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Chapter 1
1.1 Normal Hematopoiesis
The hematopoietic system is a tightly regulated system, capable of maintaining
hematopoiesis during the lifetime of an organism. This system can be considered
as hierarchically organized, with the most undifferentiated cell (the “hematopoietic
stem cell”) on top of the pyramid, which can give rise to both new hematopoietic
stem cells (via a process termed self-renewal) as well as to all the different cell
lineages present in the peripheral blood of the organism [fig. 1]1. In order to
accomplish this, the proliferation and the differentiation of the hematopoietic (stem)
cells need to be carefully controlled in a spatial and temporal manner. Growth
factors and cytokines might be instructive in controlling these processes by,
amongst others, regulating the expression and activation of lineage-specific
transcription factors2-4. In this chapter the regulatory pathways responsible for the
myeloid and erythroid lineages will be discussed.

Figure 1. Differentiation tree of the hematopoietic system. Abbreviations used: LT-HSC: Long TermHematopoietic Stem Cell, ST-HSC: Short Term-HSC, CMP: Common Myeloid Progenitor, CLP:
Common Lymphoid Progenitor, MEP: Megakaryocyte-Erythrocyte Progenitor, GMP: Granulocyte
Macrophage Progenitor.
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1.2 Malignant hematopoiesis
In contrast to normal hematopoiesis, malignant hematopoiesis is characterized by
a lack of differentiation capacity which leads to an accumulation of immature blast
cells in the bone marrow, thereby suppressing the (function of) normal
hematopoietic cells5,6. Even though differentiation is impaired, the leukemic clone is
not homogeneous, but rather consists of various cell types that are organized in a
hierarchy that shares many similarities with the normal hematopoietic system7. At
the moment it is supposed that leukemia-initiating cells (LIC) are the most primitive
leukemic cells at the top of this hierarchy and are responsible for the outgrowth of
acute myeloid leukemia (AML). Traditionally, AML was classified on the basis of
the differentiation stages according to the French-American-British (FAB)
classification8. The different FAB classifications are summarized in table 1.
Table 1. FAB classification of leukemia.

Type of leukemia:
M0
M1
M2
M3
M4
M4eo
M5
M6
M7

minimally differentiated acute myeloblastic leukemia
acute myeloblastic leukemia, without maturation
acute myeloblastic leukemia, with granulocytic maturation
promyelocytic, or acute promyelocytic leukemia (APL)
acute myelomonocytic leukemia
myelomonocytic together with bone marrow eosinophilia
acute monocytic leukemia
acute erythroid leukemia
acute megakaryoblastic leukemia

Recently a more clinically useful classification system has been developed by the
World Health Organization (WHO)9, summarized in table 2. In this classification,
the type of leukemia is categorized according to cytogenetic parameters which are
independent prognostic factors for treatment outcome.
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Table 2. WHO classification of AML.

Acute myeloid leukemia with recurrent genetic abnormalities
Acute myeloid leukemia with t(8;21)(q22;q22), (AML1/ETO)
Acute myeloid leukemia with abnormal bone marrow eosinophils and
inv(16)(p13q22) or t(16;16)(p13;q22), (CBFß/MYH11)
Acute promyelocytic leukemia with t(15;17)(q22;q12), (PML/RARa) and variants
Acute myeloid leukemia with 11q23 (MLL) abnormalities
Acute myeloid leukemia with multilineage dysplasia
Following MDS or MDS/MPD
Without antecedent MDS or MDS/MPD, but with dysplasia in at least 50% of
cells in 2 or more myeloid lineages
Acute myeloid leukemia and myelodysplastic syndromes, therapy related
Alkylating agent/radiation related type
Topoisomerase II inhibitor related type (some may be lymphoid)
Others
Acute myeloid leukemia, not otherwise categorized

1.3 Stem cell self-renewal
Stem cell self-renewal is defined as the capability of a (stem) cell to proliferate
whereby new stem cells are generated, so that a mother cell gives rise to two
daughter cells of which at least one is identical to the mother cell10,11. Cell division
is called symmetrical if the resulting daughter cells are identical and asymmetrical if
it leads to different cell types. The capacity for self-renewal is an important
regulatory mechanism to maintain homeostasis and to respond to incidentally
higher demands of hematopoietic cells. This might occur in the case of severe
hemorrhage or infection or following chemotherapy and radiotherapy treatment.
The process of stem cell self-renewal is regulated by intrinsic factors including the
stage dependent expression of transcription factors and proteins and by extrinsic
factors which include the locally produced growth factors and cytokines by the
microenvironment in which the cells reside.
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A number of growth factors have been identified that are involved in the regulation
of HSC self-renewal. Stem Cell Factor (also known as c-Kit ligand) is a growth
factor which binds to c-Kit, a receptor present on HSC. It supports the proliferation
of HSCs without inducing differentiation12,13. This applies also to FLT-3 ligand,
which alone or in combination with other cytokines can lead to self-renewal and
expansion14-17. Thrombopoietin (TPO), a key growth factor required for
megakaryocytic development has also been shown to support the maintenance of
HSCs18. Other important signaling molecules include the ligand Wnt, which binds to
its receptor Frizzled and the membrane bound ligand Jagged which interacts with
Notch, present on the HSC. Both signaling molecules are involved in self-renewal
and expansion of HSCs19. Growth factors known to be implicated in the control of
proliferation of HSCs include TGFβ20 and Angiopoietin 121. Both lead to a cell cycle
arrest and therefore are believed to prevent the HSCs from excessive proliferation
and keep them in a quiescent state.
HSCs reside in the bone marrow, where they are in close contact with supporting
stromal cells, forming the so called niche22-24. A distinction can be made between
two types of niches, the endosteal niche, comprised of osteoblasts, osteoclasts and
stromal fibroblasts, and the vascular niche, which can be defined as the region in
the bone marrow more close to the vasculature and characterized by the presence
of sinusoid endothelial cells. The osteoblasts serve as important cells for the
maintenance of the HSCs24,25. These stromal cells not only provide the necessary
cytokines supporting the viability and maintenance of the HSCs, but they also form
a matrix in which the HSCs can attach themselves. The connection of the HSCs
with the stromal cells is maintained through various receptor-ligand interaction and
adhesion molecules. VLA4 and VLA5, both of which are present on HSCs, can
interact with VCAM-1, present on stromal cells26,27. E-cadherin, a molecule present
on both HSCs and osteoblasts can interact with another E-cadherin molecule and
therefore make a connection between the two cell types28. Other adhesion
molecules involved in the niche include LFA1 and mucin1, both of which can
interact with ICAM-129. A number of these adhesion molecules not only provide a
connection between the HSC and the stroma, they also transduce signals upon
binding with their partners, leading to changes in gene expression. They regulate
the expression of SDF-1 in the micro-environment and the concomitant CXCR4
receptor on the HSCs. It has also been shown that the Wnt/β-catenin pathway is
relevant for HSC maintenance28. Wnt proteins derived from stromal cells increase
the proliferation and self-renewal of hematopoietic progenitors, and ectopic
11
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expression of a constitutively active form of β-catenin in HSCs increased the selfrenewal in vitro19. The enhanced expression of Wnt proteins by the
microenvironment was especially noticed during stress30. In contrast, others have
shown that in vivo activation of β-catenin in mice leads to a loss of HSC
repopulation and a multilineage differentiation block31. The cause of this
discrepancy is not yet resolved. In the osteoblasts, the activity of β-catenin seems
to play an important role as well, as deletion of β-catenin from stromal cells results
in reduced maintenance and proliferation of hematopoietic progenitor cells,
probably by reduced expression of cytokines necessary for supporting the
progenitors32,33. Recently, it was shown in a mouse model engrafted with leukemic
cells, that the presence of the leukemic cells disrupted the normal niche by down
regulating the SDF-1 production by the stromal cells. In addition, the leukemic cells
themselves produced SCF, acting as an attractant for remaining normal HSCs,
thereby creating a malignant niche with reduced proliferation and self-renewal
potential34.
An additional important factor that influences the “stemness” of HSCs is the level of
oxygen in their microenvironment. In the bone marrow stroma, the oxygen levels
are around ten fold lower then in the blood stream (approximately 2% versus 21%),
leading to a significant difference in energy metabolism and gene expression. At
these low oxygen tensions, the energy necessary for the cell metabolism is largely
produced by glycolysis, which results in lower amounts of energy produced (in the
form of ATP) then at normoxia . The low level of energy may facilitate HSC
maintenance by keeping them in a more quiescent state35,36. As more differentiated
cells move from the stromal cells in the bone marrow towards the vasculature, the
oxygen tension gradually increases to normoxic levels (21%), facilitating the
process of oxidative phosphorylation, which is a much more efficient way of energy
production.

