spectrum of 

hematopoietic colonies  

For identifying HSPC compartments by flow cytometry, a high-resolution 10-parameter gating 

strategy adapted from Doulatov et al. (2010); Majeti et al. (2007); and Manz et al. (2002) was 

applied. The gating strategy was based on the expression of lineage markers, CD45, CD34, 

CD38, CD45RA, CD123, and CD90 for identifying HSC, MPP, MLP, CMP, GMP, and MEP 

compartments. Lineage marker were chosen for a negative selection of cells not being HSPCs 

but expressing CD45 and CD34 (Table 6).  

Table 6: Cells of the hematopoietic hierarchy and their expression of surface markers used in this study. Marker 
not expressed on the cell surface are indicated with -, marker with a dim expression are indicated with (+), and 
marker with a higher expression are indicated with +.  
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HSC - - - - - (+) + - - +  

MPP - - - - - (+) + - - -  

MLP - - - - - (+) + - + -/+  

CMP - - - - - (+) + + -  + 

GMP - - - - - (+) + + +  + 

MEP - - - - - (+) + + -  - 

Myeloblast   +   + +     

Monoblast (+)     + +     

Proerythroblast     + + +     

T-cell + +    + -     

B-cell    +  + -     
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To test if phenotypically defined HSPC subpopulations give rise to the expected type of 

colonies, we sorted lineage- CD45dim CD34+ HSPCs in single-cell index mode into three 96-

well plates, performed single-cell based colony forming unit assays, and linked grown colonies 

to the index sort data file (Figure 3A). Figure 3B depicts the index sort data file comprising 288 

(3x96) counts, which were classified as CMP, GMP, MEP, HSC, MLP, and MPP, according to 

their marker expression. Counts displayed in red gave rise to indicated colonies. Out of 288 

sorted HSPCs, 79 cells gave rise to a colony. Except for MLPs and MPPs, every HSPC 

subpopulation gave rise to various types of colony forming units (CFU), including CFU-

granulocytic, erythrocytic, monocytic, megakaryocytic (CFU-GEMM), CFU-granulocytic, 

monocytic (CFU-GM), CFU-granulocytic (CFU-G), CFU-monocytic (CFU-M), burst forming 

erythroid colonies (BFU-E), and some white unclassifiable colonies (CFU-U). For a better 

overview, we displayed the total amount of index-sorted HSCs, MPPs, MLPs, CMPs, GMPs, and 

MEPs and linked them to different colony subtypes (Figure 3C). Cells phenotypically classified 

as HSCs gave rise to red (BFU-E), white (CFU-M, CFU-G, and CFU-GM), and mixed (CFU-GEMM) 

colonies. CMPs gave rise to red (BFU-E) and white colonies (CFU-M, CFU-G, CFU-GM, and CFU-

U), whereas further differentiated GMPs only gave rise to white colonies (CFU-M, CFU-GM, 

and CFU-U). Cells classified as MEPs predominantly gave rise to red colonies. Only a few MPPs 

and MLPs were sorted. Summarizing these data, HSPC compartments gave rise to the 

expected spectrum of colonies.  
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Figure 3: Index sort of human HSPCs and subsequent colony forming unit capacity. (A) Gating scheme for 
identifying lineage- CD45dim CD34+ HSPCs, including HSCs, MPPs, MLPs, CMPs, GMPs, and MEPs. As indicated, 
CD34+ HSPCs were index-sorted into 3 x 96-well-plates with methylcellulose. Cells were subsequently cultured 
for 21 days, colonies counted and classified, and linked to index sort file. (B) Illustration of index sort file, gated 
on CD34+ CD38+ cells to depict CMPs, GMPs, and MEPs or gated on CD34+ CD38- cells to depict HSCs, MPPs, and 
MLPs. Sort file was linked to information generated after single-cell colony forming unit assays: Red dots indicate 
either total colonies, CFU-GEMM, CFU-GM, CFU-G, CFU-M, white colonies which could not be classified (CFU-U), 
or BFU-E. (C) Total amount of index-sorted HSCs, MPPs, MLPs, CMPs, GMPs, and MEPs were linked to different 
colony subtypes.  
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4.1.2 Hematopoietic stem cells differentiate in vitro  

For investigating HSPC-intrinsic proliferation, differentiation, and apoptosis in an in vitro 

approach it is essential to have a medium supporting HSC maturation into all lineages. We 

compared HSCs cultured for 6 days in serum free medium (SFM) either supplemented with 5 

growth factors (GF) or 8 GF (see Methods). At day 1 of the HSC-culture, cells are 

undifferentiated, showing a high percentage of lineage- CD45dim CD34+ CD38- cells.  At day 

6, cells differentiated into lineage- CD45dim CD34+ CD38+ cells and CD34- cells using both 

media (Figure 4A).  

 

Figure 4: Comparison of growth and differentiation capacity of sorted HSCs cultured in serum free medium 
(SFM) supplemented either with 5 or 8 growth factors (GF). SFM+5 GF is supplemented with SCF, FLT3, IL-3, 
IL-6, and TPO, whereas SFM + 8GF is supplemented with SCF, FLT3, IL-3, IL-6, TPO, EPO, G-CSF, and GM-CSF. (A) 
Representative gating scheme of two healthy samples at day 1 and at day 6 after sorting HSCs. Plots are gated 
on lineage- CD45dim populations. (B) Investigation of HSPC and CD34- cell yield at day 6, normalized to total 
input HSCs on day 1.  

 

To quantify in vitro cell production of both media, we normalized absolute cell counts from 

day 6 to absolute HSC number on day 1. Cells cultured in SFM + 8GF showed a higher yield of 

lineage- CD45dim CD34+ HSPCs and lineage- CD45dim CD34- cells compared to SFM + 5GF 

(Figure 4B), suggesting SFM + 8GF to be the preferred medium to investigate HSPC 

differentiation.  

4.1.3 Detection limit of very rare populations by FACS is dependent on total cell counts 

analyzed 

Analyzing human HSC-cultures meets two challenges: A very low number of total cells and 

very rare subpopulations arising during the differentiation process. To test if FACS meets the 

requirements for analyzing HSC-culture, we determined the limit of detection (LOD). 

Therefore, serial dilution was prepared using a mixture of unstained BM cells and cells stained 
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with CellTraceTM Violet stain. The dilution series was then measured by FACS and the 

frequency of CellTraceTM Violet positive cells was determined (Figure 5A). To mimic the low 

total cell number, either 1000 or 100 total cell counts were analyzed. LOD for both cell 

numbers was estimated based on the standard deviation of the response and the slope 

(European Medicines Agency (1995)). The LOD for 1000 and 100 analyzed cells was 0.49% and 

8,26%, respectively (Figure 5B). These data suggest that FACS analysis is sufficient to identify 

rare populations of >0.49% by only measuring 1000 cells. For future experiments, this suggests 

to start with at least 1000 HSCs to detect rare populations. Considering that HSC expand about 

thirty times when culturing for 6 days (Figure 4B), a sufficient number of cells can be achieved 

over time when starting with a couple of hundred HSCs.  

 

Figure 5: Detection limit of FACS analysis was investigated by serial dilution of CellTraceTM Violet stained cells 
in unstained cells. (A) FACS plots showing CellTraceTM Violet stain positive (CTpositive) counts for samples with 
an applied concentration of 0.008%, 0.13%, or 60% of CellTraceTM Violet stain positive cells. Plots were gated on 
viable cells. In total 1000 counts are shown in each plot. (B) Illustration of serial dilution showing measured and 
applied concentrations of CellTraceTM Violet positive cells. The blue line indicates the analysis of 1000 total 
counts, the pink line indicates the analysis of 100 total counts. Doted lines show the limit of detection (LOD) 
when measuring 1000 or 100 cells. LOD was estimated based on the standard deviation of the response and the 
slope. 
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4.2 In vitro cultures of HSCs resemble decreased cellularity found in BM of 

aged individuals, which is based on reduced HSC proliferation 

Changes occurring in the hematopoietic system during aging are supposed to be caused by 

selection pressures from cell-intrinsic and cell-extrinsic factors. In this section, we are aiming 

to exclusively analyze HSPC-intrinsic alterations in aged individuals occurring in the 

hematopoietic architecture and in HSPC kinetics.  

4.2.1 HSPCs are relatively increased in snapshot analysis of aged individuals  

For identifying age-related changes in BM HSPC composition, we compared a group of 10 

young individuals (median age 40, age range 20 to 52) with a group of 15 aged individuals 

(median age 68, age range 57 to 79, Table S1). BM of these individuals was analyzed by 

applying the HSPC gating strategy described in Figure 3A. With this gating strategy, HSCs, 

MPPs, MLPs, CMPs, GMPs, and MEPs were identified as shown for a representative young 

individual in Figure 6A. We find a significantly higher proportion of HSPCs (normalized to 

lineage- cells) in BM of aged individuals compared to the younger group (p=0,0176, Mann-

Whitney test), as similarly described by Kuranda et al. (2011) and Taraldsrud et al. (2009) 

(Figure 6B, left panel). This increase could not be traced to one specific HSPC subpopulation, 

but rather every subpopulation shows a tendency to be increased during aging (Figure 6B, 

right panel). Cell proportions can only reflect the total number of cells, when there is no 

difference in cellularity, but during aging, the BM cellularity is clearly decreasing  (Hartsock et 

al., 1965). Since data on cellularity is not available for our cohort, we consulted the study from  

Hartsock et al. (1965), investigating the BM cellularity during aging. They analyzed the 

percentage of hematopoietic tissue in the iliac crest from individuals younger than 10 years to 

individuals at the age of 79. These values were used to normalize HSPC and HSC proportions 

of our snapshot analysis from total BM according to their age group. Indeed, the relative 

increase found in aged total BM was repealed: Young and aged HSPCs and HSCs were present 

at a similar level after adjustment for cellularity (Figure 6C). 
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Figure 6: The percentage of HSPCs is increased in aged BM, but the effect is repealed after correction for 
assumed BM cellularity. (A) Representative FACS plots for identifying HSPCs and HSPC subpopulations, including 
HSC, MPP, MLP, CMP, GMP, and MEP. (B) Relative proportions of HSPCs and HSPC subpopulations in unprocessed 
BM samples from 10 young (median age 40) and 15 aged (median age 68) healthy individuals. Aged HSCPCs show 
a significantly higher proportion than young HSPCs (p=0,0176, Mann-Whitney test). Populations were normalized 
to lineage- (lin-) cells. (C) Combination of our study, investigating HSPC and HSC proportions in unprocessed BM 
with a study from Hartsock et al. (1965) investigating age-dependent BM cellularity. Proportions of HSPCs and 
HSCs within all viable cells estimated in unprocessed BM were further normalized to the age-dependent 
percentage of hematopoietic tissue in the iliac crest estimated from Hartsock et al. (1965).  

