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Hematopoiesis

In human adults, more than 300 billion 
blood cells are produced every day. 
Blood cells are quite short lived and 
therefore blood formation needs to be 
a continuous and complex coordinated 
process which ensures that a large 
amount of different blood cells can be 
replenished within a short period of time. 
The main location of blood formation 
shifts during human development: The 
first site of hematopoiesis is the yolk sac; 
in the later embryogenesis the liver is 
the main organ for blood production and 
in the adult body the majority of blood 
cells is generated in the bone marrow. 
Hematopoiesis results in the production 
of several types of mature blood cells 
which can be assigned to four different 
blood lineages: the erythroid lineage 
(erythrocytes), the megakaryocytic 
lineage (platelets), the lymphoid 
lineage (T cells, B cells, NK-cells) and 
the myeloid lineage (granulocytes, 
monocytes). The different types of cells 
fulfill distinct functions: Erythrocytes 
are the oxygen-transporters of the 
cells, platelets are important for blood 
clotting, lymphocytes are the key-players 
of the adaptive immune system and 
granulocytes and monocytes are crucial 
components of the innate immune 
response.

All the different blood cells arise from 
one type of cell: The hematopoietic stem 
cell (HSC). In blood, HSCs are the only 
type of cell that possess both self-renewal 
and multipotency - which means that by 
asymmetric cell division they can give rise 
to both another HSC and a daughter cell 
that is capable of differentiating to any of 
the distinct blood cell types. Therefore, 
HSCs are commonly visualized as the 
top of a hierarchical tree, whereas the 

mature blood cells form the bottom. 
However, it is still not completely 
understood which roadmaps HSCs take 
on the route towards differentiating into 
fully functional mature blood cells. One 
of the first models for hematopoietic 
maturation proposed a gradual way 
of HSC-differentiation via oligopotent 
progenitor-intermediates that stepwise 
narrow down their lineage potential 
along the way. This model was based 
on the identification of a common 
lymphoid progenitor (CLP)1 that can 
give rise to T-, B-, and NK-cells and a 
common myeloid progenitor (CMP),2 
that is capable of forming all myeloid 
cells by further differentiating into the 
granulocyte-macrophage progenitor 
(GMP) or megakaryocyte-erythrocyte 
progenitor (MEP) (Figure 1A). 
Remarkably, also very recent studies 
with modern techniques support this 
view of a tree-like hematopoietic system, 
however, mostly with less clear defined 
intermediates.3,4 A recent study proposed 
a gradual model of hematopoiesis where 
HSCs give rise to progenitor cells that are 
viewed as a “continuum of low-primed 
undifferentiated hematopoietic stem 
and progenitor cells” (CLOUD-HSPCs)5 
(Figure 1B). Additionally, in contrast 
to these gradual concepts, there are also 
distinct models that completely question 
the existence of oligopotent progenitors 
in adult hematopoiesis and suggest that 
there are either multipotent HSCs or 
unipotent progenitors that have acquired 
already a defined lineage fate soon after 
emerging from HSCs (Figure 1C).6 
Several recent studies demonstrated 
that at least the megakaryocytic lineage 
seems to directly evolve from HSCs 
without passing through a stage of 
an oligopotent progenitor (Figure 
1C).7–10 Therefore, it is currently under 
debate if even HSCs themselves form a 



535611-L-sub01-bw-Mattes535611-L-sub01-bw-Mattes535611-L-sub01-bw-Mattes535611-L-sub01-bw-Mattes
Processed on: 23-9-2019Processed on: 23-9-2019Processed on: 23-9-2019Processed on: 23-9-2019 PDF page: 11PDF page: 11PDF page: 11PDF page: 11

11

General Introduction

1

homogenous cell population or if there 
is rather  a pool of distinct HSCs that 
have already a bias towards a certain 
blood lineage. In addition, evidence 
exists that steady-state hematopoiesis in 
adulthood is not driven by the classical 
defined HSCs, but rather by a large 

number of long-lived progenitors.11,12 

According to this model, HSCs have 
particular important functions in 
rebuilding the hematopoietic system e.g. 
after transplantation, however, don’t 
play a leading part under steady state 
conditions.

Figure 1. Hematopoiesis Models. Multiple concepts exist which describe potential stages of hematopoietic 
development. In all models, formation of blood cells is maintained by a multipotent, self-renewing hematopoietic stem cell 
(HSC). (A) The classical model proposes a gradual differentiation of HSCs into mature blood cells via well-defined oligopotent 
progenitors. MPP: multipotent progenitor; CMP: common myeloid progenitor; MEP: megakaryocyte-erythrocyte progenitor; 
GMP: granulocyte-macrophage progenitor; CLP: common lymphoid progenitor. (B) In the Lineage Continuum Model, HSCs 
give rise to less defined intermediates that are viewed as a “continuum of low-primed undifferentiated hematopoietic stem 
and progenitor cells (CLOUD-HSPCs)”. From these, unipotent progenitors arise. (C) The direct model proposes that unipotent 
progenitors acquire a defined lineage fate soon after emerging from HSCs without passing through a stage of an oligopotent 
progenitor. Recent studies suggest that the megakaryocytic lineage directly evolves from HSCs.
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analyzed. Furthermore, in vivo studies 
allow to distinguish between short-term 
HSCs whose ability of hematopoietic 
reconstitution is limited to a first round 
of transplantation, and long-term HSCs, 
which can contribute to hematopoiesis in 
recipients even in serial-transplantation 
experiments.15