1.4 Lineage commitment
Apart from the phenomenal capacity of the hematopoietic system to provide the
human body with as much as 1012 cells per day37, the capacity of the stem cells to
differentiate into phenotypically very distinct cells is also a remarkable feature. The
choices towards which lineage the cells differentiate are instructed by an elegant
interplay of growth factors cytokines and expression of (lineage-restricted)
12
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transcription factors38,39. The differentiation process along the separate lineages
can be viewed in two different ways, known as the stochastic and the instructive
model40,41. In the stochastic model, daughter cells after a division have the potential
to become any of the lineages, since all the required transcription factors are
available, but the choice to differentiate into a particular lineage will be determined
by the presence of available growth factors and cytokines which drive the survival
of the desired cell type. In the instructive model, specific transcription factors are
expressed which drive the differentiation towards a given lineage, thereby
modulating the expression of other lineage specific transcription factors. Arguments
in favor of the instructive model are provided by experiments in which lineagespecific transcription factors are ectopically expressed in either undifferentiated
cells or even in cells which were already differentiated towards another lineage.
The expression of these transcription factors then often leads to lineage-restricted
differentiation42-44. Moreover, elegant real-time imaging experiments have recently
shown that murine GMPs can be instructed to become macrophages or
granulocytes, depending on the presence of either M-CSF or G-CSF, respectively2.

1.5.1 Signal Transducer and Activator of Transcription (STAT)
STAT transcription factors are present as (presumably) monomeric proteins in the
cytoplasm of cells. To date, seven STAT proteins are known: STAT1 to STAT6
whereby STAT5 is encoded by two highly homologous genes, resulting in the
expression of STAT5A and STAT5B proteins45,46. STAT proteins can be activated
by means of tyrosine phosphorylation on a specific tyrosine residue around amino
acid position 700 (705 for STAT3 and 694 for STAT5A/B). STAT proteins can be
phosphorylated on this tyrosine residue by different kinases. In the case of growth
factor signaling, the STAT molecules are tyrosine phosphorylated by a member of
the Jak family kinases. The family is comprised of four family members, Jak1, -2
and -3 and Tyk2, all having different specificities towards different growth factor
receptors. The Jak kinases are constitutively associated with the growth factor
receptor and transphosphorylate specific tyrosine residues upon dimerization of the
receptor components after growth factor stimulation. These phosphorylated
tyrosine residues form docking sites for the STAT molecules which are in turn
tyrosine phosphorylated by the Jak family kinases. The phosphorylation triggers
the dimerization of two STAT proteins, which results in the translocation of the
STAT dimer to the nucleus where it can activate gene transcription47. Besides
13
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tyrosine phosphorylation which leads to dimerization of STAT molecules, STAT1,
STAT3, STAT4 and STAT5 all contain a common serine residue in their C-terminal
transactivation domain (serine 727 in the case of STAT3) which can be
phosphorylated as well. The function of this phosphorylation is not well understood,
but it is mostly associated with an increase in transactivational potential48,48-51.
Recently, a role for STAT3 serine phosphorylation has been described in
mitochondria, where it facilitates oncogenic transformation by Ras, independent of
tyrosine phosphorylation or transcriptional activity52. The kinase responsible for this
phosphorylation is still a subject of debate and appears to be cell type specific.
Knockout data of STAT3 in mice has demonstrated that STAT3 is essential in early
fetal development53. Targeted disruption of STAT3 has demonstrated defects in
proliferation and development in T-cells, macrophages and keratinocytes54. In
different cell line models, the role of STAT3 in proliferation and myeloid
differentiation has been shown55. Mouse transplantation studies have indicated that
STAT3 can play an important role in the regulation of stem cell activity. Overexpression of a dominant negative form of STAT3 in murine fetal liver cells resulted
in a reduced repopulation ability in irradiated hosts56, whereas over-expression of
an active mutant of STAT3 (STAT3-C) in murine bone marrow cells increased their
regenerative activity57.
STAT5 has been implicated in myeloid proliferation and differentiation induced by
IL-3, G-CSF and GM-CSF, as demonstrated by over-expression of dominant
negative molecules in various cell line models. Furthermore, knockout data of
STAT5A and –B knockout mice revealed an important role of STAT5 in the
erythroid lineage development, in line with the crucial role of STAT5 in Epo-induced
signal transduction58,59.
In the stem cell compartment, STAT5 activity has been implicated in the control of
stem cell maintenance. Repopulation assays in lethally irradiated mice have shown
that fetal liver cells derived from STAT5ΔN/ΔN and STAT5-/- mice were impaired in
their competitive repopulation capacity59,60. Furthermore, whereas introduction of
wild type STAT5A into STAT5ab-/- knockout cells was sufficient to restore
hematopoiesis in lethally irradiated hosts, introduction of STAT5abΔN/ΔN only
partially restored B-lymphopoiesis, indicating that the full STAT5 protein is required
for hematopoiesis60. In concordance with these findings, it has been reported that
conditional deletion of STAT5 in adult murine HSCs results in cell cycle entry
permitting the bone marrow to be engrafted by wild type HSCs without further
ablation61. In cord blood CD34+ cells, over-expression of an active mutant of
STAT5A has been shown to result in increased long term cobblestone formation
14
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and LTC-IC frequencies when cultured on MS5 stromal cells, indicating increased
self-renewal capacity imposed on these cells by STAT562. Moreover, overexpression of active STAT5A in murine hematopoietic CD34-KLS cells lead to
enhanced proliferation of progenitors and ex vivo self-renewal63.

1.5.2 STAT3 and STAT5 in leukemia
Constitutive activation of STAT3 and STAT5 is often found in leukemia64,65. Several
studies report the incidence of activation of STAT3 and STAT5 to be between 20%
and 70% of the studied AML samples66-69. STAT3 as well as STAT5 can be
activated by different mechanisms. The first is the activation by para- or autocrine
production of STAT-activating cytokines. STAT3 can be activated by autocrine
secretion of IL-670. STAT5 has been described to be activated by the autocrine or
paracrine secretion of IL-3 or GM-CSF69. Secondly, STAT proteins can be
constitutively phosphorylated by endogenous kinases which are aberrantly
expressed and activated in AML blast cells as the result of oncogenic
translocations71. The products of different translocations or mutations, summarized
in Table 3, can phosphorylate STAT5 on tyrosine 694 leading to constitutive
activation.

Table 3, Mutations leading to STAT5 activation in hematological malignancies, adapted from
72
Stephanou et al.

Kinase

Mutation/Translocation

Disease

References

Flt3

ITD (exon 11-12, 3-400 bp)
TK point mutations (Asp835)
TEL-JAK2
V617F
A572V, V722I, P132T
D816V
ITD (exon 11-12)
TEL-PDGFR
FIP1L1-PDGFRα
v-ABL (p160)
BCR-ABL (p210, p185)
ZNF198-FGFR1
STAT5b-RARα

AML
AML
ALL, CML, MPD
PV, ET, IMF
AMkL
AML
Pedriatic AML
CML, MPD
Chronic Eosinophilic Leukemia
CML, BCL
CML
MPD
APL

69,73-77

JAK2
JAK3
c-Kit
PDGFR
Abl
FGFR
RARα

78
79
80-83
84
85-87
88
89,90
91,92
93
94,95
96
97,98
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It is not clear whether STAT5 activation plays a role in the initiation or in the
maintenance (or both) of leukemia. Important genes, activated by constitutively
activated STAT5 (and therefore potentially cooperating in the development and
maintenance of the leukemia) are anti-apoptosis genes of the Bcl-2 family99-102, the
growth related genes PIM1 and -299,102, c-Myc102 and cytokine genes like
Oncostatin M103.