 

4.2.2 In vitro cultures of HSCs from aged individuals showed a declining blood cell 

production starting at the HSPC level  

For analyzing HSPC kinetics in young and aged individuals in greater depth, we set up a 7-day 

in vitro cell culture approach. First, we are aiming to recapitulate changes found in BM 

composition and then to assess absolute cell numbers and track cell divisions which is now 

possible using an in vitro cell culture system. Therefore, lineage- CD45dim CD34+ CD38- CD90+ 

CD45RA- HSC were sorted and cultured in SFM + 8GF for 7 days and repeatedly analyzed by 

FACS. Sorted HSCs differentiated during culturing into MPP, MLP, CMP, GMP, MEPs, and CD34- 

cells2 (Figure 7A, Figure S1, and Figure S2). Reflecting the status in total BM, we could find a 

tendency for higher HSPC proportions (normalized to lineage- cells) in in aged individuals after 

7-days culturing HSCs (Figure 7B).  

                                                      
2 CD34- cells refer to hematopoietic cells more mature than HSPCs.  
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Figure 7: HSC cultures reveals slower or less HSPC expansion in aged individuals with further effects on the 
CD34- compartment. (A) Representative FACS plots for identifying HSPC subpopulations at day 1 and at day 7 
after sorting HSCs and culturing in SFM +8 GF. To better identify the HSC population, all cells being CD90+, 
CD45RA- were highlighted in red. (B) Relative proportions of HSPCs and HSPC subpopulations 7 days after sorting 
HSCs from 10 young and 15 aged healthy individuals. Populations were normalized to lineage- (lin-) cells. (C) HSCs 
from aged individuals yield significantly less HSPCs and CD34- cells (p= 0,0074 and p= 0,0106, Mann-Whitney 
test), whereas the number of HSCs stays constant. Yield is defined as the absolute number of a respective cell 
type at day 7 normalized to the absolute number of HSCs at day 1. (D) Overlay of representative FACS plots 
illustrating cell divisions from day 1 (d1) to day 7 (d7) after sorting and culturing HSCs. Prior to sorting, cells were 
stained with CellTraceTM Violet stain, which fluorescence intensity halve at each cell division. FACS plots were 
gated on lineage- cells. (E) Percentage of HSCs (y-axis) passing up to 8 cell divisions during 7-day culture. Cell 
divisions and cell types were tracked simultaneously enabling to assign every count to both characteristics at 
each measured time point.  
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To quantify in vitro cell production, we normalized absolute cell counts from day 7 to absolute 

HSC number on day 1. Both, HSPC yield and CD34- cell yield was reduced in aged individuals 

compared to young (p= 0,0074 and p= 0,0106, Mann-Whitney test). However, the median HSC 

yield in young and aged individuals is similar (Figure 7C).  

We additionally introduced a cell division tracer enabling to estimate number of cell divisions 

by the decreasing intensity of a fluorescence dye (Figure 7D). Using this approach, we can 

track HSCs, MPPs, MLPs, CMPs, GMPs, MEPs, and CD34- cells over 7 days and simultaneously 

link every cell to the cell division state. When focusing on the HSC compartment, aged HSCs 

seem to divide less or slower than younger HSCs (Figure 7E), indicating that mechanisms 

leading to reduced HSPC yield and probably reduced BM cellularity already start at the HSC 

level.  

4.2.3 Computational modeling reveals a decline of HSC proliferation being responsible for 

declining blood cell production in aged individuals 

Hematopoiesis starting at the HSC level and ending with mature blood cells is characterized 

by its structural hierarchy and by an interplay between proliferation, differentiation, and cell 

death. Reduced blood cell production in aged individuals can originate from changes in each 

of these properties and at any step of the hematopoietic hierarchy. To deconvolute and 

localize these changes, we applied data generated from our 7-day in vitro culture approach to 

a computational analysis. For computational analysis of the FACS data, we worked in close 

collaboration with Lisa Bast and Carsten Marr from the Helmholtz Zentrum München–German 

Research Center for Environmental Health, Institute of Computational Biology, Neuherberg, 

Germany. Programming, implementation of mathematical models, and data plotting was 

performed by Lisa Bast.  
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Figure 8: Competing lineage hierarchies used for computational modeling were derived and suggested from 
literature of human and mouse hematopoiesis (figure modified from Bast et al. (2021)). Every cell type in each 
hierarchy accounts for the number of cells proliferating (β), differentiating (α) or dying (γ), as representatively 
shown for the HSC compartment in A. We included the cell division state of each cell and introduced intermediate 
states (nIS) to model realistic non-exponentially distributed waiting times. (A) The classical model of 
hematopoiesis. (B) Model A plus a transition between the MLP and GMP compartment. (C) Model A plus a 
transition between the HSC and mature compartment and a transition between the MLP and GMP compartment. 
(D) Model A plus a transition between the HSC and mature compartment. (E) Model A plus a transition between 
the HSC and MEP compartment and the MPP and MEP compartment and the MLP and GMP compartment. (F) 
Model A plus a transition between the HSC and CMP compartment and the MPP and GMP compartment. (G) 
Model A pus a transition between the HSC and MEP compartment and lacking the transition between CMP and 
MEP compartment. (H) Model A plus a transition between the HSC and CMP, the MPP and MEP, and the MPP 
and GMP compartment. (I) Model A plus a transition between the HSC and MEP compartment and the MLP and 
GMP compartment, but lacking the transition between the CMP and MEP compartment. (J) Model A plus every 
additional transition found in literature.  
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In recent years, the classical model of hematopoiesis has been challenged by several studies 

mainly performed in mice (Doulatov et al., 2012; Haas et al., 2018; Laurenti and Göttgens, 

2018). To test if the classical model of hematopoiesis as shown in Figure 1 is also applicable to 

our data, we computationally tested the plausibility of 10 competing hierarchies (Figure 8, 

published in Bast et al. (2021)). For each lineage hierarchy, cell state kinetics, including 

proliferation (β), differentiation (α), and cell death (γ) was modeled with ordinary differential 

equations (ODEs). Additionally, we accounted for the cell division state and implemented 

realistic, non-exponential waiting times via intermediate states (nIS, representatively shown 

for HSCs in Figure 8A). All lineage hierarchies were fitted to data from 10 healthy individuals 

which were processed as described in the previous section. For each individual, the in vitro 

cell culture approach provides up to 343 data points, including HSC, MPP, MLP, CMP, GMP, 

MEP, and CD34- cell numbers, all of them linked to the cell division status and measured 

repeatedly for up to 7 days. To identify best performing, plausible, and rejected hierarchies, 

the model’s performance on the data was ranked according to their Bayesian information 

criterion (BIC) values. The classical model of hematopoiesis (model A) was plausible for all 10 

individuals and performed best in 9 individuals (Figure 9A, data published in Bast et al. (2021)). 

This suggests the classical model of hematopoiesis as basis to assess proliferation, 

differentiation, and cell death of HSCs, MPPs, MLPs, CMPs, GMPs, MEPs, and CD34- cells. The 

21 parameters (3 rates for each of the 7 cell types) of the model were fitted to the data points 

measured and differences between young and aged individuals were tested. Using this 

approach, we identify a decreasing HSC proliferation in aged individuals compared to young 

(p= 0,0462, Bonferroni corrected Mann-Whitney test, Figure 9B and Figure S4).  

 

 

 



Results 

36 

 

Figure 9: Healthy hematopoiesis is best described by the classical model of hematopoiesis and shows reduced 
HSC proliferation during aging. (A) The classical model of hematopoiesis (Model A) is plausible in all measured 
healthy individuals (n=10) and even performs best in 90% of individuals. Ranking of the model’s performance 
(Model A to J shown in Figure 8) on data of 10 healthy individuals was performed according to their Bayesian 
information criterion (BIC) values. The BIC value identifies best performing, plausible, and rejected hierarchies 
for each individual. (B) Rate estimates identify HSC proliferation as significantly reduced in aged individuals (p= 
0,0462, Bonferroni corrected Mann-Whitney test). Shown are all three HSC rate estimates for young and aged 
individuals. For a detailed view including HSC, MPP, MLP, GMP, GMP, MEP, and CD34- cell rate estimates of each 
sample see Figure S4.  

 

4.3 Individuals with CHIP and MDS show an increasing heterogeneity in the 

hematopoietic tree architecture and in the number of altered kinetic rates  

Both, CHIP and MDS arise from mutations in HSPCs. Although, changes within the HSPC 

compartment are described by several studies, the precise position and quality (e.g., 

proliferation, differentiation, and cell death) of changes has not yet been investigated 

sufficiently.  

4.3.1 Characterization of our CHIP and MDS patient sample cohort  

A recent study from our group showed an unusually high frequency of CHIP among hip 

arthroplasty patients (Hecker et al., 2021), suggesting also a high frequency of CHIP in our 

aged cohort. We therefore sent our healthy samples for sequencing which revealed nearly 

50% of individuals with CHIP in our healthy aged cohort. Mutations occurred in genes including 

DNMT3A, SF3B1, NFE2, KRAS, and TP53 and variant allele frequencies (VAF) ranging between 

1% and 27% (Table 7 and Table S2). In healthy individuals without CHIP, the median age was 

63 years and 50% were female. In individuals with CHIP the median age was 70 years and 86% 

of individuals were female.  
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Table 7: Sample characteristics including age, gender, disease/entity, IPSS-R score, karyotype, and mutations. 
Healthy age-matched samples can be divided in two groups, one group without mutations and the other with 
mutations, now corresponding to CHIP.  