Phenotypic HSC features

Using the above-named methods, 
multiple cellular surface proteins 
have been found to mark HSCs and 
collectively describe the HSC phenotype 
(Figure 2A). A well-known marker that 
is uniquely expressed on human HSPCs 
but not on differentiated cells is CD34,16 
and it is frequently used to enrich for 
HSCs in studies that aim to further 
characterize them. Functionally, CD34 
is a glycoprotein ligand that can bind to 
vascular selectins and thereby is supposed 
to have a role in cell migration.17 Further 
enrichment for HSCs within the CD34+ 
population was achieved with the surface 
markers CD38,18,19 CD90,20 CD49f21 and 
CD45RA.22 HSCs characteristically have 
low or no expression of CD38, are positive 
for CD90 and CD49f and lack expression 
of CD45RA, resulting in the distinctive 
CD34+CD38 -CD90+CD49f+CD45RA- 
phenotype. However, already the 
CD34+CD38- cell fraction is highly 
enriched for HSCs, and often only these 
two markers are used to isolate human 
HSCs for further applications. Notably, 
phenotypic markers for murine HSCs 
are distinct from human. Purification 
strategies for murine HSPCs usually 
involve a positive selection for the 
markers c-kit and Sca-1, and a negative 
selection for mature hematopoietic cell 
lineage (Lin) markers (usually Gr-1, 
Mac-1, B220, CD4, CD8, and Ter-119),23 
resulting in the characteristic Lin-

Characteristics of 
hematopoietic stem cells 

Strategies for HSC identification 

In total, the human body contains 
between 20 and 30 trillion blood cells 
from which the majority is red blood 
cells. HSCs in contrast are a very rare cell 
population, however, due to its unique 
and crucial function for hematopoiesis 
a lot of research is focused on studying 
and characterizing these particular 
cells. Functionally, HSCs are defined 
by their ability to both self-renew and 
reconstitute the entire hematopoietic 
system. In order to test if - and to 
which extent- a certain hematopoietic 
cell population has these particular 
characteristics, several functional in 
vitro and in vivo assays have been 
developed. A frequently used in vitro 
assay to rapidly identify hematopoietic 
progenitors is the Colony Forming Cell 
(CFC) assay,13 which reads out the ability 
of cells to form colonies on a semi-solid 
medium that contains growth factors 
required for differentiation towards the 
distinct lineages. Subsequent replating of 
colonies can further provide preliminary 
insight into the self-renewal capacity of 
those cells, however, this information is 
limited due to the rather short duration 
of this assay. In order to identify the 
most primitive HSC population in vitro, 
the Long-Term Culture Initiating Cell 
(LTC-IC) assay14 is often used, in which 
cells are first co-cultured on a supportive 
stromal layer for several weeks prior 
to reading out their sustained colony-
forming ability. However, the current 
gold standard for identifying HSCs are 
in vivo studies, in which hematopoietic 
cells are transplanted into irradiated 
mice and their ability of contributing to 
hematopoiesis in the recipient animal is 
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Sca-1+c-kit+ (LSK) phenotype. Further 
enrichment of HSCs from the LSK 
fraction can be achieved by isolating 
LSK-CD34-Flk2-24 or LSK-150+CD48-25 
cells. In addition, also LSK-independent 
strategies to enrich for murine HSCs 
were described.26–28 Besides surface 
markers that are convenient for the 
identification and isolation of stem cells, 

HSCs also express certain receptors that 
are crucial for their function and which 
can be stimulated by their corresponding 
ligands – a fact that is used when 
culturing HSCs in vitro. Two receptor/
ligand pairs that have been shown to 
be critical for HSC function are c-kit/
SCF29,30 and  MPL/TPO31 (SCF: Stem Cell 
Factor; MPL: Thrombopoietin-Receptor, 