1.6.1 CCAAT/enhancer Binding Protein α (C/EBPα)
The C/EBP protein family is a family of six basic region leucine zipper (bZIP)
transcription factors. C/EBPs dimerize spontaneously by their leucine zipper
domains, resulting in approximation of the basic regions, leading to DNA binding
and initiation of gene transcription104,105. One of the six C/EBP members is
C/EBPα, which is a key regulator of granulopoiesis106. Mice lacking C/EBPα die
within 8 weeks after birth, suffering from, besides an impaired glucose metabolism,
failure of neutrophil development. It has been shown that hematopoietic stem cells
contain low levels of C/EBPα, which increase during differentiation towards
granulocytes107. Inversely, the expression of C/EBPα is strongly down-regulated
during mono-, erythro- and megakaryocytic differentiation108,109. The low level of
C/EBPα expression in the hematopoietic stem cell compartment is believed to be
important for the regulation of self-renewal, as deletion of C/EBPα results in an
increased repopulating ability of HSCs in transplanted mice110. Besides its role in
regulating the differentiation towards the granulocytic lineage, C/EBPα has a major
effect on the proliferation of hematopoietic cells111. Over-expression of C/EBPα in
various cell lines results in a strong proliferation block, which is described to be
caused by various mechanisms, including stabilization of p21WAF112, inhibition of
cyclin-dependent kinase 2 (CDK2)/CDK4113 complexes and repression of E2F
activity114,115. The C/EBPα mRNA can be translated into two different proteins,
depending on which AUG codon is used by the ribosomes when translating the
mRNA116. Besides the full length protein, a shorter form of C/EBPα can be
generated in this way, which lacks the transactivation domain present in the full
length protein. The short (p30) form of C/EBPα is believed to act as a dominant
negative molecule over the full length (p42) form117,118.
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1.6.2 C/EBPα in leukemia
Aberrant expression of C/EBPα in leukemia can be caused by different
mechanisms, either altered expression of the natural occurring protein or
expression of mutated forms. Mutations in the coding region of C/EBPα have been
reported to occur in about 5% -14% of the AML patients (reviewed in 119). Based on
the nature of the mutations, they can be divided in two groups. The first group
comprises of mutations leading to amino acid replacements in the C-terminal part
of the protein120. This leads to disruptions of the basic zipper region affecting
dimerization of C/EBPα, as well as DNA binding. Often, these heterozygous
mutations are accompanied by another (different) mutation in the other allele
leading to a loss of function of C/EBPα. The second class of mutations results in Nterminal premature termination of the full length p42 protein, while preserving the
truncated p30 form of C/EBPα121. The balance between these two proteins is in
these cases disturbed, leading to a bias towards proliferation because of the lack
of growth control by the p42 C/EBPα protein. The presence of a single
heterozygous mutation or a double mutation (either a homozygous or two different
mutations) can be a predictor of treatment outcome of AML patients. It has been
shown that AML patients carrying a double mutation have a significantly better
clinical outcome, as measured by overall survival as well as event-free survival,
than AML cases carrying a single mutation122. The cause of this difference is not
clear, but it might be that in patients with a single mutation, additional, and more
aggressive mutations determine the poor clinical outcome.
Besides via deletions, the expression of C/EBPα mRNA can also be altered by
transcriptional or epigenetic modifications123. At the transcriptional level, C/EBPα
transcription can be suppressed by the expression of the leukemic fusion protein
AML1-ETO, as consequence of the t(8,21) translocation124. The mechanism of this
suppression is not fully understood, but it appears that the positive autoregulation
of C/EBPα transcription is affected by the expression of AML1-ETO. Alternatively,
transcriptional reduction of C/EBPα mRNA can be caused by methylation of the
promoter region of C/EBPα. In a genome-wide epigenetic screen of AML blast
cells, the methylation status of the C/EBPα promoter locus was studied in cases
with a low to absent C/EBPα expression. The study revealed that the C/EBPα
promoter was methylated in all the low expressing cases, whereas it was
unmethylated in the cases harboring a C/EBPα mutation leading to loss of
expression125. Posttranscriptionally, the translation of C/EBPα mRNA can be
17
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reduced by the activation of the RNA binding protein Calreticulin. Calreticulin binds
to the GC-rich stem structure in the stem loop within the coding region of the
C/EBPα mRNA, thereby inhibiting the translation. The activity of Calreticulin is
especially increased in AML cases with the t(3;21)(q26;q22) translocation leading
to the AML1-MDS1-EVI1 fusion protein126, and AML cases expressing the CBFβMYH11 fusion protein (resulting from the inversion inv(16) (p13q22))127.

1.7.1 PU.1
PU.1 is a transcription factor which binds DNA in a monomeric form with its ETSDNA binding domain. It binds to a purine-rich sequence known as the PU-box (5'GAGGAA-3')128, found in the promoters of target genes, and regulates their
expression in combination with additional transcription factors and cofactors
(reviewed in 129) . The expression of PU.1 is very low in hematopoietic stem and
progenitor cells, but it is increased during monocytic and B-lymphocytic
differentiation. Loss of function studies revealed that PU.1 is indispensable for
hematopoiesis as homozygous knockout embryos died at day 18.5 from
hematopoietic failure130. Flowcytometric analysis showed a complete lack of Bcells, T-cells and macrophages, whereas at earlier time points (day 12.5 to 15.5)
stem cells (defined as LSK cells) were dramatically reduced. Important target
genes of PU.1 in the myeloid lineage are the receptors for the growth factors MCSF, G-CSF and GM-CSF, whose expression is indispensable for the formation of
cells along the myeloid lineage131,132.

1.7.2 PU.1 and leukemia
The expression level of PU.1 is very important indicator for its biological function133,
as mice with a reduced expression level (to a level of approximately 20% of the
original level) were shown to develop leukemia, in contrast to mice expressing 50%
of normal PU.1 expression or no expression at all, that did not develop any signs of
leukemia134. Apparently, low levels of PU.1 are sufficient to maintain proliferation of
malignant cells while preventing the normal differentiation of these cells. In a study
of 126 AML cases, PU.1 mutations were found in 9 cases, indicating a role in the
pathogenesis of leukemia135. The mutations found were all heterozygous, again
suggesting that a reduction of expression or function, rather then complete
18
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absence, contributes to the formation of leukemia. Moreover, expression of the
oncogenic fusion protein PML-RARα136 or the constitutively active FLT3-ITD
receptor have been shown to down regulate PU.1 expression137-139, whereas
expression of the AML-associated oncoprotein AML1-ETO affects downstream
signaling of PU.1 through displacement of its coactivators JunB and c-Jun140.

1.8.1 GATA1
GATA1 is a transcription factor, originally identified by the ability to bind a distinct
motif present in promoter and enhancer sequences of a variety of erythroid genes.
This motif, WGATAR, hence the name GATA, was shown to be critical in the
regulation of these genes141,142. Apart from GATA1, five other members of the
GATA family have been identified (named GATA2 to -6). Of the six GATA proteins,
GATA1 to -3 are expressed in hematopoietic cells, whereas GATA4 to -6 are
expressed in non-hematopoietic tissues like the heart, gut, lung and liver143. All
GATA proteins contain two conserved zinc fingers, the carboxy-terminal zinc finger
(C-finger) is involved in DNA binding, whereas the N-finger is required for binding
to other transcription factors or cofactors. Whereas GATA3 is predominantly known
for its role in T-lymphocyte development144, GATA1 and GATA2 are critically
involved in erythroid cell development145. It has been shown in transgenic mice
carrying the GATA2 regulatory domain fused to GFP (and therefore recapitulating
the endogenous GATA2 expression) that GATA2 is detected very early in
hematopoietic development146. Analogous experiments with a lacZ reporter under
the control of the GATA1 regulatory elements showed expression at somewhat
later stages of erythroid development147. Gene knockout studies have indicated
that homozygous deletion of both GATA1 and GATA2 is embryonic lethal at day
10.5 to 12.5148,149. Studies done in GATA1 knockout embryonic stem cells have
revealed that GATA1-null cells did not contribute to red blood cell formation, in
contrast to white blood cells formation in chimeric animals and that GATA1-null
cells were arrested at the proerythroblast stage in in vitro colony formation
assays150. GATA2-null ES cells failed to develop any hematopoietic lineages,
confirming the hypothesis that GATA-2 affects the hematopoietic development at
an earlier time point then GATA1149. The genes of GATA1 and GATA2 are
regulated vice versa, resulting in a model in which GATA2 activates GATA1
expression at early stages of the hematopoietic development, whereas at later
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stages, GATA1 shuts down the expression of GATA2 and autoregulates its own
expression151,152.
Over-expression studies in purified murine hematopoietic progenitor populations
have revealed that ectopic expression of GATA1 in HSCs, CMPs, CLPs and GMPs
can convert these progenitor types into megakaryocytic/erythroid progenitors
(MegE), thereby underscoring the importance of GATA1 for these lineages42.