 

 

For analyzing MDS patient samples, we focused on samples harboring mutations in ASXL1 

(associated with a poor prognosis), SF3B1 (associated with a favorable prognosis), and/or TET2 

(no effect on patient survival, see Table 7 for summarized patient characteristics). Patients 

mostly showed more than one mutated gene and sometimes had additional chromosomal 

aberrations (Table 7 and Table S2). For classifying MDS patients according to WHO criteria 

(Arber et al., 2016), peripheral cytopenia as well as BM blast counts and dysplasia were 

ID Age Gender Disease/Entity IPSS-R score Karyotype Mutations

H353 57 m Healthy -

H657 62 f Healthy -

H311 63 m Healthy -

H380 63 m Healthy -

H791 63 f Healthy -

H607 68 f Healthy -

H312 70 m Healthy -

H559 76 f Healthy - 

C345 58 f CHIP DNMT3A

C391 65 f CHIP DNMT3A

C552 68 f CHIP SF3B1

C560 70 f CHIP DNMT3A

C775 72 f CHIP KRAS 

C561 76 m CHIP TP53

DNMT3A

C348 79 f CHIP DNMT3A

NFE2

MDS360 54 m MDS-RS-MLD low risk (3) 46,XY SF3B1

SRSF2

MDS373 60 m MDS-RS-MLD low risk (2) 46,XY SF3B1

DNMT3A

TET2

TET2

MDS377 64 f MDS-EB1 high risk (5) 45,XX,-7 ASXL1

DNMT3A

SETBP1

MDS227 68 f MDS/MPN-RS-T low risk (3) 46,XX SF3B1

TET2

MDS279 70 f MDS-EB1 int risk (4.5) 46,XX ASXL1

KRAS

MDS620 75 f MDS-EB2 very high (7) complex ASXL1

MDS140 76 m CMML-2 high risk (6) 46,XY ASXL1

RUNX1 

SRSF2

TET2

MDS326 77 m MDS-RS-MLD low risk (2) 46,XY TET2

MDS135 77 m MDS-RS-MLD low risk (3) 46,XY ASXL1

SF3B1

TET2

WT1

MDS354 78 m MDS-RS-MLD int risk (3.5) 46,XY ASXL1

SF3B1

TET2

WT1
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assessed (Figure 10A and B, Table 7). Half of the cohort was diagnosed as MDS-RS-MLD, a 

subtype with multi-lineage dysplasia (MLD) and ring sideroblasts (RS). These patients show a 

low to intermediate risk profile according to the IPSS-R. An excess blast (EB) count was found 

in 40% of the patient cohort. These patients show 5 – 9% blasts in the BM (MDS-EB-1) or 10 – 

19% blasts in the BM (MDS-EB-2 and CMML-2). Chronic myelomonocytic leukemia (CMML) is 

an entity associated to MDS, but with a strong monocytic component. Patients with increased 

blasts are associated with an intermediate to very high risk according to the IPSS-R. 

Furthermore, one patient of the cohort was diagnosed as MDS/MPN-RS-T. This entity is 

characterized by MDS-specific properties including ring sideroblasts and excess platelets 

(synonym thrombocytes, T), a key criterium for essential thrombocythemia corresponding to 

MPN.  

We further profiled our BM samples for HSPC proportions to investigate MDS- and CHIP- 

associated changes. Therefore, the gating strategy initially described in Figure 3A was used. 

The proportion of HSPCs (normalized to lineage- cells) is significantly reduced in BM of MDS 

patients comparted to aged-matched healthy samples without mutations (Kruskal Wallis test, 

p=0,0441, followed by Dunn’s multiple comparison test, p=0,0382). This was mainly based on 

decreased proportions of CMPs and GMPs (Bonferroni corrected Kruskal Wallis test, p=0,0025 

and p=0,0027, followed by Dunn’s multiple comparison test, p=0,0031 and p=0,0074, 

respectively, Figure 10C). HSPC proportions of CHIP samples lie mostly in between healthy and 

MDS samples. However, it has to be noted that BM of our MDS patients is in most cases 

hypercellular as it is characteristic in MDS. Therefore, changes in HSPC proportions might not 

reflect absolute cell numbers.  
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Figure 10: Patient sample characteristics. (A) Blood values, including leucocyte count, platelet count, and 
hemoglobin level of 10 MDS samples. (B) Cytomorphology of BM from 9 MDS patients, visualized by Pappenheim 
staining. (C) Relative proportions of HSPCs and HSPC subpopulations in unprocessed BM samples from healthy 
individuals, individuals with CHIP, and MDS patients. MDS patients show significantly less HSPCs in MDS BM 
compared to healthy controls (Kruskal Wallis test, p=0,0441, followed by Dunn’s multiple comparison test, 
p=0,0382). This was based on decreased CMP and GMP proportions (Bonferroni corrected Kruskal Wallis test, 
p=0,0025 and p=0,0027, followed by Dunn’s multiple comparison test, p=0,0031 and p=0,0074, respectively). 
Populations were normalized to lineage- (lin-) cells. 
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4.3.2 In vitro cultures of HSCs from MDS patients, individuals with CHIP, and age-matched 

healthy individuals without mutations showed no differences in HSPC proportions 

and cellular yield  

MDS is characterized by ineffective hematopoiesis: While the BM is often hypercellular, filled 

with dysplastic early and predominantly late progenitors, the peripheral blood shows 

cytopenia. On the contrary, individuals with CHIP have per definition normal blood counts, but 

changes on the HSPC level within the BM has not been sufficiently detailed.  In a first step, we 

wanted to investigate the clonogenic capacity of MDS, CHIP, and healthy HSCs to investigate 

the whole range of hematopoiesis, starting with the HSC and ending with colonies of 

predominantly mature cells. Therefore, lineage- CD45dim CD34+ CD38- CD90+ CD45RA- HSC 

were sorted, cultured in methylcellulose for 14 to 21 days, and resulting colonies were 

counted and classified. Healthy individuals with or without CHIP showed similar clonogenic 

capacity, reflecting the normal blood counts found in individuals with CHIP. MDS HSCs showed 

significantly reduced colony forming units and a significant reduction of BFU-E formation 

(Kruskal Wallis test, p=0,0002 and p<0,0001, followed by Dunn’s multiple comparison test, 

p=0,0055 and p=0,0011, respectively, Figure 11).  

 

 

Figure 11: HSCs form MDS patients have a significantly lower total clonogenic capacity and a significantly lower 
erythroid clonogenic capacity than healthy controls (Kruskal Wallis test, p=0,0002 and p<0,0001 , followed by 
Dunn’s multiple comparison test, p=0,0055 and p=0,0011, respectively). Assessment of total number of colonies 
per 500 sorted input-HSCs, as well as subdivision of colonies into CFU-GEMM, CFU-GM, CFU-G, CFU-M, and BFU-
E. Representative images of CFU-GEMM, CFU-GM, CFU-G, CFU-M, and BFU-E are shown at the bottom.  

 

In the next step, we wanted to assess changes in HSPC subpopulations in our 7-day in vitro cell 

culture approach. Therefore, lineage- CD45dim CD34+ CD38- CD90+ CD45RA- HSC were 
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sorted, cultured in SFM + 8GF, and repeatedly analyzed by FACS (representative FACS plots 

are shown in Figure S2 and Figure S3). HSC-cultures from MDS, CHIP, and aged-matched 

healthy individuals showed no differences in proportions of HSPCs and their subpopulations 

at day 7 (normalized to lineage- cells). However, MDS samples showed a higher heterogeneity 

(Figure 12A).  To quantify in vitro cell production, we normalized absolute cell counts from 

day 7 to absolute HSC numbers on day 1. Comparison of MDS, CHIP, and age-matched healthy 

samples without mutations showed no difference in HSPC, CD34- cell, and HSC yield after 7 

days in culture (Figure 12B).  

 

 

Figure 12: Similar in-vitro expansion of HSPCs in age-matched healthy individuals without mutations, 
individuals with CHIP, and MDS patients. (A) Relative proportions of HSPCs and HSPC subpopulations after 
sorting and culturing HSCs for 7 days from 8 age-matched healthy individuals without mutations, 7 individuals 
with CHIP, and 10 MDS patients. Populations were normalized to lineage- cells. (B) Cellular yield of HSPCs, CD34- 
cells, and HSCs analyzed after sorting and culturing HSCs for 7 days. Yield is defined as the absolute number of a 
respective cell type at day 7 normalized to the absolute number of HSCs at day 1. 

 

4.3.3 The hematopoietic structure and kinetic rates are deregulated in CHIP and MDS ……… 

In vitro cell expansion of HSPC subpopulations in MDS, CHIP, and age-matched healthy 

individuals was similar. However, cell expansion is an interplay between proliferation, 

differentiation, and cell death. To account for these properties in detail, we used our 7-day in 

vitro cell culture system and computationally tested competing hematopoietic hierarchies and 
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then investigated proliferation, differentiation, and cell death rates of HSCs, MPPs, MLPs, 

CMPs, GMPs, MEPs, and CD34- cells. 

First, we computationally tested the plausibility of the 10 competing hierarchies shown in 

Figure 8 (programming and implementation of mathematical models was performed by Lisa 

Bast from the Helmholtz Zentrum München–German Research Center for Environmental 

Health, Institute of Computational Biology, Neuherberg, Germany). Similar to healthy samples 

without mutations, the classical model of hematopoiesis (model A) is plausible for all CHIP 

samples. However, the classical model performs best in only 4 out of 7 CHIP samples according 

to the BIC (Figure 13A). Other best performing models were model B and E, with additional 

transitions between the MLP and GMP, the HSC and MEP, and the MPP and MEP 

compartment. Heterogeneity is even more prevalent in MDS patient samples: The classical 

model of hematopoiesis (model A) is plausible in only 4 of 10 samples and performs best in 3 

of these samples. Other best performing models were model B (3 samples), model D (2 

samples), and model G (2 samples, Figure 13A). These models show additional transitions 

between the MLP and GMP compartment, the HSC and mature compartment, and the HSC 

and MEP compartment. Taken together, the classical model of hematopoiesis is not sufficient 

to describe hematopoiesis for the majority of MDS samples. To make it possible to compare 

proliferation, differentiation, and cell death rates of HSCs, MPPs, MLPs, CMPs, GMPs, MEPs, 

and CD34- cells, we defined a union model. The union model includes all additional transitions 

from models performing best in healthy, CHIP, or MDS samples (model A, B, D, G, I, Figure 

13B). The parameters of the 7 cell types of the union model were fitted to the data points 

measured and deregulated rates were identified by applying a 95% confidence interval (CI) 

based on healthy age-matched controls without mutations (Figure S5). Deregulated rates 

were then summarized for each individual in Figure 13C, D, and E. Samples with altered rates, 

showed a very heterogeneous picture: Up- and down-regulated rates are present at different 

positions of the hematopoietic hierarchy and involve proliferation, differentiation, and cell 

death rates. In CHIP samples, 6 out of 7 samples showed deregulated rates and up to 4 

deregulated rates could be detected in a single individuum (Figure 13D). In MDS samples, 9 

out of 10 samples showed deregulated rates and we could detect up to 8 deregulated rates in 

a single individual (Figure 13E).  