Figure 2. Characteristics of Hematopoietic stem cells (HSCs). (A) HSCs can be distinguished from other cells 
with the help of surface marker that are typically either absent or present on HSCs. Human HSCs have the characteristic 
CD34+CD38-CD90+CD49f+CD45RA- phenotype, whereof often only CD34 and CD38 are used to enrich them (highlighted 
in bold). Murine HSCs are often described as Lin-c-kit+Sca-1+CD34-Flk2-CD150+CD48- (Lin-: negative selection for the lineage 
markers Gr-1, Mac-1, B220, CD4, CD8, and Ter-119). (B) HSCs reside in bone marrow niches surrounded by other cell types 
such as endothelial cells, mesenchymal stromal cells, megakaryocytes, osteoblasts or nerve cells. Cytokines produced by those 
cells can bind to surface receptors of HSCs and influence their function. SCF: stem cell factor, TPO: thrombopoietin, Ang-1: 
Angiopoietin 1; TGF-β: transforming growth factor beta; CXCL4/12: chemokine (C-X-C motif) ligand 4/12. (C) Stimuli from 
the microenvironment can trigger signaling cascades via receptors located on the HSC surface and consequently result in 
activation of transcription factors that mediated stem cell quiescence or self-renewal and expansion. Figure adapted from Lin 
et al, Stem cell Investig. 2015.61 (D) HSC function and maintenance are influenced by a complex network of transcription 
factors.
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renewal and maintenance, for example 
by inducing Wnt-signaling,42 Notch-
signaling43 or TGF-β-signaling44 (Figure 
2C). In addition to niche-associated 
factors, also other components such as 
growth factors, inflammatory cytokines 
and availability of nutrients and oxygen 
influence signaling in HSCs. Eventually, 
activation of various signaling cascades 
by diverse stimuli results in translocation 
or activation of transcription factors (TF) 
that further determine the characteristic 
gene expression profile of HSCs. TFs 
that are thought to have crucial roles in 
HSC regulation are β-catenin,42 c-Myc,45 

SMAD,46 STAT3/5,47 ICN,43 C/EBPα,48 
JUNB,49 PU.1,50 RUNX,51 GATA2,52 
HOXB4,53 GFI,54,55 FOXOs56 and HIFs.57 
However, the transcriptional network 
responsible for HSC regulation is highly 
complex and also involves additional 
factors to the ones listed here.58–60 

Together, numerous TFs regulate 
the expression of genes involved in 
regulation of cell cycle, proliferation, 
differentiation, apoptosis or metabolism- 
and thereby key programs for cell fate, 
-survival, and -function. Notably, HSC 
function can be strongly influenced by 
their metabolic state, which is reviewed 
in more detail in chapter 4.

Acute myeloid leukemia

Leukemia is a form of cancer that 
arises from immature blood cells 
that normally would develop into the 
different mature, functional cells types. 
However, during leukemia development 
this process gets disturbed and results 
in accumulation of dysfunctional blood 
cells. In acute myeloid leukemia (AML), 
the development of the myeloid cell 
lineage is disturbed, and results in 
infiltration of the bone marrow, blood 
and other tissues by expansion of poorly 

TPO: Thrombopoietin). Furthermore, 
the tyrosine kinase receptor FMS-like 
tyrosine kinase 3 (FLT3) was found to 
be highly expressed on HSPCs32 and its 
ligand FLT3-L was shown to enhance 
the proliferation of primitive progenitor 
cells.33,34 Therefore, a cytokine-cocktail 
composed of SCF, TPO and FLT3-L is 
frequently used for in vitro expansion of 
HS(P)Cs.

HSCs reside in stem cell niches 
and are regulated by a complex 
transcription factor network

The balance between HSC self-renewal 
vs. HSC differentiation is strongly 
influenced by their microenvironment. 
HSCs can reside in different bone 
marrow regions, so-called stem cell 
niches, and depending on their location 
HSCs are supposed to have a distinct 
self-renewal capacity.35 Different cell 
types in the niche such as endothelial 
cells, mesenchymal stromal cells, 
megakaryocytes, osteoblasts or nerve 
cells can impact the function of HSCs 
(Figure 2B).36 Mechanistically, these 
cells can regulate HSCs directly by 
secretion of cytokines, or indirectly for 
example by stimulating the cytokine 
release of other cells. Quiescent HSCs 
are thought to be located in the so 
called “perivascular niche” close to 
perivascular stromal cells and arterioles 
with low levels of oxygen.37 Cells in this 
niche produce cytokines such as SCF, 
TPO, Angiopoetin-1 (Ang-1), C-X-C 
motif chemokine 12 and 4 (CXCL12, 
CXCL4) and transforming growth 
factor β (TGF-β), which all have been 
shown to impact HSC function.38–41 

Stimuli from the microenvironment 
can trigger signaling cascades via 
receptors located on the HSC surface 
and consequently impact HSC self-
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cohesin-complex genes (e.g. STAG2), 
and (9) spliceosome-complex genes62 

(Figure 3). 

Clonal disease evolution

Cells from AML patients usually have 
a lower number of gene mutations 
compared to cells from other cancers, 
with an average of 13 mutation per 
AML case.62 Of these, an average 
of 5 are driver mutations which are 
found in genes recurrently mutated in 
AML. Other mutations are passenger 
mutations which might have a role in 
the malignant cell behavior, but have 
not shown to be directly involved in 
malignant transformation. Notably, not 
all the AML cells of a patient contain 
the same alterations. Distinct subclones 
usually arise from one founding clone 
that accumulates additional alterations 
throughout disease progression, a 
progress termed “clonal evolution”. 
Longitudinal sequencing studies 
discovered that the order of mutation 
acquisition follows certain patterns: 
Early mutations in AML evolution are 
thought to happen in the stem cell 
population and often effect epigenetic 
regulators (e.g DNMT3A, ASXL1, 
IDH2, and TET2), which gives rise to 
so called “pre-leukemic” stem cells that 
have altered self-renewal properties, 
but are still capable of multilineage 
differentiation.63,64 In contrast, later 
mutations commonly occur in genes 
related to proliferation and signaling 
activation (e.g. FLT3, KRAS/NRAS, 
PTPN11) and lead to frank leukemia 
(Figure 4). Leukemic blasts are thought 
to derive from leukemia stem cells (LSCs) 
that have self-renewal properties similar to 
normal- or preleukemic HSCs, but also carry 
the late genetic alterations that affect cellular 
proliferation and differentiation.65 