1.8.2 GATA1 in leukemia
In contrast to GATA2, in which no mutations have been found so far, GATA1
mutations have been found to be associated in three diseases: acute
megakaryocytic leukemia in children with Down Syndrome (DS-AMkL), Transient
Myeloproliferative Dysorder (TMD) and congenital dyserythropoietic anemia and
thrombocytopenia. In the first two of these disorders, the mutations are found in the
region of the GATA1 gene which codes for the N-terminal transactivation
domain153-156. As a consequence of these mutations, a shorter, N-terminal deleted,
mutant GATA1 protein is expressed (called GATA1-1s) which lacks the N-terminal
transactivation domain but does retain the other domains157. Therefore, the
GATA1-1s protein has similar DNA binding potential but reduced transactivation
potential. At this moment however, it is not exactly clear how this mutant form of
GATA1 contributes to the formation of DS-AMkL or TMD. In the non-leukemic
cases of congenital dyserythropoietic anemia and thrombocytopenia, a mutation in
the coding sequence in the N-terminal zinc finger results in inability of GATA1 to
bind to an important cofactor of GATA1, Friend Of GATA-1 (FOG-1), thus resulting
in severe anemia and thrombocytopenia158.
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1.9 Scope of this thesis
In AML, constitutive activation of transcription factors is often found. As STAT
signaling can play a mayor role in normal as well as malignant hematopoiesis, the
role of STAT3 in AML was investigated in chapter 2. In chapter 3 we focused on
the molecular mechanism by which transforming growth factor β (TGFβ), a
cytokine involved in the negative regulation of many cellular processes, interacts
with STAT3 signal transduction in AML. Besides tyrosine phosphorylation, which is
necessary for the dimerization of STAT3 molecules and their subsequent
translocation to the nucleus, a role for serine phosphorylation at the C-terminus of
STAT3 has also been described. In chapter 4, we attempted to identify the
molecular pathways leading to this serine phosphorylation, induced by Epo in
erythroid cells.
Umbilical cord blood can be used as source of primitive primary human
hematopoietic cells, in which the effects of over-expression or knockdown of
transcription factors can be studied relatively easily. Previously, the effects of overexpression of STAT5 in these cells were assessed, and one of the genes
prominently down-regulated by over-expression of STAT5 was C/EBPα. As
C/EBPα is known for its role in myelopoiesis, and one of the observed phenotypes
of STAT5 over-expression was a block in myelopoiesis, we investigated whether
there could be a causal relationship between these two phenomena. In chapter 5,
we expressed STAT5 as well as an inducible form of C/EBPα together in primitive
cord blood derived hematopoietic cells to study this interaction. The effects of gene
dosage on the biological phenotypes of hematopoietic cells are a poorly
understood field of research. In chapter 6 we expressed a STAT5 molecule fused
to the ligand-binding domain of the estrogen receptor in cord blood-derived CD34+
cells to be able to control STAT5 activity by applying different doses of 4-hydroxytamoxifen (an estrogen analog). The phenotypes and gene response was
investigated in the studied cells. As over-expression of STAT5 induces a marked
erythropoietic differentiation in cord blood derived cells, the role of GATA1 in this
process was studied in chapter 7 by knockdown of GATA1 by using an RNAi
approach. Finally, in chapter 8 the results are summarized and future perspectives
are presented.
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Summary
To explore the activation patterns of signal transducer and activator of transcription
3 (STAT3) in acute myeloid leukemia (AML), we examined whether
phosphorylation of tyrosine705 and serine727 residues was abnormally regulated
in cells from AML patients. In 5 out of 20 AML cases (25%), STAT3 was
constitutively phosphorylated on tyrosine705 and serine727, which was not further
upregulated by treatment with Interleukin-6 (IL-6). Furthermore, STAT3 was
constitutively bound to the IRE response element in these cells as determined by
EMSAs, and stimulation with IL-6 did not result in increased DNA binding.
Interestingly, AML cells with constitutive STAT3 activation also secreted high levels
of IL-6 protein. Treating these AML cells with anti-IL-6 resulted in restored IL-6inducible STAT3 phosphorylations on both tyrosine705 and serine727 with low or
undetectable basal phosphorylation levels in unstimulated cells. In contrast,
treatment with anti-IL-1 did not result in altered STAT3 phosphorylation patterns.
The constitutive IL-6 expression was associated with elevated levels of suppressor
of cytokine signaling-1 (SOCS-1) and SOCS-3 mRNA expression, which were not
downregulated by anti-IL-6. These data indicate that the constitutive STAT3
activation in the investigated AML blasts is caused by high IL-6 secretion levels,
thus stimulating the JAK/STAT pathway in an autocrine and/or paracrine manner.
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Introduction
Acute Myeloid Leukemia (AML) is characterized by an accumulation of immature
blasts in the bone marrow, finally resulting in a disturbed production of normal
hematopoietic cells1. Although little is known about the precise mechanisms of
pathogenesis at the molecular level of this disease, AML is often associated with
chromosomal translocations and inversions, affecting gene expression in ways that
lead to defects in normal programs of cell proliferation, differentiation and survival25
. The most frequent targets of chromosomal translocations are transcription
factors, resulting in the recombination of normally unrelated sequences from
different chromosomes into hybrid genes that encode fusion products with altered
function2,4. However, the chromosomal translocations and inversions found in AML
patients are highly divergent and the precise molecular defects in acute myeloid
leukemia still have to be elucidated2.
Interleukin-6 (IL-6) is a pleiotropic cytokine that can be constitutively expressed in
AML cells6. IL-6 initiates its action by binding to its receptor that is composed of two
subunits: an 80-kDa IL-6 binding protein and a 130-kDa transmembrane signal
transducing component (gp130)7-9. The gp130 receptor protein is also used by other
members of the IL-6 cytokine family, including IL-11, Oncostatin M (OnM), Leukemia
Inhibitory Factor (LIF), and Ciliary Neurotrophic Factor (CNTF)10-12. Activation of IL-6
signal transduction involves gp130 dimerization, ligand-dependent tyrosine
phosphorylation of the gp130 associated protein-tyrosine kinases Jak1, Jak2, and
Tyk2, as well as tyrosine phosphorylation of Signal Transducer and Activator of
Transcription 3 (STAT3)13. Tyrosine phosphorylation of STAT3 occurs at a single
residue tyrosine residue (tyr705) that is located in a conserved SH2 domain allowing
STAT dimerization and transcription activation13. In addition to tyrosine
phosphorylation, STAT3 is serine phosphorylated at a single residue (ser727) in
response to IL-6 as well as to other extracellular factors including interferon-γ (IFN-γ)
and epidermal growth factor (EGF)14,15. Recently, it was demonstrated that maximal
STAT3 transactivation requires phosphorylation on a unique serine residue 727, and
that IL-6 induces ser727 phosphorylation of STAT3 via a signal transduction cascade
involving Vav, Rac-1, MEKK and SEK16.
Recently, a family of cytokine-inducible inhibitors of signaling has been identified that
downregulate the Jak/STAT signaling pathway17-19. The proteins in this family,
including cytokine-inducible SH-2 containing protein (CIS) and SOCS/Jak-binding
protein (JAB)/STAT-induced STAT inhibitor proteins, are proteins containing SH2
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domains which interact with JAKs, thus preventing the activation of STATs17-19.
Specifically, SOCS-1 and -3 are implicated in the downregulation of the IL-6-induced
activation of STAT320-23. Moreover, SOCS-1 and SOCS-3 can quickly be upregulated
by IL-618,19,21.
However, the activation of STATs has not only been implicated in gp130 receptor
downstream signaling, but might also be due to oncogene activation. Abnormal
activation of STAT1, STAT3, STAT5 and STAT6 has been demonstrated in cells
transformed by Src, Abl, and various other oncoproteins and tumor viruses24-32. Also,
in acute leukemia a spontaneous activation of STATs has been observed.
Constitutive DNA binding of STAT1 and STAT5 was found in ALL, whereas
constitutive DNA binding and tyrosine phosphorylation of STAT1, STAT3 and STAT5
was detected in several AML patients 25,33-35. Furthermore, constitutive STAT1 and 3
serine phosphorylation has been found in some AML and many CLL cases36.
Although it has not been demonstrated that constitutive STAT3 activation is
contributive in the development of leukemias, the consistent finding of abnormal
STAT3 activation in these cells suggests that STATs might fulfill a role in the ongoing
process of transformation. Recently, it has been demonstrated that STAT3 plays a
key role in G1 to S phase cell-cycle transition through upregulation of cyclins D2, D3
and A, and cdc25A, and the concomitant downregulation of p21 and p2737. Thus, a
constitutive STAT3 activation might lead to a growth advantage of the malignant
counterpart.
Here, we report that a constitutive activation of STAT3 is observed in 25% of the
investigated AML patients which is due to an autocrine secretion of IL-6, thus
leading to a continuous activation of the Jak/STAT pathway. The high expression
levels of IL-6 protein are also associated with an increased expression of SOCS-1
and SOCS-3 mRNA. Blocking the action of secreted IL-6 by treatment with anti-IL6 leads to a loss of constitutive STAT3 phosphorylation and normal IL-6-induced
STAT3 activation patterns.
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Materials and methods
Patient population and isolation of AML cells
Peripheral blood cells from 20 patients with AML were studied after informed
consent. The AML cases were defined according to the classification of the FAB
committee as M1 to M6 (Table 1)38. AML blasts were isolated by density-gradient
centrifugation as described39. The cells were cryopreserved in aliquots of 20 to 50
× 106 cells/ml in 10% dimethylsulfoxide (DMSO; Sigma, St Louis, MO) and 10%
fetal bovine serum (FBS; Hyclone, Logan, UT), employing a method of controlled
freezing and storage in liquid nitrogen. After thawing, T lymphocytes were depleted
by 2-aminoethylisothioronium bromide (AET)-treated sheep red blood cell (SRBC)
rosetting. The cell population consisted of more than 98% AML blasts as
determined by May-Grünwald-Giemsa staining. Fluorescence-activated cell sorting
(FACS) analysis showed <1% CD3 (Becton Dickinson, Sunnyvale, CA) -positive
cells.
Table 1. FAB classifications, phosphorylation patterns and IL-6 secretion
levels of patients with AML.
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Cell culture, reagents and antibodies
HepG2 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin and 10% FCS.
AML blasts were cultured at 37°C at a density of 2 × 106/mL in RPMI 1640 media
(Flow, Rockville, MD) supplemented with 100 U/mL penicillin, 100 µg/mL
streptomycin and 10% FCS. For RT-PCR analysis, AML no 11 was cultured for 24
hrs in RPMI 1640, the supernatant was collected, and this was used to culture AML
7 as indicated in the text. Cells were stimulated with 10 ng/ml human recombinant IL6 (a generous gift from Dr. S.C. Clark, Genetics Institute, Cambridge, USA) or 10
ng/ml IFN-γ (Endogen, Woburn, MA, USA). Antibodies against STAT3 (C-20 and K15, Santa Cruz) were used in dilutions of 1:4000, antibodies against STAT3(tyr705)
and STAT3(ser727) were obtained from New England Biolabs and used in a 1:1000
dilution. Anti-IL-6 was a gift from L. van Aarden (CLB, Amsterdam, The Netherlands)
and was used in a dilution of 1:1000, which was shown to inhibit the biological activity
of >100 ng/ml IL-6 (data not shown). Anti-IL-1α was a gift from S. Gillis (Immunex
Corp., USA) and anti-IL-1β was purchased from R&D systems (Minneapolis, USA).
Both antibodies were used in a dilution of 1:250.
Western Blotting
Cells were plated in 12-wells culture plates, stimulated, washed and collected in
PBS. Cells were lysed in Leammli sample buffer and boiled for 5 min prior to
separation on 7.5% SDS-polyacrylamide gels. The proteins were transferred to a
PVDF membrane (Millipore, Etten-Leur, The Netherlands) in Tris-glycine buffer at 100
mA for 1.5 h using an electroblotter (Pharmacia, Woerden, The Netherlands).
Membranes were blocked with PBS buffer containing 5% non-fat milk prior to
incubation with antibodies. Binding of each antibody was detected by HRP labelled
pig-anti-rabbit secondary antibodies using Enhanced Chemiluminesence (ECL)
according to the manufacturer’s recommendations (Amersham Corp.). Western blots
were quantified using Image-Pro (Media Cybernetics, Silver Spring, USA).
EMSA
Nuclear extracts were prepared from 107 cells as described previously according to
the rapid Dignam method40. A double-stranded synthetic oligo comprising the IL6RE
of
the
ICAM-1
promoter
(upper
strand:
5’42
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CGCGTAGCTTAGGTTTCCGGGAAAGCACG-3’) was 32P-labelled by filling in the
5’-protruding ends with α32P-dATP and Klenow enzyme. 5 µg nuclear extract was
incubated with 20.000 cpm labeled probe for 20 min at 26°C and gel retardation
analysis was performed on native 4% polyacrylamide gels in 0.5 x TBE. In
supershift experiments, 1 µl of anti-STAT3 antibodies (C-20 supshift reagent,
Santa Cruz) or anti-STAT1 antibodies (Transduction Labs, Lexington, KY, USA)
were added.
RNA extraction and RT-PCR
For RT-PCR, total RNA was isolated from 107 cells using Trizol according to the
manufacturer’s recommendations (Life technologies). 3 µg of RNA per sample was
reverse transcribed with M-MuLV Reverse transcriptase (Boehringer Mannheim).
For PCR, 2 µl of cDNA was amplificated using beta-2-globulin primers (forward: 5’CCAGCAGAGAATGGAAAGTC-3’; reverse: 5’-GATGCTGCTTACATGTCTCG),
SOCS-1 primers (forward: 5’-CACGCACTTCCGCACATTCC-3’; reverse: 5’TCCAGCAGCTCGAAGAGGCA-3’)
or
SOCS-3
primers
(forward:
5’TCACCCACAGCAAGTTTCCCGC-3’;
reverse:
5’GTTGACGGTCTTCCGACAGAGATGC-3’) in a total volume of 50 µl using 2 units
of Taq polymerase (Boehringer Mannheim). After 25 cycles, 15 µl aliquots were run
on 1.5% agarose gels.
IL-6 secretion
2x106 cells were plated in 1 ml RPMI 1640 containing 10% FCS and treated with
anti-IL-6 antibodies as indicated. After 24 hrs, cell-free supernatants were obtained
by centrifugation of the suspension. IL-6 protein levels were measured using the
commercially available Enzyme Linked Immuno Sorbent Assay according to the
manufacturer’s recommendations (CLB, Amsterdam, The Netherlands)
Statistics
For IL-6 secretion, experiments were done in triplo and differences between groups
were tested for significance using the two-tailed T-test. Differences with p<0.05
were considered significant.
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Results
Constitutive
and
non-IL-6-inducible
STAT3
phosphorylation and DNA binding in AML cells