 



Results 

43 

 

Figure 13: Computational modeling reveals increasing heterogeneity in CHIP and MDS regarding the choosen 
hematopoietic hierarchy and the number of altered rates per individual. (A) The classical model of 
hematopoiesis (model A in Figure 8) is not sufficient to discribe hematopoiesis for some CHIP and the majority 
of MDS samples. Systematic comparison of 10 competing hierarchies (see Figure 8) was performed according to 
BIC values and best performig, plausible, and rejected models were identified for 8 age-matched healthy 
individuals without mutations, 7 individuals with CHIP, and 10 MDS patients. (B) Union of models wich performed 
best according to BIC values in at least one healthy, CHIP, or MDS sample. (C) Up- and down-regulated rates for 
each age-matched healthy individual without mutations. Rates were asessed by fitting in vitro generated data to 
the union model shown in B. A 95% confidence interval based on healthy age-matched individuals without 
mutations is then used to identify the deregulated rates (Figure S5) (D) Up- and down-regulated rates for each 
individual with CHIP. Rates were determined as discribed in C. (E) Up- and down-regulated rates for each MDS 
patient. Rates were determined as discribed in C. 
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4.3.4 Single cell kinetics reveal higher activity of MDS HSPCs compared to the age-matched 

healthy controls 

Unlike cell lines, human primary material shows higher heterogeneity even in the same cell 

type from the same donor. To analyze inter-cellular heterogeneity in the very rare HSC 

population from MDS patients and age-matched healthy individuals, cell growth and death 

was assessed on the single-cell level. Therefore, HSCs were sorted in single-cell mode into 

96-well plates and cultured in SFM + 8GF to allow cell expansion and differentiation. Cell 

number of each well was counted repeatedly (Figure 14A).  

 

Figure 14: Cell growth of sorted single-HSCs from healthy individuals without CHIP, individuals with CHIP, and 
MDS patients. (A) Workflow for investigating HSC expansion. Primary BM cells were used to sort 1 HSC in 1 well 
of a 96-well plate. Outer wells were filled with water, resulting in 60 wells to be filled with cells. Cells were 
cultured in SFM + 8 GF for up to 7 days and counted regularly. (B) Number of wells occupied with at least one 
cell after sorting. Dashed line indicates the maximum of 60 wells which can be occupied in each experiment. 
(C) Cell yield investigated after 7 days of culturing HSCs. The total amount of cells across all wells at day 7 was 
normalized to the total amount of cells at day 1 (input cells).  

 

After sorting single-HSCs per well, not all wells were found to be occupied with cells. A median 

of 38 wells, 41 wells, and 38 wells were filled with cells in MDS, CHIP, and healthy age-matched 

samples, respectively, with no significant differences between these groups (Kruskal-Wallis 

test, Figure 14B). To analyze the cellular yield in single-cell experiments, we normalized the 

absolute cell number counted throughout each plate on day 7 to the number of occupied wells 

on day 1. Similar to bulk-analysis (Figure 12C), there were no differences in cell yield between 
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MDS, healthy age-matched samples without CHIP, and healthy age-matched samples with 

CHIP (Figure 14C).  

 

Figure 15: Dynamic cell growth of sorted single-HSCs from healthy individuals without CHIP, individuals with 
CHIP, and MDS patients. (A) Percentage of cells which divided at least one time at a specific time point 
throughout the 7 days of culturing. Empty wells were excluded from the analyis. (B) Sigmoidal fitting of A using 
the graph pad software. (C) Porportion of wells with a specific clone size after 7-day culture of single HSCs. Clone 
size was categorized into 11 classes following a logarithmic pattern. (D) Non-linear (Log (Gaussian)) fitting of C 
using the graph pad software.  

 

To deconvolute changes in HSC cell division, we analyzed time to first division for processed 

samples. The percentage of cells divided at least one time was reported for each analyzed 

time point (Figure 15A). For comparing MDS, healthy age-matched individuals, and individuals 

with CHIP, a sigmoidal fitting with variable slope was performed for each group using the 

GraphPad Prism software (Figure 15B). The resulting curves are described by the bottom, top, 

EC50, and hill slope values (Table 8). The bottom of the curve was restrained by being greater 

than 0. The top of the curve describes how many cells do divide at least one time. The EC50 

value is defined as the days in culture in which half of the cells between the baseline (bottom) 
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and the maximum (top) divided. The Hill slope describing the steepness of the curve 

corresponds to cell division speed. An important value for estimating the correlation between 

the measured Y values and Y values predicted by the model is R square. This value is always 

between 0 and 1, whereby 1 indicates that the model predicts each Y value perfectly with no 

random variability. Our models are good predictors for our group behavior, since the R square 

value for all three generated curves is 0.9 (Table 8). For comparing MDS, CHIP, and healthy 

fits, we used the extra-sum-of squares F test. This test assumes as null hypothesis that all 

group's fitting curve can be adequately fitted by a single curve considering bottom, top EC50, 

and hill slope value. When applying a significance level (alpha) of 0.05, the null hypothesis is 

rejected (p=0.0001). This means the preferred model contains different curves for each data 

set, indicating significantly different kinetics for HSC division in samples from MDS, CHIP, and 

age-matched healthy individuals. In detail, HSCs from MDS patients showed a high number of 

cells which divided at least one time (Top = 85.49), and a high cell division speed (HillSlope = 

1.03) compared to HSC from CHIP (77.96 and 0.64 respectively) and healthy groups (81.52 and 

0.49 respectively, Table 8). 

Table 8: Curve values for the sigmoidal fitting of the time to first division curve (Figure 15A, B). Best-fit values, 
Std. error, and 95% confidence intervals were analyzed for bottom, top, EC50, and hill slope values. Goodness of 
fit is described by the degrees of freedom, R square, absolute sum of squares and an alternative way to quantify 
the standard deviation of the residuals (Sy x). The bottom value was constrained to be greater than 0. 

 
Age-matched healthy 

without CHIP 
Age-matched 

healthy with CHIP MDS 

Best-fit values    

Bottom ~ 1,356e-016 ~ 1,667e-016 1,593 

Top 81,52 77,96 85,49 

EC50 3,401 3,005 2,617 

HillSlope 0,4890 0,6351 1,031 

Std. Error    
Bottom   5,792 

Top 3,825 5,682 2,579 

EC50 0,3121 0,3641 0,1840 

HillSlope 0,1637 0,4111 0,3953 

95% Confidence Intervals    
Bottom   0,0 to 13,27 

Top 73,70 to 89,34 65,69 to 90,23 80,29 to 90,69 

EC50 2,763 to 4,039 2,218 to 3,791 2,246 to 2,988 

HillSlope 0,1543 to 0,8237 -0,2530 to 1,523 0,2337 to 1,828 

Goodness of Fit    
Degrees of Freedom 29 13 44 

R square 0,8865 0,8886 0,8835 

Absolute Sum of Squares 4195 2029 7396 

Sy.x 12,03 12,49 12,97 

Constraints    
Bottom Bottom > 0,0 Bottom > 0,0 Bottom > 0,0 
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Although cellular yield after 7-day culturing is similar in MDS, CHIP, and age-matched healthy 

samples, differences in cell division dynamics can be present on the single cell level. As a direct 

output for single cell expansion potential, clone size for each cultured HSC was estimated after 

7-day culturing (Figure 15C). Generated data was used for a non-linear fitting (Log (Gaussian)) 

for each group using the GraphPad Prism software and fitted curves were plotted (Figure 15D). 

The curves are described by the amplitude, center, and width values (Table 9). Considering 

these three characteristics, we tested whether one curve can adequately fit all three data sets 

(null hypothesis). According to the extra-sum-of-squares F test, the preferred model contains 

different curves for each data set (p<0.0001). We are specifically interested in differences of 

the center value, indicating differences in clone size. Using the extra-sum-of-squares F test, 

we tested whether the center is the same for all data sets. The preferred model has different 

center for each data set (p<0.0001) with a higher center value for MDS samples compared to 

CHIP and healthy individuals (3.1, 1.6, and 1.3 respectively), suggesting that MDS HSCs 

generate bigger clones. However, as a limiting factor, it has to be considered that the R square 

value for the fitted curves ranges from 0.4 to 0.7, indicating a modest prediction of the Y values 

by the chosen model (Table 9). 

Table 9: Curve values for the non-linear fitting of the clone size curve (Figure 15C, D). Best-fit values, Std. error, 
and 95% confidence intervals were analyzed for amplitude, center, and width values. Goodness of fit is described 
by the degrees of freedom, R square, absolute sum of squares and an alternative way to quantify the standard 
deviation of the residuals (Sy x). 

 
Age-matched healthy 
without CHIP 

Age-matched 
healthy with CHIP MDS 

Best-fit values    

Amplitude 43,39 48,85 23,56 

Center 1,322 1,607 3,094 

Width 0,4584 0,3805 0,4461 

Std. Error    
Amplitude 6,466 7,488 2,500 

Center 0,08988 0,07643 0,1830 

Width 0,09107 0,05092 0,05609 

95% Confidence Intervals    
Amplitude 30,33 to 56,46 33,56 to 64,14 18,57 to 28,56 

Center 1,140 to 1,503 1,451 to 1,763 2,728 to 3,460 

Width 0,2744 to 0,6424 0,2766 to 0,4845 0,3340 to 0,5582 

Goodness of Fit    
Degrees of Freedom 41 30 63 

R square 0,6787 0,6646 0,4419 

Absolute Sum of Squares 2474 2240 3940 

Sy.x 7,769 8,641 7,908 

Constraints    
Width Width > 0,0 Width > 0,0 Width > 0,0 
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4.3.5 Sister cells in MDS354 divide more asynchronously compared to healthy samples ……. 

By using simple single cell assays, the clonal capacity and related dynamics at a daily resolution 

can be assessed and linked to a single HSC, as described in the previous section. Additional 

high-resolution time lapse microscopy enables to track every cell, their movements and 

divisions. Linking the behavior of daughter cells to the cell of origin enables to correlate 

specific properties of these cells. We performed time lapse experiments in cooperation with 

Joachim Rädler and Alexandra Murschhauser from the Faculty of Physics and Center for 

NanoScience (CeNS), Ludwig-Maximilians-Universität, Munich, Germany and in cooperation 

with Carsten Marr, Lea Schuh and Moritz Thomas from the Helmholtz Zentrum München–

German Research Center for Environmental Health, Institute of Computational Biology, 

Neuherberg, Germany. 