or abnormally differentiated cells. In 
contrast to chronic myeloid leukemia 
(CML), which is characterized by an 
abnormal accumulation of more mature 
myeloid cells, AML is defined by a high 
percentage (≥ 20%) of immature blasts 
in the bone marrow. 

Mutational spectrum in AML

AML is a very heterogeneous disease, 
and many different mutations and 
chromosomal alterations can lead to 
disease development. Mechanistically, 
AML-associated mutations can drive 
disease development via multiple 
strategies. Gene mutations can lead 
to hyper-activation of signaling 
cascades that trigger uncontrolled 
cell proliferation, confer resistance to 
apoptosis, or directly affect transcription 
factors crucial for cell differentiation. 
Furthermore, mutations can induce 
aberrant gene expression by changing 
DNA structure and accessibility or the 
subcellular location of transcription 
factors. Thereby, mutations can impact 
self-renewal and life-span of the stem- 
and progenitor cell population, or 
affect important metabolic regulators. 
According to  The Cancer Genome 
Network, which analyzed the genome 
of 200 de novo AML patients, gene 
mutation relevant for AML pathogenesis 
can be assigned to 9 different categories: 
(1) transcription-factor fusions (e.g. 
PML-RARA, AML1-ETO), (2) the gene 
encoding nucleophosmin (NPM1), (3) 
tumor-suppressor genes (e.g. TP53, 
WT1), (4) DNA-methylation-related 
genes (e.g. DNTM3A, IDH1, IDH2, 
TET2), (5) signaling genes (e.g. FLT3, KIT, 
KRAS/NAS), (6) chromatin-modifying 
genes (e.g. ASXL1, EZH2, MLL-fusion 
proteins), (7) myeloid transcription-
factor genes (RUNX1, C/EBPα), (8) 
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Figure 3. Categories of genes commonly mutated in acute myeloid leukemia (AML). Mutations in 
signaling genes such as FLT3 lead to hyperactivation of signaling cascades and enhanced cell proliferation (upper left 
box). Mutations in myeloid transcription factors or their fusion by chromosomal translocations can impair hematopoietic 
differentiation (center left box). Cohesin-complex gene mutations such as RAD21 or STAG2 can impair chromosome 
segregation and induce gene expression changes (center middle box). Mutations in tumor suppressor genes such as TP53 
confer resistance to apoptosis through impaired transcriptional activation of apoptosis-related genes. Moreover, mutations 
alter kinetics of p53 degradation by MDM2 and PTEN (upper middle box). Mutations in epigenetic regulators such as 
DNMT3A, TET2 or IDH1/2 (which changes 2-hydroxyglutarate (2HG) levels) can change DNA methylation levels and thus 
transcriptional activity (upper right box). Mutations in other epigenetic modifiers such as EZH2 or ASXL1 can alter chromatin 
modifications such as methylation of histones H3 and H2A on lysine residues K27, K119 and K79, respectively. Gene fusions 
such as KMT2A-MLLT3 alter the activity of the methyltransferase DOT1L (center right box). Mutations of genes that are part 
of the splicing machinery affect RNA processing and thereby the transcriptional output (bottom right box). Mutations in the 
gene encoding the nucleocytoplasmic shuttling protein NPM1 result in aberrant location of NPM1 itself or NPM1 interacting 
proteins (bottom left box). Figure adapted from Döhner et al, NEJM 2015.66
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SCT at the age ≤65 years.67 While these 
therapy approaches commonly lead to an 
initial reduction of the leukemic blast in 
the majority of patients, disease relapse 
represents the major reason patients are 
not cured. Especially in patients with 
an unfavorable prognosis, including 
presence of complex cytogenetics, 
TP53 mutations or a high allelic ratio 
of FLT3-ITD.68 Apparently, certain 
AML cells survive the chemotherapy 
treatment, expand during remission and 
contribute to leukemia reoccurrence. 
Since these cells are rare following the 
chemotherapy treatment, knowledge 
about cell biological characteristics of 
these cells is limited. Various concepts 
exist that speculate on the nature of 
these resistant cells: It might be that 
pre-leukemic HSCs survive therapy and 
acquire again additional alteration that 
drive relapse. Alternatively, it could 
be that minor genetic leukemic sub-
clones are less responsive to therapy, 
persist and expand after treatment.69 

Challenges of AML therapy 

Therapy success of AML is strongly 
dependent on the molecular background 
of the disease, however, in general, 
AML can be viewed as a disease with a 
rather poor prognosis. AML is cured in 
35-40% of the adult patients younger 
than 60 years old, and only in 5-15% of 
the patients older than 60 years of age.66 