tyr705

and

ser727

To assess the phosphorylation status of STAT3 in AML cells, blasts of 20 untreated
patients were cultured in RPMI 1640 containing 10% FCS and either left
unstimulated or stimulated with 10 ng/ml IL-6 for 15 min. Total cell extracts were
Western blotted and STAT3 was visualized using specific antibodies against
phosphorylated STAT3 on tyr705 and ser727. Of 20 patients under investigation, 5
(25%) showed constitutive STAT3 tyrosine and serine phosphorylation, which was
not further upregulated by stimulation with IL-6 (Fig.1; no 1, 11, 14, 18 and 19). 15
patients showed normal transient IL-6-induced STAT3 phosphorylation patterns
with similar kinetics as in HepG2 cells (Fig.1). Interestingly, the expression levels of
STAT3 varied strongly amongst the AML samples. Also, there was a strong
variation in IL-6-induced STAT3 phosphorylation levels; in AML cases with
constitutive STAT3 activation the degree of phosphorylation was relatively low
(Fig.1).
Fig.1 Constitutive and non-IL-6
inducible STAT3 phosphorylation
patterns are observed in 25% of the
investigated AML cases. AML cells
and HepG2 cells were plated in 12wells
culture
plates,
either
unstimulated or stimulated with 10
ng/ml IL-6 for 15 min (AML) or for 560 min (HepG2), and equal amounts
of total cell lysates were subjected to
SDS-PAGE followed by Western blot
analysis. Phosphorylated STAT3 was
visualized
using
phosphospecific
antibodies recognizing tyr705 and
ser727 phosphorylated STAT3. As a
control, equal amounts of total cell
lysates were Western blotted using
antibodies against STAT3 (K-15).

44

Constitutive phosphorylation of STAT3 in AML
Nuclear extracts were isolated from 3 AML samples (no 17, 18 and 19, Fig.2) and
STAT3 DNA binding was studied on the IRE from the ICAM-1 promoter. The AML
cells characterized by IL-6-induced STAT3 tyr705 phosphorylation also
demonstrated an IL-6-induced STAT3 DNA binding. Superhift analysis
demonstrated that the complexes bound to the IRE in response to 10 ng/ml IL-6
comprise of STAT3, but not of STAT1. In contrast, stimulation with 10 ng/ml IFN-γ
strongly induced STAT1 DNA binding. Constitutive STAT3 tyr705 correlated well
with constitutive DNA binding which could not be further upregulated by IL-6.
Finally, Western blotting experiments using antibodies recognizing tyrosine701
phosphorylated STAT1 demonstrated no constitutive or IL-6-induced STAT1
phosphorylation (data not shown). Taken together, these data demonstrate that
approximately 25% of the AML patients are characterized by a constitutive
activation of STAT3, which is not inducible by IL-6.

Fig.2 Electrophoretic Mobility Shift Assay
of AML samples. AML cells (no 17, 18 and
19) were either unstimulated or stimulated
with 10 ng/ml IL-6 or IFN-γ as indicated.
Nuclear extracts were isolated and analyzed
for STAT3 binding activity by EMSA using a
32
P-labelled IRE probe from the human ICAM
promoter. Supershifts were performed using
antibodies against STAT1 and STAT3, and in
competetion experiments a 100-fold molar
excess of IRE or aspecific probe was used.