For analyzing sister cell behavior, we sorted lineage- CD45dim, CD34+ CD38- CD90+ CD45RA- 

HSCs in bulk mode of one MDS sample (MDS354) and two healthy controls (H500, H522). Cells 

were seeded randomly at a density of 1-2 cells/well in specific PDMS microwells. Each 

microwell was designed to have a diameter of 300 µm and in total 30 microwells were present 

in one culture dish (Figure 16A). Each well was imaged automatically every 20 min for 

approximately 7 days in appropriate culture conditions. Using these images, each cell was 

manually tracked, assigned to a cell fate (death or division) and using these data, time-

resolved cell division trees were generated (Figure 16B). Sister cell correlations were analyzed 

by plotting cell cycle time of one sister against the cell cycle time of the other sister (Figure 

16C). Comparing MDS354 to the healthy controls, sister cell correlations appeared to be much 

less constrained in the MDS sample. To test for this difference, we introduced the sister cell 

ratio, which is defined as the cell cycle time of the shorter living sister divided by cell cycle 

time of the longer-lived sister. MDS354 showed a significantly lower sister cell ratio than the 

two healthy samples (p=0.0089 and p=0.024, Dunn’s test, Figure 16D).  
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Figure 16: Investigating cell cycle time and sister cell correlation of MDS354 and two healthy age-matched 
samples in a time lapse experiment. (A) Customized culture dish used for the experiment containing 30 
microwells each with a diameter of 300 µm. (B) Schematic illustration of a cell division tree for investigating cell 
cycle times (vertical axis), sister cell correlations, and cell death (X). Sister cells are defined as two cells arising 
from one parent cell. (C) Cell cycle time of each tracked pair of sisters. Linear correlation is measured by the 
Pearson correlation coefficient (ρ). (D) Abstraction of sister cell cycle time. Sister cell cycle ratio is calculated by 
dividing the longer-lived sister by the shorter-lived sister. Statistical analysis was performed using the Dunn’s 
test.  
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4.4 A mouse model for investigating alterations in the bone marrow niche 

during MDS development and progression  

The aim of this section was to investigate alterations in the BM microenvironment during MDS 

development using a mouse model with an MDS-like phenotype. To reflect human MDS, we 

set minimal criteria for our mice including presence of peripheral cytopenia in at least one 

lineage and morphologic dysplasia. These criteria were fulfilled in a mouse model with a 

conditional deletion of ASXL1, described by Abdel-Wahab et al. (2013). 

4.4.1 Proofing successful deletion of ASXL1 

ASXL1 was shown to be expressed throughout the adult hematopoietic compartment (Abdel-

Wahab et al., 2013). To obtain a hematopoietic specific deletion of ASXL1, ASXL1fl/fl mice were 

crossed to Vav-cre transgenic mice as described by Abdel-Wahab et al. (2013). To prove ASXL1 

knockout, ASXL1 protein expression was analyzed in spleen and BM via Western blot (Figure 

17A). As expected, ASXL1 protein was present in mice with floxed ASXL1, but without Vav-cre 

(Vav-cre- ASXL1fl/fl). Furthermore, ASXL1 could be also detected in mice with a heterozygous 

(Vav-cre+ ASXL1fl/wt) and a homozygous (Vav-cre+ ASXL1fl/fl) deletion of ASXL1, but at a lower 

level. However, ASXL1 protein size in our Western blot investigations were not consistent with 

described sizes by Abdel-Wahab et al. (2013). They detected a protein size of about 180 to 

200 kDa.  

 

Figure 17: Investigation of ASXL1 deletion in Vav-cre+ ASXL1 floxed mice. (A) Western blot investigating Vav-
cre mediated deletion of ASXL1 at the protein level of splenocytes and BM cells. (B) Genotyping PCR for verifying 
floxed ASXL1, wild type ASXL1, Vav-cre, and deleted ASXL1. The PCR product detecting deleted ASXL1 was sent 
for sequencing. (C) Alignment of the sequenced PCR product obtained by applying the ASXL1 Del primer.  
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For a reliable verification of ASXL1 deletion, we focused on an alternative genotyping strategy 

described by Abdel-Wahab et al. (2013). The standard genotyping strategy includes primers 

for ASXL1, detecting the floxed ASXL1 and the wild type ASXL1 and primers detecting Vav-cre. 

The additional ASXL1 Del primers, were supposed to detect a product only when ASXL1 is 

deleted. Indeed, we could only detect a signal for deleted ASXL1 in Vav-cre+ mice with at least 

one floxed ASXL1 allele (Figure 17B). However, ASXL1 Del primer described by Abdel-Wahab 

et al. (2013), fail to align to the mouse genome using BLAST. Therefore, the ASXL1 Del product 

was sequenced and aligned. Of the total 520 base pairs (bp), bp 1-32 aligned to the FRT-Neo 

cassette and bp 42-75 aligned the loxP sites, which were both localized in intron 4, whereas 

bp 97-520 aligned to exon 10 of the ASXL1 gene (Figure 17C). Thus, only mice with a complete 

deletion of exon 5 to 9 in at least one allele result in a positive signal in the PCR using the 

ASXL1 del primer.  

4.4.2 Mice with hematopoietic knockout of ASXL1 do not show progressive peripheral 

cytopenia 

To recapitulate findings from Abdel Wahab et al., that loss of ASXL1 in the hematopoietic 

system leads to progressive leukopenia, anemia, and dysplastic signs in granulopoiesis, we 

measured blood values and analyzed blood smears from the different genotypes. At the age 

of 6 to 10 months, mice with a hematopoietic deletion of ASXL1 in both alleles showed 

significantly less white blood cells (WBC) compared to control mice with floxed ASXL1 alleles 

but lack of Vav-cre (p=0.0163, Mann-Whitney test). We could not observe changes in 6 to 10 

month old mice in hemoglobin or platelet levels (Figure 18A).  
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Figure 18: Peripheral blood analysis of mice with a homozygous or a heterozygous deletion of ASXL1 within 
the hematopoietic system and control mice. (A) Hemoglobin (Hb) level, white blood cell (WBC) number, and 
platelet (PLT) number were assessed in 6-10 month old mice. WBC counts were significantly lower in ASXL1 
deleted mice comparted to the control group (p=0.0163, Mann-Whitney test) (B) Hb level, WBC number, and PLT 
number were assessed in 15-25 month old mice with all genotypes. Hb levels were significantly lower in mice 
with a heterozygous knockout of ASXL1 compared to mice with a homozygous knockout of ASXL1 (Kruskal-Wallis 
test p= 0,0364, followed by Dunn's multiple comparison test, p= 0,0339). WBC counts were significantly lower in 
mice with a heterozygous knockout of ASXL1 compared to control mice (Kruskal-Wallis test p= 0,0225, followed 
by Dunn's multiple comparison test, p= 0,0262). (C) Representative images of granulocytes in the peripheral 
blood of Vav-Cre+ ASXL1fl/fl mice, visualized by Pappenheim staining. 

 

Since the MDS phenotype seen in ASXL1 deleted mice is described as a progressive 

development of disease, we decided to analyze mice at the age of 15 to 25 months to obtain 

a more severe phenotype. We analyzed mice with homozygous and heterozygous deletion of 

ASXL1 within the hematopoietic system, as well as controls. 
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Mice with a heterozygous knockout of ASXL1 showed significantly lower hemoglobin levels 

than mice with a homozygous knockout (Kruskal-Wallis test p= 0,0364, followed by Dunn's 

multiple comparison test, p= 0,0339). However, when comparing both groups to the control 

group, no significant difference in hemoglobin levels could be observed. Furthermore, we 

could observe significantly lower WBC counts in mice with a heterozygous knockout of ASXL1 

compared to control mice (Figure 18B, Kruskal-Wallis test p= 0,0225, followed by Dunn's 

multiple comparison test, p= 0,0262). Cytomorphologic accession of blood smears did not 

reveal any dysplastic signs in granulocytes of mice with a homozygous deletion of ASXL1 

(Figure 18C). Taken together, mice with hematopoietic deletion of ASXL1 do show mild 

changes in blood values compared to control mice, but these changes are not sufficient to 

match criteria for an MDS-like phenotype.  

4.4.3 Mice with hematopoietic deletion of ASXL1 do not show severe changes in BM cell 

composition 

In the next step, we analyzed the composition of hematopoietic cells within the BM of 

homozygous, heterozygous, or control mice. Using FACS analysis, we identified Ter119- CD3e+ 

T-lymphocytes, Ter119- B220+ B-lymphocytes, Ter119- CD3e- B220- CD11b+ Gr1- monocytes, 

and Ter119- CD3e- B220- CD11b+ Gr1+ granulocytes (Figure 19A). Assessed cell counts within 

these gates were normalized to total BM cells extracted from femur and tibia. Comparing our 

different mouse genotypes, we could not observe severe changes in BM composition of 

mature cells (Figure 19B).  
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Figure 19: Analysis of mature blood cells within the BM of mice with a homozygous or a heterozygous deletion 
of ASXL1 within the hematopoietic system and control mice. (A) Representative gating scheme for identifying 
T-lymphocytes, B-lymphocytes, monocytes (Mono), and granulocytes (Granulo) in homozygous, heterozygous, 
or control mice. (B) Absolute cell numbers of T-lymphocytes, B-lymphocytes, granulocytes, and monocytes were 
assessed by normalizing cell proportions to absolute cell numbers extracted from mouse femur and tibia.  

 

We furthermore analyzed hematopoietic stem and progenitor cells in the BM of these mice. 

We identified lineage- Sca1- cKit+ multipotent progenitors (MPs), lineage- Sca1+ cKIT+ (LSK) 

cells, CD34- CD150+ CD48- LSK cells (LT-HSCs), and CD34+ CD150low CD48- LSK cells (ST-HSCs) 

via FACS (Figure 20A). Assessed cell counts within the gates were normalized to total BM cells 

extracted from femur and tibia. Comparing our different mouse genotypes, we could not 

observe significant changes in BM composition of MPs, LSK cells, ST-HSCs, or LT-HSCs (Figure 

20B).  
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Figure 20: Analysis of stem and progenitor cells within the BM of mice with a homozygous or a heterozygous 
deletion of ASXL1 in the hematopoietic system and control mice. (A) Representative gating scheme for 
identifying multipotent progenitors (MPs), lineage- Sca1+ Kit+ cells (LSKs), long-term HSCs (LT-HSC), and short-
term HSCs (ST-HSC) in homozygous, heterozygous, and control mice. (B) Absolute cell numbers of MPs, LSKs, LT-
HSCs, and ST-HSCs were assessed by normalizing cell proportions to absolute cell numbers extracted from mouse 
femur and tibia. 