The general strategy for AML induction 
therapy usually consists of chemotherapy 
with the pyrimidine nucleoside analog 
cytarabine in combination with 
anthracyclines, applied in the ‘7+3’ 
regimen. Follow up treatments on this 
induction therapy are based on the risk 
stratification for the individual patients. 
Based on the ELN risk classification, 
high-risk and intermediate-risk patients 
under the age of 75 years usually proceed 
to allogenic stem cell transplantation 
(SCT). Low-risk AML patients can receive 
additional cycles of chemotherapy or 
might be considered for autologous 

Figure 4. AML evolution from pre-leukemia to leukemia. In this simplified model, early mutations in AML 
evolution are thought to occur in normal hematopoietic stem cells (HSCs) and mainly affect epigenetic regulators such as 
DNMT3A, ASXL1, IDH1/2, or TET2, resulting in enhanced self-renewal and formation of pre-leukemic HSCs.63,78 Pre-leukemic 
HSCs promote clonal hematopoiesis, but do not necessarily result in leukemic transformation. Acquisition of additional hits 
(“late mutations”) in signaling genes such as FLT3, KRAS or NRAS lead accumulation of leukemic blasts. Leukemia stem 
cells (LSCs) are thought to have both self-renewal and proliferation abilities and maintain the blast cell population. In AML, 
characteristically several genetically distinct subclones are found, which arise from one founding clone that accumulates 
additional alterations throughout disease progression.
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HSCs in animal transplants, LSCs are 
functionally defined by their ability to 
initiate leukemia when transplanted 
into immunodeficient animals.74,79 In 
contrast to bulk leukemic blasts, LSCs 
are able to self-renew, initiate leukemia 
even in serial transplants and give rise to 
non-LSC blast cells. However, it has to 
be noted that not all leukemia subclones 
engraft in current mouse models, or at 
least not equally efficient, and thereby 
this way of identifying LSCs also has its 
limitations.80

LSCs partly share characteristics 
with normal HSCs. For instance, 
multiple studies indicated that the LSC 
population contains quiescent cells,81–83 
which have altered expression of genes 
that restrain cell cycle progression and 
prevent differentiation.84 Furthermore, 
HSCs and LSCs partly share 
immunophenotypic characteristics. In 
CD34+ AMLs, which is the majority of 
AMLs that is defined by the presence of 
>10% CD34 positive blast cells, LSCs - 
similar to HSCs- seem to predominantly 
reside in the CD34+CD38- fraction.74–76 
However, other studies demonstrated 
that LSCs are definitely not restricted 
to this fraction, but can be found also 
in the CD34+CD38+ cell population or 
less frequently even in CD34- cells.85,86 
In AMLs with low CD34 expression, 
which are often AMLs with mutations in 
the NPM1 gene, LSCs mainly reside in 
the CD34- fraction.87 Another similarity 
between HSCs and LSCs is that they 
share expression of stemness-related 
genes such as ABCB1, MEIS1, ERG or 
homeobox genes, as well as activation of 
signaling pathways such as JAK-STAT or 
Notch.86 This correlation was observed in 
a study where AML cells were first sorted 
in different populations based on CD34/
CD38 expression and subsequently 

Leukemia-associated mutations persist 
in approximately half of the patients 
during complete remission, and 
detection of molecular minimal residual 
disease (except mutations in DNMT3A, 
TET2, and ASXL1) was associated with 
an increased risk for disease relapse.70 
In the majority of AML patients, driver 
mutations present at relapse overlap with 
driver mutations detected at diagnosis. 
However, frequently gain- or loss of 
gene mutations is observed, indicating 
that the relapse-clone has evolved from 
a preexisting clone by accumulation or 
loss of mutations.71–73 It is supposed that 
relapse originates from a rare leukemia 
stem cell (LSC) population - a concept 
that will be explained in more detail 
in the next section.72 LSCs represent, 
similar to HSCs, the most immature cell 
fraction of AML cells and are associated 
with a CD34+CD38- phenotype.74–76 It 
was recently demonstrated that a high 
number of CD34+CD38- cells at the time 
of diagnosis correlates with a higher 
incidence of relapse and poor survival.77 
Importantly, these distinct models on 
disease relapse are likely not mutually 
exclusive and different concepts could 
apply in different AML cases and might 
be dependent on the age of the patient. 
Research in AML is currently aimed to 
identify the characteristics of cells that 
drive disease relapse in order to improve 
AML therapy.

The leukemia stem cell 
theory

The leukemia stem cell theory proposes 
that AML is a hierarchical organized 
disease that is maintained by a rare 
fraction of self-renewing LSCs that form 
the apex of the hierarchy.65 Similar to 
the repopulation capacity of normal 
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stress-response pathways or signal 
transduction.94 The transcriptional 
co-regulator CITED2 (CBP/p300-
interacting transactivator with glutamic 
acid (E) and aspartic acid (D)–rich tail 
2) is involved in the regulation of several 
of those pathways crucial for stem cell 
homeostasis. CITED2 expression was 
shown to positively correlated with stem 
cell activity and maintenance,95,96 and 
can therefore be viewed as a “stemness 
gene”.