Constitutive STAT3 activation is correlated with high IL-6 secretion levels
To further investigate the nature of the constitutive STAT3 activation in AML cells,
IL-6 protein levels were determined in cell-free supernatants after 24 hrs of culture.
Patients characterized by constitutive STAT3 phosphorylation and DNA binding
demonstrated high levels of spontaneous IL-6 protein secretion (946-23667 pg/ml),
whereas AML cells with IL-6-inducible STAT3 activation showed low or no
detectable IL-6 protein levels (Table 1).
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Treatment of AML cells with anti-IL-6, but not anti-IL-1, restores STAT3
inducibility by IL-6
Since AML cells characterized by constitutive STAT3 activation also spontaneously
secreted high levels of IL-6 protein into the medium, we questioned whether IL-6
might be responsible for the constitutive STAT3 activation. Subsequently, AML
cells (no 1, 11, 14, 18, 19) were cultured for 24 hrs in the absence and presence of

Fig.3 Treatment with anti-IL-6 but not anti-IL-1
blocks constitutive STAT3 phosphorylation
and restores IL-6 inducibility. (A) AML cells
(no 19) were cultured in 12-well plates and
pretreated with either anti-IL-6 (1:1000) or left
untreated. After 24 hrs, cells were washed and
either left unstimulated or stimulated with 10
ng/ml IL-6 for 15 min. (B) AML cells (no 18 and
20) were cultured in 12-well plates and
stimulated with 10 ng/ml IL-6 for several time
periods as indicated. After 24 hrs, cells were
treated with anti-IL-6 (1:1000) where indicated
for 15 or 60 min. Equal amounts of total cell
lysates were subjected to SDS-PAGE followed
by Western blot analysis as described in (A). (C)
AML cells (no 18) were cultured in 12-well plates
were either pretreated with anti-IL-1 (1:250)
overnight or left untreated. After 24 hrs, cells
were washed and stimulated with 10 ng/ml IL-6
for 15 min as indicated. Equal amounts of total
cell lysates were Western Blotted as described in
(A).

anti-IL-6, washed, followed by IL-6 stimulation for 15 min. Pretreatment with anti-IL6 resulted in an inhibition of the basal tyr705 and ser727 phosphorylation of
STAT3. A representative experiment is shown in fig.3A. In addition, STAT3 tyr705
and ser727 phosphorylations could now be induced by treatment with IL-6 to 18.4fold and 6.8-fold induction, respectively.
To further study the kinetics of STAT3 tyr705 phosphorylation upon longer
stimulation of IL-6, two AMLs with and without a constitutive STAT3 activation were
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treated with IL-6 for 15 min until 24 hrs (Fig. 3B). IL-6 induced a quick and strong
upregulation of STAT3 tyr705 phosphorylation in AML20, which returned to low
levels after 60 min. In AML18, IL-6 did not induce STAT3 tyr705 phosphorylation
within 24 hrs. Furthermore, the time-course of the action of anti-IL-6 was
investigated in both cases after 24 hrs of stimulation with IL-6. As depicted in
Fig.3B, treatment of 15 min with anti-IL6 already reduced tyr705 phosphorylation,
which was completely reduced to low basal levels upon 60 min of treatment with
anti-IL-6. These data indicate that constitutive STAT3 phosphorylation can quickly
be downregulated by treating the cells with anti-IL-6.
Previously, it has been demonstrated that IL-1 is an important cytokine involved in
the IL-6 production by AML cells1,41,42. Thus, the constitutive secretion of IL-6 might
be due to a spontaneous secretion of IL-1. To investigate this possibility, AML cells
(n=3) with spontaneous phosphorylation of STAT3 were cultured for 24 hrs in the
presence or absence of anti-IL-1. A typical example is depicted in Fig.3C.
Pretreatment with anti-IL-1 for 24 hrs did not reduce the spontaneous tyrosine
phosphorylation nor restore the IL-6 inducibility of STAT3 phosphorylation
indicating that IL-1 is not responsible for the spontaneous IL-6 protein secretion in
the investigated AML cells.
Fig.4 High lL-6 secretion levels
correlate with high SOCS1 and
SOCS3 expression levels. AML cells
(no 11 and 7) were cultured in 12-well
plates and stimulated for 1 hr with IL-6
(lanes 2, 5, 8 and 11) or with anti-IL-6
for 2 hrs (lanes 3, 6, 9 and 12). In lanes
1-6, cells were cultured in RPMI1640 for
24 hrs prior to stimulation; in lanes 7-9,
AML no 7 was cultured in the
supernatant of AML no 11, and in lanes
10-12 AML no 7 was cultured in the
supernatant of AML no 11 which was
depleted of IL-6 by adding anti-IL-6.
Total RNA was isolated and 3 g RNA
was reverse transcribed with M-MuLV
Reverse Transcriptase and cDNAs were
used in a PCR reaction using specific
primers for SOCS-1, SOCS-3 or β2µglobulin as a control.
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Constitutive STAT3 activation and high IL-6 protein secretion levels correlate
with high expression levels of the STAT inhibitors SOCS-1 and SOCS-3
SOCS (suppressor of cytokine signaling) proteins represent a family of negative
regulators of cytokine signaling which probably switch off the cytokine signal by
binding to JAK proteins via SH2 domains, thereby inhibiting the activation of
STATs17-19. To investigate the IL-6-induced upregulation of SOCS-1 and SOCS-3
in AML cells, we prepared cDNA of unstimulated or IL-6 stimulated cells and
performed RT-PCR using specific primers for SOCS-1 and SOCS-3. SOCS-1 and 3 mRNA levels were low in unstimulated AML cells that were characterized by IL-6inducible STAT3 phosphorylation, and were quickly upregulated by IL-6 (Fig.4,
lanes 4 and 5). In contrast, AML cells characterized by high IL-6 secretion levels
and constitutive STAT3 phosphorylation patterns showed high basal levels of
SOCS-1 and SOCS-3, while exogenous added IL-6 did not further enhance the
expression (Fig.4, lanes 1 and 2). Similar results were obtained in RT-PCR
analyses for two other AML cases with constitutive STAT3 activation (no 1 and 14,
data not shown). Surprisingly, treatment of these AML cells with anti-IL-6 for 2 hrs
did not result in reduced SOCS-1 and SOCS-3 mRNA levels (Fig.4, lane 3)
suggesting that other cytokines were secreted by these AML cells able to induce
the expression of SOCS-1 and SOCS-3. To underscore this possibility, the cell free
supernatant of AML 11 with a constitutive STAT3 activation was collected and
added to AML 7 without a constitutive STAT3 activation. As demonstrated in Fig.4,
culturing AML 7 cells in this supernatant resulted in high and non-IL-6-inducible
levels of SOCS-1 and SOCS-3 expression (Fig.4; lanes 7-9), even when it was
depleted of IL-6 by applying saturating amounts of anti-IL-6 to the supernatant
(Fig.4, lanes 10-12). Taken together, these data indicate that in AML cells
characterized by high IL-6 secretion levels and constitutive STAT3 phosphorylation
SOCS-1 and SOCS-3 expression is disturbed.