 

To assess the proportion of hematopoietic CFU within the BM, cells were plated in 

methylcellulose-based medium allowing growth of primitive erythroid progenitor cells, 

granulocyte progenitor cells, macrophage progenitor cells, and multi-potential progenitor 

cells. No significant difference in total colony number or colony subtypes was seen (Figure 21).  
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Figure 21: Analysis of CFU assessed after culturing murine BM cells in methylcellulose-based medium. 
Classification of multi-potential CFU-GEMM, CFU-GM, CFU-G, CFU-M, and CFU-erythrocytic (CFU-E).  

 

4.5 No observation of changes within the BM microenvironment of mice with 

hematopoietic deletion of ASXL1  

It is hypothesized that MDS development is dependent on a pathogenic reciprocal interaction 

between the MDS clone, healthy hematopoietic cells, and the BM microenvironment: Signals 

from the MDS clone disrupt normal HSC function directly as well as through induction of a 

dysfunctional BM microenvironment. In turn, also the altered BM environment is insufficient 

to support normal hematopoiesis but instead facilitated MDS clonal expansion. MSCs from 

MDS patients were shown to be structurally, epigenetically, and functional altered resulting 

in an impaired stromal support contributing to deficient hematopoiesis in MDS (Geyh et al., 

2013; Weickert et al., 2021). In this study, we were aiming to depict changes in the BM 

microenvironment caused by a genetically altered hematopoietic clone.  

4.5.1 Hematopoietic deletion of ASXL1 does not lead to altered numbers of BM endothelial 

cells, osteoblastic cells, or mesenchymal stem cells 

To investigate endothelial cells (ECs), osteoblastic cells (OBCs), or MSCs within the BM, 

adherent cells were extracted from femurs and tibias of mice with homozygous or 

heterozygous hematopoietic deletion of ASXL1 and control mice. Using FACS analysis, non-

hematopoietic (CD45− TER119−) cells were further classified as ECs (CD31+), MSCs (CD31− 

SCA-1+ Alcam-/low) and OBCs (CD31− SCA-1- CD51+, Figure 22A). To assess absolute cell 

numbers, counts within the gates were normalized to total cell number extracted. There was 

no significant difference in EC, OBC, and MSC number in mice with hematopoietic deletion of 

ASXL1 compared to control mice (Figure 22B).  
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Figure 22: Analysis of niche cells extracted from the BM through collagenase treatment of mice with a 
homozygous or a heterozygous deletion of ASXL1 within the hematopoietic system and control mice. (A) 
Representative gating scheme for identifying endothelial cells (EC), osteoblastic cells (OBC), or mesenchymal 
stem cells (MSC) in homozygous, heterozygous, or control mice. (B) Absolute cell numbers of ECs, OBCs, and 
MSCs were assessed by normalizing cell proportions to absolute cell numbers extracted from mouse femur and 
tibia after collagenase treatment. 

 

4.5.2 Mesenchymal stem cells derived from mice with a hematopoietic deletion of ASXL1 

do not show distinct differences in CFU-F capacity, passage-dependent cell growth, 

and spontaneous differentiation 

To investigate whether MSCs derived from mice with a hematopoietic deletion of ASXL1 show 

differences on the functional level, we investigated MSC growth and differentiation. 

Therefore, collagenated cells were plated in order to obtain an enriched MSC population until 

passage 3. To test how many MSCs at passage 3 give rise to fibroblast colonies (CFU-F), 100 
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MSCs were plated and colonies were counted after 3 days culturing and crystal violet staining. 

Mice with a homozygous, a heterozygous, or without a deletion of ASXL1 in the hematopoietic 

system did not show differences in CFU-F capacity (Figure 23A).  

 

Figure 23: Functional analysis of MSCs from mice with a homozygous or a heterozygous deletion of ASXL1 
within the hematopoietic system and control mice. (A) Representative image of a fibroblast colony obtained 
after 3 days of culturing MSCs (left panel). Number of colonies was assessed per 100 plated MSCs from passage 
3 (right panel). (B) Passage dependent cell growth. Symbols indicate time point of passaging, counting and re-
plating of 10.000 cells. First measured time point starts with MSCs counted at passage 4, last measured time 
point indicates passage 11. (C) Spontaneous differentiation of MSCs at passage 3 with 80% confluence was 
investigated by qPCR of early osteogenic (RUNX1) and adipogenic (PPARG) marker. Relative expression of genes 
was investigated by normalization to RPL13.  

 

To test MSC growth capacity over several passages, MSCs from mice with a heterozygous, 

homozygous, or without deletion of AXL1 within the hematopoietic system were re-plated 

over several passages. After 8 passages, there was a strong trend for a higher MSC expansion 

in ASXL1 deleted mice compared to control mice (Figure 23B). 

Furthermore, MSCs were assessed for spontaneous differentiation at passage 3 and 80% 

confluence via qPCR. Runx1 expression for early osteogenic and PPARG expression for early 

adipogenic differentiation was assessed and normalized to RPL13. No significant difference 

could be observed in mice with a heterozygous, homozygous, or without deletion of ASXL1 

within the hematopoietic system (Figure 23C).  
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5 Discussion 

5.1 Depicting hematopoiesis during aging, in CHIP, and in MDS using primary 

in vitro cultures 

Identifying alterations in the hematopoietic structure and kinetics is key for understanding 

aging and in disease. Most insight into human hematopoiesis so far relies on snapshot analyses 

from primary tissue, potentially affected by cell source differences and preprocessing biases. 

Snapshot analysis led to the common perception that HSCs increase with age in humans (Pang 

et al., 2011; Rundberg Nilsson et al., 2016). However, we and others (Kuranda et al., 2011) 

could not show significant differences between young and aged HSC proportions. Similarly, 

studies investigating HSPC proportions in MDS show variable results. Consistent with our 

investigations, Pang et al. (2013) observed a decreased GMP proportion in MDS. Whereas they 

analyzed low-risk MDS, we utilized a mixed high-risk and low-risk MDS cohort. Both studies 

normalized their cell counts to the lineage- compartment and lineage markers were used to 

separate CD34+ leukemic blasts from the HSPC compartment. The utilization of lineage 

markers is the biggest difference of our study to investigations made by Ostendorf et al. 

(2018). Their FACS antibody panel did not include lineage markers to separate CD34+ blasts 

from HSPCs. While they showed increased HSPC numbers in MDS, due to increased GMP 

proportions, it is worth noting that their MDS cohort included exclusively patients with 

increased blast counts, potentially contributing to a falsely high HSPC number. Another detail 

to consider when comparing different studies that evaluate various HSPC compartments can 

be the normalization method. A study from Will et al. (2012) showed the expansion of CMP in 

low-risk and GMP in high-risk MDS when normalizing to the CD34+ CD38+ compartment. 

However, by normalizing CMP, GMP, and MEP counts to the CD34+ CD38+ compartment 

which includes exclusively CMPs, GMPs, and MEPs, results cannot be compared to other 

populations outside the CD34+ CD38+ compartment. Thus, the increase in CMP and GMP 

observed by Will et al might not be related to HSCs, MPPs, MLPs, or more mature cells. 

When assessing the quantity of human HSPCs, BM cellularity is not considered in most cases.  

In contrast to mouse studies where femur and tibia are completely flushed to harvest the 

majority of red BM, human BM cells are extracted by aspiration from the iliac crest or by 

flushing cropped femoral heads from hip arthroplasty patients. Both methods do not allow to 

quantify absolute cell numbers. Our results showing increased HSPC proportions in aged 
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individuals (Figure 6B) have to be seen in context with a decreasing BM cellularity during aging 

(Hartsock et al., 1965). To account for this shift, we normalized our HSPC frequencies to their 

assumed cellularity based on the individual’s age resulting in a repealing of the initially 

determined effect (Figure 6C). A similar effect could be present in MDS, which is often 

accompanied by an increased BM cellularity (Schemenau et al., 2015). Decreased HSPC 

proportions based on decreased CMP and GMP proportions (Figure 10C) may not reflect 

absolute cell numbers present the human body of these patients.  

Our standardized in vitro culturing approach makes BM samples from different sources 

comparable in terms of numbers and kinetics, and computational profiling reveals the 

preferred hematopoietic hierarchy for each sample and rate differences in cell type resolution. 

Mirroring decreasing blood production and decreasing BM cellularity during aging, we find a 

lower HSPC and mature cell production in the aged cohort of our HSC cultures (Figure 7C). 

This effect could be traced back to the very top of the hematopoietic hierarchy: HSC 

proliferation is significantly decreased in aged individuals comparted to young (Figure 9B), 

providing a simplified model of aging human hematopoiesis.   

Understanding kinetic properties within the HSPC compartment in CHIP and in MDS can 

provide fundamental knowledge about achieving clonal dominance and the reorganization of 

the HSPC compartment towards a leukemic stem cell (LSC) compartment. Woll et al. (2014) 

identified that MDS-LSCs are located within the lineage− CD34+ CD38− CD90+ CD45RA− 

compartment and these LSC give rise to MEPs and GMPs therefore establishing their 

hierarchical relationship. In line with these findings, we could show that mutations present in 

bulk BM of our MDS patients were always detected on the HSC level and with a high VAF (n=3, 

Table S2). We assume, when sorting lineage- CD45dim CD34+ CD38- CD45RA- CD90+ HSCs, 

we also purify LSC in case of MDS and pre-leukemic stem cells in case of CHIP. Our results 

showing deviating hierarchical structures for most MDS patients and a median of 3 

deregulated rates per patient demonstrating the complex reorganization of the hematopoietic 

tree, potentially driven by specific characteristics of LSCs such as LSC-specific gene expression 

programs (Velten et al., 2021). Surprisingly, this transformation towards a disorderly 

hematopoiesis can also be seen in CHIP, but at a lower frequency and a lower manifestation.  