Structural features of CITED2

The protein CITED2 lacks a classical 
DNA binding domain, but consists of 
three highly conserved regions (CR 1-3) 
and a characteristic serine-glycine rich 
junction (SRJ) that serve as domains for 
the interaction with various partners. 
CITED2 was originally identified as 
a protein binding to the cysteine-
histidine-rich (CH1) domain of the 
acetyltransferases CBP and p300,97,98 

which function as transcriptional 
activators. Mechanistically, CBP/p300-
mediated acetylation of histone proteins 
can open up chromatin structures at 
the promoter region of genes, whereas 
acetylation of transcription factors 
can change their conformation and 
activity. Many transcription factors 
require binding to CBP/p300 for their 
full activation, and this interaction can 
be either increased or blocked by the 
modulator CITED2. By competing with 
their binding for CBP/p300, CITED2 
was shown to function as a negative 
regulator for HIF-1α,97,98 NF-κB,99 and 
TP53.100 In contrast, CITED2 increased 
CBP/p300 mediated co-activation of 
the transcription factors TFAP2,101 

MYC,102 PPARα,103 SMAD2104 and 
SMAD3.105 Besides CBP/p300, CITED2 
was also found to interact with the 

applied to xenotransplant assays to 
identify LSC-enriched populations.86 
Other gene expression data suggested 
that LSCs in general have more in 
common with normal progenitors than 
with normal HSCs. Notably, in that 
study the sorting strategy to enrich 
for LSCs included the CD45RA+ cell 
population, which corresponds to the 
normal progenitor cell population, and 
could explain the difference compared 
to previous studies.75 Therefore, it is still 
not entirely defined if LSCs directly arise 
from HSCs, or if LSCs are progenitor 
cells that acquire stem-cell features, 
or if maybe both concepts are possible 
depending on the AML case.

Despite certain similarities, HSCs and 
LSCs also have distinct features, which 
might represent targeting-option for 
therapy. Multiple cell surface markers 
have been found to be higher expressed 
in LSCs compared to HSCs,65,88 for 
instance CD123 (which is part of the 
IL-3 receptor),89 TIM3,90 IL1RAP,91 
CD9392 or GPR56.93 Recently, evidence 
accumulates that LSCs across distinct 
AML genotypes share metabolic features 
such as low mitochondrial activity, low 
levels of reactive oxygen species and low 
amounts of ATP. These characteristics 
partly overlap with HSCs, however, LSCs 
seem to depend on different pathways 
for maintenance of their metabolic state. 
Thus, interference with those pathways 
represents a promising strategy for LSC-
selective targeting. The characteristic 
metabolic features of LSCs will be 
described in detail in chapter 4.

The “stemness gene” CITED2

Stem cell maintenance and proliferation 
is regulated by multiple factors 
that influence cell cycle, apoptosis, 
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binds to multiple ETS-binding sites in 
the CITED2 promoter.96,111

CITED2 functions in the 
hematopoietic system

CITED2 is a ubiquitously expressed 
protein and important for various 
biological processes. Full deletion 
of Cited2 in mice is embryonically 
lethal and is associated with cardiac 
malformations, adrenal agenesis, neural 
crest defects and exencephaly.101 In 
the hematopoietic system, Cited2 was 
shown to be especially important for 
the functionality of stem cells, since 
conditional deletion in mice using Mx1-
Cre resulted in depletion of HSCs and 
multilineage bone marrow failure.112 
In contrast, conditional deletion 
of Cited2 in committed lymphoid and 
myeloid lineages had no impact on the 
maintenance of these lineages.112 In line 
with the murine data, overexpression 
of CITED2 in human CD34+ stem- and 
progenitor cells enhanced quiescence 
and maintenance of CD34+CD38- 
HSCs. In AML, CITED2 expression is 
found overexpressed in a subgroup of 
patients compared to normal HSCs, and 
knockdown of CITED2 suppressed the 
growth of AML cells in both in vitro and 
in vivo studies.96

Mechanistically, CITED2 contributes 
to increased stem cell homeostasis by 
regulating crucial pathways such as 
cell cycle, proliferation and apoptosis 
(Figure 5). Increased HSC maintenance 
in human cord blood cells upon CITED2 
overexpression was associated with 
increased expression of the cycline-
dependent kinase (CDK) inhibitor 
p21,96 which is known to mediate 
quiescence. In murine cells, Cited2 
was shown to repress the proliferation 

acetyltransferase GCN5,106,107 thereby 
preventing GCN5-mediated acetylation 
and hence inactivation of peroxisome 
proliferator-activated receptor-
coactivators 1α (PGC-1α). 