Discussion
Although the exact function of IL-6-induced STAT3 signaling in hematopoietic cells
is not well defined, it has been suggested that IL-6 plays an important role in the
proliferation and survival of early hematopoietic progenitor cells43,44. Also, IL-6
signaling results in gene expression patterns important for lineage restricted
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differentiation along the myeloid and lymphoid lineages45-48. Particularly, STAT3
activation has been implicated in macrophage differentiation49. However, the
effects of IL-6 on the growth and survival of AML cells are variable. In the majority
of cases growth supportive effects of IL-6 are described especially in conjunction
with additional cytokines, while in a minority of cases a growth inhibitory effect is
noticed50-54. Previously, a constitutive STAT3 activation has been demonstrated in
AML and is described in 15-20% of the cases33-36. In the present study it is
demonstrated that (1) in 25% of the investigated AML cases spontaneous
phosphorylation of tyr705 and serine 727 is observed which is not further inducible
by IL-6; (2) the constitutive STAT3 phosphorylation is related to the autocrine
secretion of IL-6; and (3) that a constitutive non-IL-6-inducible STAT3 activation
pattern in AML is correlated with increased expression levels of SOCS1- and
SOCS-3.
IL-6-induced STAT3 transactivation involves phosphorylation of both tyr705 and
ser727 residues. Tryrosine phosphorylation allows STAT dimerization, translocation to
the nucleus and binding to target gene promoters. Although it is still unclear how
STAT3 ser727 phosphorylation is linked to transcriptional activation, it has been
clearly demonstrated in many cases that this residue is essential for maximal STAT3
transcriptional potential14,15. It has been speculated that STAT ser727 phosphorylation
allows binding of specific cofactors, thus coupling the RNA polymerase II machinery to
STAT transcription factors. In blast cells of AML patients, we find a constitutive STAT3
DNA binding and phosphorylation on both tyr705 and ser727 in approximately 25% of
the cases, demonstrating that STAT3 is not only constitutively bound to target gene
promoters, but is also constitutively initiating gene transcription. Recently, it has been
demonstrated that STAT3 plays a key role in G1 to S phase cell-cycle transition
through upregulation of cyclins D2, D3 and A, and cdc25A, and the concomitant
downregulation of p21 and p2737. Thus, the constitutive STAT3 activation might affect
proliferation and cell survival leading to a growth advantage over normal cells. Indeed,
a constitutive STAT3 activation leads to higher cell survival rates and to a less
susceptibility for cytostatic agents (J.J.Schuringa, unpublished observations). Similar
results have been described in multiple myeloma wherby the constitutive STAT3
activation is associated with an upregulation of BcL-xL and the concomitant
prevention of apoptosis,55 although the cause of the constitutive STAT3 activation
might be different for AML cells. Furthermore, Bromberg et al. demonstrated that a
constitutive active STAT3 mutant, in which two cysteine residues within the C-terminal
loop of the SH2 domain are substituted, induces cellular transformation and strongly
upregulates the expression of cyclin D1, BcL-xL and c-myc56. These data suggest that
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a constitutive STAT3 activation might contribute by multiple mechanisms to the
malignant phenotype of cells.
Strikingly, in the investigated AML cells the constitutive STAT3 phosphorylation is
caused by the autocrine secretion of IL-6 since treatment of anti-IL-6 resulted in a
restored IL-6 inducibility of STAT3 tyr705 and ser727 phosphorylation. Therefore, we
conclude that gp130 downstream signaling is normal in the investigated AMLs and
that the constitutive STAT3 activation is not linked to oncogene activation as has also
been described in cells transformed by Src, Abl, and various other oncoproteins and
tumor viruses24. The cause of the constitutive expression of IL-6 in the selected
number of AML cases is not elucidated, but it seems not be caused by IL-1. Previous
studies have demonstrated that spontaneous IL-6 secretion was linked to NF-κB DNA
binding which could not be blocked by anti-IL1, suggesting an abberant function or
triggering of the IκB kinases or related proteins6,57,58.
Also, the negative feedback loop of SOCS-1 and SOCS-3 expression, which is
normally quickly upregulated by IL-6, is constitutively activated in the AML cases with
constitutive STAT3 phosphorylation. In these AML cases, SOCS expression was
relatively high, and IL-6 did not further upregulate SOCS mRNA levels. In line with the
elevated SOCS-1 and SOCS-3 expression, the levels of STAT3 phosphorylation were
lower as compared to the IL-6-induced phosphorylation levels in AML cells without a
constitutive STAT3 activation. Surprisingly, treating constitutive AMLs with anti-IL-6
did not result in reduced SOCS-1 and -3 mRNA levels, while STAT3 tyr705 and
ser727 phosphorylation levels were reduced to basal levels. The discrepancy
between both findings seems to be related to the fact that additional cytokines also
regulate SOCS expression. It has been demonstrated that, amongst IL-6, many other
cytokines and growth factors can upregulate the expression of SOCS-1 and SOCS-3,
including LIF, IL-4, IFN-γ and G-CSF18,19,21. However, it is intriguing that after
treatment with anti-IL-6, the IL-6-induced STAT3 phosphorylation is totally restored
despite of the persistent expression of SOCS-1 and SOCS-3. These findings suggest
that the functional activity of the negative feedback loop is not only determined by the
degree of expression but might also depend on post-translational modification.
In conclusion, the data demonstrate that the autocrine and/or paracrine secretion of
IL-6 by the AML cells causes the constitutive activation of STAT3, which might have
important consequences for the growth and survival characteristics of AML cells.
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Summary
To explore the possible cross talk between the IL-6 and TGF-β1 pathways in AML
blast cells, the effect of TGF-β1 pretreatment on IL-6 induced STAT3 tyrosine
phosphorylation was studied. A reduction of STAT3 tyrosine phosphorylation after
TGF-β1 pretreatment was observed in 4 out of 40 AML cases (10%), although all of
the AML cases responded to TGF-β1 by means of SMAD3 translocation. The
reduced IL-6 mediated STAT3 tyrosine phosphorylation after pre-treatment with
TGF-β1 was associated with apoptosis and coincided with the degradation of
certain cellular proteins, including JAK1 and –2 and Tyk2, without affecting the
ERK expression and phosphorylation. Furthermore, treatment of AML blasts with
the cytostatic agent VP16, as an alternative way to induce apoptosis, resulted in a
similar degree of degradation of JAK kinases and concomitant reduction of IL-6
mediated STAT3 tyrosine phosphorylation. Although degradation of JAK kinases
could be rescued by incubating the cells with the pan-Caspase inhibitor Z-VADfmk, the attenuating effect of TGF-β1 treatment on the STAT3 tyrosine
phosphorylation was still partly present. It was shown that in AML cells cultured in
the presence of Z-VAD-fmk, TGF-β1 pretreatment resulted in a reduction of JAK1
phosphorylation upon IL-6 stimulation. Expression of SOCS1 and –3 could be ruled
out as a possible cause of reduced JAK1 phosphorylation levels in the investigated
AML case.
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Introduction
Acute Myeloid Leukemia (AML) is characterized by malignant proliferation of
leukemic cells ultimately resulting in a suppression of the normal hematopoietic
system1. Several factors contribute to the growth advantage of the malignant
counterpart including the autonomous proliferation and autocrine production of
cytokines by these cells, such as Granulocyte-Colony Stimulating Factor (G-CSF),
Granulocyte/Macrophage-Colony Stimulating Factor (GM-CSF), Interleukin-1 (IL-1)
and IL-62-4.
IL-6 is a pleiotropic cytokine that can spontaneously be secreted by AML cells in
vitro2. Binding of IL-6 to the receptor results in dimerisation of the gp130 signal
transducing chain and consequently the recruitment of the tyrosine kinases JAK1,
JAK2 and Tyk2 to the receptor complex5,6. Upon phosphorylation, Signal
Transducer and Activator of Transcription (STAT) 3 and to a lesser extend STAT1
are recruited to the receptor complex, phosphorylated on a tyrosine residue (Y705),
allowing dimerisation of two STAT molecules via a conserved SH2 domain7.
Besides activation of STATs, at least two other signaling pathways are also
activated by IL-6. The Extracellular Regulated Kinase (ERK) pathway is activated
through binding of SHP2 to the receptor complex8, whereas the PI3K/AKT pathway
is activated by the coupling of the Gab family adapter proteins to the gp130
receptor chain9,10.
Different STATs have been shown to be spontaneously tyrosine phosphorylated in
AML cells11-13. In 30% of AML cases spontaneous STAT3 activation is noticed which
is due to the autocrine production of IL-6.
Recently, a family of cytokine-inducible inhibitors of signaling has been identified
that down regulate the JAK/STAT signaling pathway14,15. The proteins of this
family, including cytokine-inducible SH-2 containing protein (CIS) and Suppressor
Of Cytokine Signaling (SOCS)/JAK-Binding protein (JAB)/ STAT induced STAT
Inhibitor (SSI) proteins, are relatively small proteins containing SH2 domains which
can interact with JAKs, thus preventing the activation of STATs. Specifically,
SOCS1 and –3 are implicated in the downregulation of the IL-6 induced activation
of STAT316-18.
Transforming Growth Factor β 1 (TGF-β1) is a member of the TGF superfamily of
proteins, also comprising of Bone Morphogenetic Proteins (BMP’s), Activins and
Inhibins. TGF-β1 exerts its effects by binding to its receptor (TGF-β Receptor type
II, TβRII) which results in recruitment of a second receptor chain (TGF-β Receptor
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type I, TβRI). Heterodimerisation of the receptor chains leads to phosphorylation of
TβRI, resulting in activation of its intrinsic kinase activity. SMAD2 and –3 are
subsequently phosphorylated by the activated TβRI, leading to their association
with SMAD4 and translocation to the nucleus where the SMAD2,-3,-4 complex
initiates gene transcription of TGF-β1 responsive genes19,20.
In hematopoietic cells, the main function of TGF-β1 is to regulate cell proliferation
by inducing growth arrest in the G0/G1 phase of the cell cycle21-24. The exact
mechanism of the cell cycle arrest is not fully understood but might depend on the
upregulation of cyclin dependent kinase inhibitors such as p15, p16, p25 and p272527

. TGF-β1 is produced by bone marrow stroma cells as well as by hematopoietic

precursor cells, suggesting an important role for TGF-β1 in controlling the
proliferation of these cells. Indeed, the addition of anti-TGF-β1 neutralizing
antibodies to the cell culture system increased the proliferative capacity of
precursor cells.
The effects of TGF-β1 on AML cells is less well defined, both inhibitory and
stimulatory effects on AML blasts have been described. The product of the
chromosomal translocation (3:21), AML1/Evi-1, present in 5-10 % of AML cases
has been described to interact with SMAD3 and thereby blocking the growth
inhibitory effect of TGF-β in these cells28. Occasionally, a stimulatory effect of TGFβ has been observed, but these effects were the result of an autocrine induction of
growth factors by TGF-β, rather than a direct stimulatory effect of TGF-β29.
In non-hematopoietic cells it has been demonstrated that TGF-β might induce
apoptosis which could in part be prevented by prestimulation of the cells with IL-6.
The protective effect of IL-6 was linked to the STAT3 and PI3K/AKT signaling
routes30,31. Activation of a caspase3-like activity by TGF-β1 treatment has been
described, although the molecular link between both phenomena is currently
unclear30,31. In view of these findings we questioned whether TGF-β1 might also
modulate the IL-6 mediated signaling in hematopoietic cells, especially with regard
to the STAT3 phosphorylation. The results demonstrate that treatment of AML
blasts with TGF-β1 results in a reduced IL-6 induced STAT3 tyrosine
phosphorylation in 10 % of the investigated AML cases. The attenuating effect of
TGF-β1 in these cases was caused by an apoptotic process linked to caspase3
activation, resulting in degradation of JAK kinases as well as caspase independent
processes resulting in a reduced JAK1 phosphorylation upon IL-6 stimulation. It is
shown that A549 epithelial cells respond to TGF-β1 with the induction of SOCS1
and –3 mRNA as well as SOCS1 protein, suggesting a role for this inhibitory
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molecule in the attenuated IL-6 mediated JAK1 phosphorylation in these cells. In
AML blasts however, no such upregulation could be demonstrated.