Although we found no pattern of kinetic alterations to reappear in the 10 MDS samples and 

no correlation between specific mutations and specific altered rates, we noted that the vast 
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majority of MDS samples showed alterations located on the HSC level. This was different in 

CHIP, only 2 out of 7 samples showed altered HSC rates. Of the total 13 altered HSC rates, 10 

rates were differentiation rates from the HSC compartment towards the MEP or mature 

compartment, which are both transitions not described by the classical model of 

hematopoiesis. On the technical side, this differentiation path skipping several HSPC 

subcompartments could also be an artefact caused by rapid differentiation through these 

HSPC subcompartments.  

For achieving clonal dominance, HSCs need to have a growth advantage or increased fitness 

level (Watson et al., 2020). The quality of alterations we found in CHIP and MDS samples do 

not serve as an explanation for clonal dominance. However, our approach is based on 7-day 

measurements, whereas clonal dominance is achieved over years or as proven for 

myeloproliferative neoplasms over the lifespan of an individual (Watson et al., 2020; Williams 

et al., 2020). In cell culture, HSCs are supported to divide and differentiate which is limited, 

whereas HSCs do engraft and build a stable system in vivo. Furthermore, our HSC culture 

approach is focused on cell intrinsic driven alterations, whereas the normal and diseased 

hematopoietic system is influenced by the microenvironment in vivo. Future studies should 

therefore include additional analyses of extrinsic effects, such as stem and progenitor 

trafficking (Hoggatt et al., 2013), regulation of quiescence through interaction with the BM 

niche (Goncalves et al., 2016), or the block of BM to blood egress, which would contribute to 

the observed MDS cytopenia in the presence of hypercellular BM.  

In bulk analysis, results are dominated by the biggest cell clones grown in culture, whereas 

clones with a few cells get lost in the shuffle. In contrast, single cell assays allow assessment 

of smaller clones by monitoring cell growth in each well starting with one HSC.  Whereas the 

averaged cellular yield could not show differences between MDS and age-matched healthy 

controls (Figure 14C), the assessment of individual clones revealed differences between the 

groups: MDS HSCs divided earlier than the healthy controls and whereas single HSCs from 

healthy individuals mostly yielded 1 to 3 cells, HSCs from MDS patients mostly yielded 4 to 15 

cells after 7-day culture (Figure 15). A faster first cell division represents a higher activity of 

MDS HSCs, which is in line with previous studies showing an expansion of phenotypic defined 

HSCs in MDS (Shastri et al., 2017). However, cell division does not automatically mean self-

renewal and it is also associated with differentiation, which are both controlled by a symmetric 

versus asymmetric cell division mode of HSCs (Florian and Geiger, 2010; Giebel, 2008; 
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Schroeder, 2007; Wu et al., 2007).  In fact, our bulk analyses showed an unusual differentiation 

pattern in 6 out of 10 MDS cases with a direct or rapid differentiation of HSCs towards the 

MEP or mature cell compartment (Figure 13E).  

When analyzing the average clone size after 7 days in the single cell experiment, it is not clear 

which kind of cells contribute to each clone. During aging and disease, HSCs were shown to 

have a diverse lineage potential and to be biased towards a specific lineage. A different mix of 

biased HSCs producing either myeloid (granulocytic and/or monocytic) or erythroid colonies 

might be a reason for different clone sizes originating from MDS HSCs compared to the healthy 

control as shown in Figure 15C and D. Indeed, MDS HSCs do show a different CFU capacity, 

with a lower number of erythroid colonies compared to age-matched healthy samples (Figure 

11). 

Analyzing the proliferative potential of single-HSCs in time-lapse experiments provides 

detailed data on cell cycle length of each tracked cell. For this analysis, an MDS sample with 

mutations in ASXL1, SF3B1, TET2, and WT1 was chosen. MDS354 showed more asynchronous 

cell divisions of sister cells compared to the healthy controls (Figure 16C and D). The cell cycle 

length might be linked to a specific cell type and could indicate a preceding asymmetric cell 

division. Alternating cell cycle lengths could also indicate cell cycle disruptions provoked by 

impaired function of ASXL1 or SF3B1 since wild type ASXL1 was shown to interact with the 

cohesion complex maintaining chromatid separation in normal hematopoiesis (Li et al., 2017), 

and disruption of SF3B1 leads to cell cycle arrest in hematopoietic cells (Dolatshad et al., 

2015).  

5.2 A failed MDS mouse model for investigating properties of mesenchymal 

stem cells  

Although ASXL1 is expressed in various hematopoietic cell types (Fisher et al., 2010), our Vav-

cre+ ASXL1fl/fl mice only show very small effects on the hematopoietic phenotype and we were 

not able to recapitulate the previously reported results by Abdel-Wahab et al (2013). They 

observed a phenotype with progressive, multilineage cytopenia and dysplasia, as well as 

increased numbers of HSPCs. Abdel-Wahab et al. (2013) either utilized Vav-cre+ ASXL1fl/fl mice 

with a cre recombinase regulated by the hematopoietic expressed vav-promotor or they 

utilized the Mx1-cre+ ASXL1 fl/fl mice with an interferon inducible cre recombinase. Whereas 

in their study decreased BM cellularity was shown for Vav-cre+ ASXL1fl/fl mice and data was 
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not shown for Mx1-cre+ ASXL1 fl/fl mice, the progressive peripheral leukopenia and anemia 

was only depicted for Mx1-cre+ ASXL1fl/fl mice. Furthermore, dysplasia was shown for Mx1-

cre+ ASXL1fl/fl mice and not for Vav-cre+ ASXL1fl/fl mice and increased numbers of HSCs were 

only shown for Vav-cre+ ASXL1fl/fl mice. Thus, most important criteria for an MDS-like 

phenotype were investigated in Mx1-cre+ ASXL1fl/fl mice and might not be as clear in Vav-cre+ 

ASXL1fl/fl mice. However, phenotypic differences in mice with the same genotype could also 

be based on differences in genetic background or environmental factors including stress 

triggered by regularly blood sampling that was performed in their studies. Furthermore, to 

detect subtle phenotypes, a relatively high number of mice is needed.  

In addition to the aforementioned study, several studies investigated the hematopoietic 

compartment in mice with a constitutive knockout of ASXL1, though with conflicting results. 

While Wang et al. (2014) clearly see an MDS-like phenotype in mice with ASXL1 deletion, 

Fisher et al. (2010) detected a mild phenotype with no clear MDS-like disease.  

Considering studies showing cytopenia and dysplasia in ASXL1-deficient mice and also with 

the knowledge that ASXL1 is one of the most common mutated genes in MDS (Bejar et al., 

2011), ASXL1 seemed to be a very promising candidate for an MDS mouse model. However, 

adverse results question the idea of an MDS mouse model triggered by ASXL1 loss-of-function-

mutation. Indeed, most human ASXL1 mutations occur in exon 12 (Schnittger et al., 2013) and 

a truncated protein resulting from such a mutation could be detected at low levels in cell lines 

(Inoue et al., 2016). Mouse models expressing a truncated form of ASXL1 within the 

hematopoietic system were generated in recent studies and these mice developed myeloid 

malignancies including AML, MPN, MDS, and MDS/MPN (Uni et al., 2019; Yang et al., 2018). 

However, the gain of function mouse model also shows an inconclusive phenotype since not 

all studies could detect a strong phenotype sufficient to match criteria for a myeloid disease 

(Hsu et al., 2017). It is also important to emphasize that somatic mutations in ASXL1 do not 

only occur in humans with myeloid malignancies but also in healthy individuals with CHIP while 

only a few of these individuals will develop myeloid malignancies (Jaiswal et al., 2014; 

Steensma et al., 2015). 

The original goal of establishing this mouse model was to serve as a tool to investigate 

alterations within the BM niche occurring during MDS development. Since our Vav-cre+ 

ASXL1fl/fl mice failed to show a clear MDS-like phenotype, we did not expect distinct alterations 
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in the BM niche. This was confirmed by our investigations on the BM niche cell distribution 

and MSC expansion and differentiation capacity.   
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6 Supplements 

6.1 Supplementary Figures 

 

Figure S1: Investigation of HSCs, MPPs, MLPs, CMPs, GMPs, and MEPs in HSC cultures from a healthy young 
individual. Cultures were analyzed at day 1 to day 7 (T1 – T7). To better identify the HSC population, all cells 
being CD90+, CD45RA- were highlighted in red. 
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Figure S2: Investigation of HSCs, MPPs, MLPs, CMPs, GMPs, and MEPs in HSC cultures from a healthy aged 
individual. Cultures were analyzed at day 1 to day 7 (T1 – T7). To better identify the HSC population, all cells 
being CD90+, CD45RA- were highlighted in red. 
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Figure S3: Investigation of HSCs, MPPs, MLPs, CMPs, GMPs, and MEPs in HSC cultures from a patient with MDS. 
Cultures were analyzed at day 1 to day 7 (T1 – T7). To better identify the HSC population, all cells being CD90+, 
CD45RA- were highlighted in red. 
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Figure S4: Rate estimates to identify proliferation (b), differentiation (a), and cell death (g) of HSCs, MPPs, 
MLPs, CMPs, GMPs, MEPs, and CD34- cells (mat) in healthy young (light blue) and aged (dark blue) individuals. 
Bars indicate the 95% confidence interval for each rate estimate.  
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Figure S5: Rate estimates identifying proliferation (b), differentiation (a), and cell death (g) of HSCs, MPPs, 
MLPs, CMPs, GMPs, MEPs, and CD34- cells (mat) in healthy aged (dark blue), CHIP (green), and MDS (red) 
samples. Bars indicate the 95% confidence interval for each rate estimate. Shaded in blue is the 90% confidence 
interval (CI) based on parameter estimates and uncertainties of age-matched healthy samples to identify 
accelerated and decelerated rates in CHIP and MDS samples. 
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6.2 Supplementary Tables 

Table S1: Sample characteristics for investigating age-related differences in the hematopoietic system. Age cut 
off for distinguishing young and aged individuals is 55 years.  

 

 

  

ID Age Gender ID Age Gender
H450 20 f H353 57 m

H439 24 m H345 58 f

H547 26 m H657 62 f

H482 29 m H311 63 m

H520 37 f H380 63 m

H508 43 m H791 63 f

H522 44 m H391 65 f

H519 46 m H607 68 f

H370 51 m H552 68 f
H500 52 f H312 70 m

H560 70 f

H775 72 f

H559 76 f

H561 76 m

H348 79 f

young aged 
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Table S2: Detailed mutational characteristics including DNA variant, protein variant, and information if 
mutation was analyzed in bulk or on sorted HSCs. VAF: variant allele frequency. 