Regulation of CITED2 expression

The expression of CITED2 can be 
induced by various cytokines and 
biological stimuli such as IL-1α, IL-
2, IL-3, IL-4, IL-6, IL-9 and IL-11, 
granulocyte/macrophage colony-
stimulating factor (GM-CSF), interferon 
gamma (IFN-γ), platelet-derived 
growth factor, insulin, serum, and 
lipopolysaccharide.108 In the promoter 
region of CITED2 multiple bindings sites 
for the transcription factor STAT5 have 
been identified,109,110 which is known as 
an important downstream mediator of 
cytokine signaling. Furthermore, the 
promoter region of CITED2 contains 
a FOXO3A binding element and it was 
shown that both STAT5 and FOXO3A are 
required for highest CITED2 expression 
in erythroid cells.110 Interestingly, STAT5 
and FOXO3A represent quite opposing 
pathways, since STAT5 signaling is 
associated with cell proliferation, 
whereas FOXO3A signaling rather 
inhibits proliferation or drives apoptosis. 
Thus, CITED2 acts as a critical modulator 
at the interface of differing pathways. 
The promoter region of CITED2 further 
contains binding elements for the 
transcription factors HIF-1 and NF-κB, 
which are in turn negatively regulated by 
CITED2, and thereby most likely form 
a negative feedback loop by promoting 
CITED2 expression.97,109 Additionally, the 
transcription factor c-MYC stimulates 
CITED2 expression via direct binding to 
the CITED2 promoter region.102 CITED2 
expression is negatively regulated by the 
transcription factor PU.1, which directly 
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p57 and Hes1.105 ERG1 has a crucial 
role in HSC maintenance by regulating 
retention of HSCs in the bone marrow 
environment and preventing their 
proliferation.113 ERG1 is a target gene of 
the TGF-β/SMAD3 signaling pathway,114 
and CITED2 was shown to directly 
interact with SMAD3 and co-activate 
EGR1 expression.105 The cyclin dependent 

inhibitors p16Ink4a and p19Arf, as well as 
the anti-apoptotic protein p53, thereby 
preventing depletion of HSCs. Additional 
deletion of the Ink4a/Arf locus or Tp53 
was shown to restore HSC functionality 
in Cited2-deficient mice.112 Deletion of 
Cited2 in HSCs was further shown to be 
accompanied by decreased expression 
of stemness-related genes such as Egr1, 

Figure 5. Pathways of CITED2-mediated increase of stem cell maintenance. CITED2 regulates multiple 
pathways affecting cell cycle, proliferation and metabolism, and thereby influences HSC maintenance. CITED2 has been 
shown to promote the expression of the proliferation inhibitors p57 and HES1 in a HIF-1 dependent manner. CITED2 blocks 
the CBP/300-mediated transactivation of HIF-1 and thereby most likely interferes with HIF-1-mediated repression of p57 
and HES1 (upper box). CITED2 interferes with PI3K/AKT-mediated phosphorylation of the transcription factors FOXO1 and 
FOXO3A. FOXO proteins drive the expression of genes important for glycolysis (upper right box) and mitochondrial regulation 
(lower right box). In liver cells, CITED2 was shown to interact with the acetyltransferase GCN5 and to inhibit GCN5-mediated 
acetylation of the mitochondrial regulator PGC1-α, thereby promoting mitochondrial biogenesis and turnover. This might also 
apply for HSCs (bottom box). CITED2 represses the expression of the cyclin-dependent-kinase (CDK) inhibitors p16INK4 
and p19ARF, and prevents activation of the pro-apoptotic protein p53 (lower left box). CITED2 promotes expression of the 
CDK inhibitor p21 which increases quiescence (center left box). CITED2 co-activates the transcription factor SMAD3 by 
recruiting the acetyltransferase CBP/p300 and thereby promotes ERG1-mediated HSC maintenance.
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kinase (CDK) inhibitor p57 is required 
for quiescence and maintenance of adult 
HSCs,115,116 whereas the Notch signaling 
target HES1 was shown to restrict GATA-
2 expression in emerging HSCs.117 The 
expression of both genes is repressed in 
a HIF-1α-dependent manner, which can 
be prevented by CITED2 that interferes 
with HIF-1α activation. Furthermore, 
CITED2 was shown to be involved in 
metabolic pathways crucial for HSC 
functionality. HSCs mainly rely on 
glycolysis for their energy production 
and are further characterized by low 
mitochondrial activity (see chapter 4). 
Cited2 deletion in murine HSCs reduced 
the expression of glycolysis related 
genes such as pyruvate dehydrogenase 
kinase 2 and 4 (Pdk2, Pdk4) and lactate 
dehydrogenases B and D (Ldhb, Ldhd), 
and resulted in elevated mitochondrial 
membrane potential, elongation of 
mitochondrial shape, and elevated ROS 
production.118 Interestingly, loss of 
CITED2 was accompanied by increased 
phosphorylation and thus deactivation 
of the transcription factors FOXO1 
and FOXO3A, which are involved in 
regulation of those metabolic genes.118 

Notably, in liver cells CITED2 was 
also shown to positively regulate 
mitochondrial metabolism by mediating 
increased activation of PGC-1α, which 
promotes mitochondrial biogenesis. 
CITED2 blocks the acetylation of 
PGC-1α by GCN5, which increases its 
transcriptional activity.106 It may seem 
contradictory that CITED2 can both block 
and stimulate mitochondrial activity, 
however, increased biogenesis also 
contributes to increased mitochondria 
turnover, which promotes mitochondrial 
viability and low ROS production. 
This highlights that CITED2-mediated 
regulation of mitochondrial homeostasis 
is critical for HSC integrity. 