 

 

 

 

 

 

 

 

 

ID Gene Variant_DNA Variant_Prot Analyzed in VAF Bulk (%) VAF HSC (%) 

C345 DNMT3A c.2393T>A p.Leu798His Bulk 4

C391 DNMT3A c.2401A>G p.Met801Val Bulk 12

C552 SF3B1 c.1873C>T p.Arg625Cys Bulk 15

C560 DNMT3A c.1015-2A>G p=? splice-site Variante Bulk 5

C775 KRAS c.40G>A  p.Val14Ile Bulk 2.43

C561 TP53

DNMT3A

c.536A>G

c.1949T>G

p.His179Arg                  

p.Leu650Arg
Bulk            

Bulk

4,5

1,3

C348 DNMT3A

NFE2

c.2644C>T

c.578_581del

 p.Arg882Cys                     

p.Asn193Ilefs*12
Bulk            

Bulk

27

25

MDS360 SF3B1 c.1866G>T p.Glu622Asp Bulk/HSC 50 41

SRSF2 c.283C>A p.Pro95Leu HSC 42

MDS373 SF3B1 c.2098A>G p.Lys700Glu Bulk/HSC 33 49

DNMT3A c.1906G>A p.Val636Met HSC 61

TET2 c.978delA p.Lys326Asnfs*21 HSC 45

TET2 c.1630C>T p.Arg544* HSC 15

MDS377 ASXL1 c.1934dup p.Gly646Trpfs*12 Bulk 12

DNMT3A c.939G>A p.Trp313* Bulk 32

SETBP1 c.2608G>A p.Gly870Ser Bulk 11

MDS227 SF3B1 c.2098A>G p.Lys700Glu Bulk/HSC 50 50

TET2 c.5620G>A p.Glu1874Lys Bulk/HSC 50 39

MDS279 ASXL1 c.1900_1922del p.Glu635Argfs*15 Bulk 18

KRAS c.34G>A p.Gly12Ser Bulk 8

MDS620 ASXL1 unknown unknown Bulk

MDS140 ASXL1 c.1772dupA p.Tyr591* Bulk 50

RUNX1 c.1014dupC plle339Hisfs*234 Bulk 40

SRSF2 c.284C>A p.Pro95His Bulk 45

TET2 c.3300delT plLeu1101Serfs*5 Bulk 50

MDS326 TET2 c.2562del p.Phe854Leufs*19 Bulk 3.53

MDS135 ASXL1 c.1900A>T p.Arg634* Bulk 43

SF3B1 c.2098A>G p.Lys700Glu Bulk 45

TET2 c.3986T>G

c.4210C>T

p.Leu1329Arg

p.Arg1404*

Bulk            

Bulk

45

49

WT1 c.1048T>C p.Cys350Arg Bulk 51

MDS354 ASXL1 c.1900A>T p.Arg634* Bulk 43

SF3B1 c.2098A>G p.Lys700Glu Bulk 45

TET2 c.3986T>G

c.4210C>T

p.Leu1329Arg

p.Arg1404*

Bulk            

Bulk

43

50

WT1 c.1048T>C p.Cys350Arg Bulk 51
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Table S3: Summary of statistical analysis performed by GraphPad Prism. If multiple parameters were analyzed 
at one time, p-values were Bonferroni corrected according to the number of analyzed parameters.  

Snapshot analysis, healthy young vs aged        
  Mann-Whitney Bonferroni correction  Significant     
HSPC  0,0176 - yes    
HSC 0,0396 0,2376 no    
MPP 0,0503 0,3018 no    
MLP 0,1275 0,765 no    
CMP 0,0307 0,1842 no    
GMP 0,3138 1,8828 no    
MEP 0,1393 0,8358 no    

       
Snapshot analysis normalized to assumed cellularity       
  Mann-Whitney Bonferroni correction  Significant     
HSC  0,4781 - no    
HSPC 0,3937 - no    

       
% of cells in 7-day HSC culture, healthy young vs aged      
  Mann-Whitney Bonferroni correction  Significant     
HSPC  0,1058 - no    
HSC 0,0784 0,4704 no    
MPP 0,3529 2,1174 no    
MLP 0,1681 1,0086 no    
CMP 0,2587 1,5522 no    
GMP 0,2458 1,4748 no    
MEP 0,4675 2,805 no    

       
Cells per input HSCs, healthy young vs aged       
  Mann-Whitney Bonferroni correction  Significant     
HSPC 0,0074 - yes    
CD34- 0,0106 - yes    
HSC 0,1188 - no    

       
Rate estimates, healthy young vs aged      
  Mann-Whitney Bonferroni correction  Significant     
a_HSC_MPP 0,0202 0,4242 no    
b_HSC 0,0022 0,0462 yes    
g_HSC 0,1585 3,3285 no    
a_MPP_MLP 0,1445 3,0345 no    
a_MPP_CMP 0,0418 0,8778 no    
b_MPP 0,0477 1,0017 no    
g_MPP 0,137 2,877 no    
a_MLP 0,0486 1,0206 no    
b_MLP 0,0366 0,7686 no    
a_CMP_GMP 0,0204 0,4284 no    
a_CMP_MEP 0,3359 7,0539 no    
b_CMP 0,0774 1,6254 no    
g_CMP 0,2845 5,9745 no    
a_GMP_mat 0,1475 3,0975 no    
b_GMP 0,0126 0,2646 no    
g_GMP 0,2123 4,4583 no    
a_MEP_mat 0,1377 2,8917 no    
b_MEP 0,3602 7,5642 no    
g_MEP 0,437 9,177 no    
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b_mat 0,0318 0,6678 no    
g_mat 0,3353 7,0413 no    

       
Snapshot analysis, healthy age-matched vs CHIP vs MDS     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        H vs C H vs M C vs M  

HSPC  0,0441 - yes 0,4625 0,0382 > 0,9999 

HSC 0,1827 1,0962 no - - - 

MPP 0,2722 1,6332 no - - - 

MLP 0,771 4,626 no - - - 

CMP 0,0025 0,015 yes > 0,9999 0,0031 0,0505 

GMP 0,0027 0,0162 yes > 0,9999 0,0074 0,0167 

MEP 0,2246 1,3476 no  - - - 

       
CFU-capacity, healthy age-matched vs CHIP vs MDS     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        H vs C H vs M C vs M  

CFU-GEMM 0,0585 0,2925 no - - - 

CFU-GM 0,0163 0,0815 no - - - 

CFU-G 0,0211 0,1055 no - - - 

CFU-M 0,01 0,05 yes > 0,9999 0,0659 0,0593 

BFU-E < 0,0001 0,0005 yes > 0,9999 0,0011 0,071 

total  0,0002 - yes > 0,9999 0,0055 0,0512 

       

       
% of cells in 7-day HSC culture, healthy age-matched vs CHIP vs MDS   

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        H vs C H vs M C vs M  

HSPC  0,79 - no - - - 

HSC 0,8961 5,3766 no - - - 

MPP 0,1512 0,9072 no - - - 

MLP 0,3504 2,1024 no - - - 

CMP 0,171 1,026 no - - - 

GMP 0,1986 1,1916 no - - - 

MEP 0,8428 5,0568 no - - - 

       
Cells per input HSCs, healthy age-matched vs CHIP vs MDS     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        H vs C H vs M C vs M  

HSPC 0,615 - no - - - 

CD34- 0,8224 - no - - - 

HSC 0,5159 - no - - - 

       
Wells filled with wells, healthy age-matched vs CHIP vs MDS     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        H vs C H vs M C vs M  

  0,4065 - no - - - 

       
Cells at day 7 per input cells, healthy age-matched vs CHIP vs MDS     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        H vs C H vs M C vs M  

  0,207 - no - - - 
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Bloodvalues 6-10 months old mice      
  Mann-Whitney Bonferroni correction  Significant     
Hb 0,7283 - no    
WBC 0,0163 - yes    
plateletts  0,2777 - no     

       
Bloodvalues 15-25  months old mice     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        Δ/Δ vs Δ/wt  Δ/Δ vs fl/fl   Δ/wt vs fl/fl   

Hb 0,0364 - yes  0,0339 0,3374 > 0,9999 

WBC 0,0225 - yes 0,1715 > 0,9999 0,0262 

plateletts  0,8263 - no  - - - 

       

       
Analysis of mature blood cells in the BM     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        Δ/Δ vs Δ/wt  Δ/Δ vs fl/fl   Δ/wt vs fl/fl   

T-lymphocytes 0,2518 - no - - - 

B-lymphocytes 0,5101 - no - - - 

Granulocytes 0,0627 - no - - - 

Monocytes  0,0966 - no  - - - 

       
Analysis of stem and progenitor cells within the BM      

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        Δ/Δ vs Δ/wt  Δ/Δ vs fl/fl   Δ/wt vs fl/fl   

MP 0,0627 - no - - - 

LSK 0,0545 - no - - - 

LT-HSC 0,03 - yes > 0,9999 0,0931 0,0725 

ST-HSC 0,436 - no  - - - 

       
Analysis of colony forming units (CFU) assessed after culturing BM cells in methylcellulose-based medium   

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        Δ/Δ vs Δ/wt  Δ/Δ vs fl/fl   Δ/wt vs fl/fl   

total  0,2821 - no - - - 

CFU-GM 0,5071 - no - - - 

CFU-GM 0,25 - no - - - 

CFU-M 0,225 - no - - - 

CFU-E 0,6786 - no - - - 

       
Analysis of niche composition       

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        Δ/Δ vs Δ/wt  Δ/Δ vs fl/fl   Δ/wt vs fl/fl   

EC 0,8786 - no - - - 

OBC 0,9929 - no - - - 

MSC 0,8286 - no - - - 

       
CFU-F per 100 input-MSCs     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        Δ/Δ vs Δ/wt  Δ/Δ vs fl/fl   Δ/wt vs fl/fl   

CFU-F 0,7081 - no - - - 

       
Investigation of spontanious differentiation of MSCs by early osteogenic and adipogenic marker     

  Kruskal Wallis test  Bonferroni correction  Significant  Dunn's multiple comparison  

        Δ/Δ vs Δ/wt  Δ/Δ vs fl/fl   Δ/wt vs fl/fl   
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RUNX1 0,6643 - no - - - 

PPARG 0,8786 - no - - - 
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