Scope of this thesis

The success of current treatment 
strategies for AML is limited due to the 
high rate of disease relapse following 
intensive chemotherapy and stem cell 
transplantation. Apparently, certain 
cell populations survive conventional 
therapy approaches, grow out after 
cessation of therapy and are responsible 
for disease recurrence. Originally it was 
thought that chemotherapy treatment 
might introduce additional mutations 
in leukemia cells that confer drug 
resistance.119 However, more recent 
studies suggest that therapy resistant 
cell populations are already present at 
the moment of diagnosis prior to start 
of therapy, as revealed by sequencing 
studies that analyzed patients samples 
before and after chemotherapy 
treatment.71,120,121 Evidence exists 
that relapse is initiated by leukemia 
stem cells (LSCs), which have, in 
contrast to the bulk of AML cells, self-
renewal properties similar to normal 
hematopoietic stem cells (HSCs),  and 
are not efficiently targeted by standard 
therapy approaches.76,82,122 It is therefore 
important to study the characteristics 
of LSCs and unravel the molecular 
mechanisms that drive their stemness- 
and drug-resistant- properties. This 
might help to identify potential strategies 
for LSC targeting and to improve current 
AML therapy protocols.

The first part of this thesis will focus 
on studying the transcriptional co-
regulator CITED2, which was shown 
to have a crucial role in regulating the 
maintenance of both HSCs and LSCs. 
Whereas overexpression of CITED2 
in HSCs results in their increased 
quiescence and maintenance,96 
knockdown of CITED2 in hematopoietic 
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cells leads to increased HSC cycling and 
apoptosis.105 Similar, downregulation of 
CITED2 in AML stem- and progenitor 
cells severely impairs their survival and 
expansion,96 indicating that CITED2 
contributes to leukemia maintenance 
by regulating the stem cell properties. 
Hence, CITED2 represents a potential 
target for AML therapy. Chapter 2 
aims to gain insight in the molecular 
mechanism that drive reduced AML 
cell survival upon reduction of CITED2 
levels. AML cells are transduced with 
lentiviral constructs for RNAi-mediated 
knockdown of CITED2 and potential 
changes in signal transduction pathways 
and gene expression are studied.

Leukemic transformation is thought to 
be a multistep process, in which initial 
mutations occur in hematopoietic stem 
and progenitor cells (HSPCs) and alter 
their lifespan and/or maintenance 
and lead to clonal hematopoiesis.123–125 

Additional mutations in such preleukemic 
HSPCs that affect differentiation- or 
proliferation pathways might result in 
the formation of LSCs and consequently 
lead to leukemia onset.63 Thus, 
combining multiple genetic alterations 
might have cooperative effects on 
generating LSCs or influencing their 
maintenance. While CITED2 is known 
to increase stem cell maintenance, the 
transcription factor PU.1 is crucial for 
proper differentiation of the myeloid 
lineage.126,127 AML-associated mutations 
frequently result in the activation of 
signaling pathways that drive CITED2 
expression,97,108,110,128–130 and also often 
result in impaired expression or 
activation of PU.1.131–137  Notably, PU.1 
was found to be a negative regulator of 
CITED2 expression,96 indicating that 
both factors act in the same signaling 
network and might have cooperative 

effects on regulating cellular properties. 
Chapter 3 investigates the potential 
effects of combined CITED2 upregulation 
and PU.1 downregulation on stem cell 
maintenance or differentiation. In 
addition, it questions whether combined 
CITED2/PU.1 deregulation is sufficient 
for leukemic transformation. 

Cited2 deletion in murine HSCs was 
previously shown to impact the HSC 
metabolism. Loss of CITED2 resulted in 
decreased expression of glycolysis genes, 
increased mitochondrial activity and 
higher levels of reactive oxygen species 
(ROS).87 Recent studies highlighted 
that LSCs also have different metabolic 
properties compared to the leukemic 
bulk cell population, which will be 
the focus of the second part of this 
thesis. LSCs characteristically have 
low levels of ROS, which apparently 
result from a combination of low 
mitochondrial activity and high activity 
of ROS-removing pathways such as 
autophagy.138,139 The review in chapter 
4 will summarize in detail ROS-
regulating pathways and their relevance 
for the functionality of both normal- and 
leukemic stem cells. This chapter will 
also highlight that the metabolic state of 
LSCs implicates certain vulnerabilities 
of these cells. Even though LSCs are 
characterized by a low mitochondrial 
activity, they rely on this remaining 
activity for their survival and are highly 
dependent on mechanisms that regulate 
mitochondrial integrity. In particular, 
the anti-apoptotic protein BCL2 and 
proteins regulating mitophagy play an 
important role in LSC maintenance and 
survival and represent promising targets 
for AML therapy.139,140

Previous studies demonstrated that 
LSCs are enriched in the fraction with 
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