Materials and methods
Patient population and isolation of AML cells
Peripheral blood cells from patients with AML were studied after informed consent.
AML blasts were isolated by density-gradient centrifugation as described32. The
cells were cryopreserved in aliquots of 20 to 50 × 106 cells/ml in 10%
dimethylsulfoxide (DMSO; Sigma, St Louis, MO) and 10% Fetal Bovine Serum
(FBS; Life Technologies, Breda, the Netherlands), employing a method of
controlled freezing and storage in liquid nitrogen. After thawing, T lymphocytes
were depleted by 2-aminoethylisothioronium bromide (AET)-treated sheep red
blood cell (SRBC) rosetting. The cell population consisted of more than 98% AML
blasts as determined by May-Grünwald-Giemsa staining. Fluorescence-activated
cell sorting (FACS) analysis showed <1% CD3 (Becton Dickinson, Sunnyvale, CA)
-positive cells.
Cell culture, reagents and antibodies
AML blasts were cultured at 37°C at a density of 2 × 106/mL in RPMI 1640 media
(Biowhittaker, Verviers, Belgium) supplemented with 100 U/mL penicillin, 100
µg/mL streptomycin and 10% FBS. A549 epithelial cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in
RPMI 1640 media supplemented with 10% FBS and antibiotics. Subconfluent
cultures were used and serum-starved 16 hours prior to stimulation. Human
recombinant IL-6 (a generous gift from Dr. S.C. Clark, Genetics Institute, Cambridge,
USA) was used at a concentration of 10 ng/ml. TGF-β1 was obtained from R&D
Systems (Abingdon, UK) and used at a concentration of 500 pg/ml. VP16 was
obtained from TEVA pharma BV (Mijdrecht, The Netherlands) and used at a
concentration of 5 µg/ml. Antibodies against STAT3 (C-20 and K-15), ERK1, PKB,
SOCS1, SOCS3 and SMAD3 were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), antibodies against phosphorylated STAT3 (Tyr705) and ERK1/2
(Thr202, Tyr 204) were obtained from New England Biolabs (Beverly, MA, USA).
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Antibodies against JAK1, -2 and Tyk2 were obtained from Upstate Biotechnology
(Lake Placid, NY, USA) and an antibody against dual tyrosine phosphorylated JAK1
(Y1022, Y1023) was purchased from Biosource (Nivelles, Belgium). HRP-labelled
secondary antibodies were from DAKO (Glostrup, Denmark). The pan-caspase
inhibitor Z-VAD-fmk and the proteasome inhibitor MG-132 were purchased from
Biomol (Plymouth Meeting, PA, USA) and used at concentrations of 50 µM each. The
caspase3 substrate Ac-DEVD-pNA was obtained from Calbiochem (La Jolla, CA,
USA).
Preparation of cell extracts and Western Blotting
Cells were plated in 12-wells culture plates, stimulated, washed and collected in
PBS. For total cell extracts, cells were lysed in Laemmli sample buffer and boiled
for 5 min prior to separation on SDS-polyacrylamide gels. Nuclear extracts were
prepared, as described previously, according to the rapid Dignam method33. The
proteins were transferred to PVDF membrane (Millipore, Bedford, MA, USA), blocked
with TBS buffer containing 0.1 % Tween-20 and 5% non-fat milk prior to incubation
with antibodies, diluted in TBS containing 5% Bovine Serum Albumin. Binding of each
antibody was detected by HRP labelled secondary antibodies using Enhanced
Chemiluminesence (ECL) according to the manufacturer’s recommendations
(Amersham Life Sciences, Buckinghamshire, UK). When using phosphospecific
antibodies, gels were run in duplicate to check for equal amounts of protein in the
samples.
Electrophoretic Mobility Shift Assay
Nuclear extracts were prepared, as described previously, according to the rapid
Dignam method33. A double-stranded synthetic oligo comprising a consensus
Smad Binding Element (SBE) (upper strand: 5’-AGTATGTCTAGACTGA-3’) was
32P-labelled by filling in the 5’-protruding ends with γ32P-dATP and Klenow
enzyme. 5 µg nuclear extract was incubated with 20.000 cpm labeled probe for 20
min at 26°C and gel retardation analysis was performed on native 4%
polyacrylamide gels in 0.5 x TBE.
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Caspase3 assay
5 x 106 cells were stimulated for the indicated time and subsequently lysed in 100
µl lysisbuffer (10 mM Tris, 10 mM NaH2PO4/NaHPO4, 130 mM NaCl (pH 7.5), 1%
Triton-X-100). 100 µl cleared lysate was added to 100 µl assay buffer (20 mM
HEPES (pH 7.5), 20 % glycerol, 4 mM DTT) containing 10 µg Ac-DEVD-pNA.
Enzymatic conversion was measured using an automated microplate reader set at
37ºC with a wavelength of 405 nm during 60 minutes with read intervals of 1
minute. The increase in absorbance during the linear portion of the obtained curves
was calculated and used as arbitrary units of Caspase3 activity.
AnnexinV and Propidium Iodide assay
After stimulation, 1 x 106 cells were washed in PBS and stained with annexinVFITC and Propidium Iodide, using an annexinV/Propidium Iodide staining kit,
according to the instructions of the manufacturer (Immune Quality Products,
Groningen, The Netherlands). Stained cells were analysed by flow cytometry.
RNA extraction and RT-PCR
After stimulation, total RNA was extracted from 1 x 106 A549 cells using Trizol
reagent (Life Technologies) according to the manufacturers instructions. 3 µg RNA
was reverse transcribed using random hexamer priming in a volume of 20 µl with
200 Units Reverse Transcriptase (Life Technologies). PCR was performed in
duplicate using standard procedures with 1 µl of cDNA and primers for beta-2microglobulin, SOCS1 and SOCS3 as previously described34. After the indicated
number of cycles, 10 µl aliquots of the reactions were run on 1.2 % agarose gels
and stained with ethidium bromide.
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Results
STAT3 tyrosine phosphorylation is reduced by TGF-β1 pretreatment of AML
cells
AML blasts (n=40) were cultured for 20 hours with 1 ng/ml TGF-β1 and
subsequently stimulated for 15 minutes with IL-6 (20 ng/ml). Whole cell extracts
were blotted and probed with antibodies against tyrosine phosphorylated STAT3
and STAT3 protein. In 40 AML cases studied, 4 cases showed a reduction of IL-6
induced STAT3 tyrosine phosphorylation (10 %) . Figure 1a shows two
representative samples. In the case of AML #1, TGF-β1 treatment resulted in a
reduced tyrosine phosphorylation induced by IL-6, while in AML#2 TGFβ1 did not
affect the IL-6 induced STAT3 tyrosine phosphorylation. The reduction of tyrosine
phosphorylation in the corresponding AML cases was also reflected in a reduced
binding of STAT3 to a STAT3 binding element as determined by gelshift assays
(data not shown). To investigate the time dependency of the observed effect of
TGF-β1 pretreatment, two AML cases were incubated with TGF-β1 for different
time points and subsequently stimulated with IL-6 for 15 minutes. Figure 1b shows
that a treatment with TGF-β1 for a long period was required to achieve the reduced
STAT3 tyrosine phosphorylation. Probing the same extracts as in figure 1a of
AML#1 with an antibody against STAT3 demonstrated that the reduction in tyrosine
phosphorylation is not due to a decreased STAT3 protein expression in these cells.
To demonstrate the specificity of the effect, the ERK and PKB signaling cascades
were studied. As shown in figure 1c , ERK 1/2 phosphorylation upon IL-6
stimulation was not affected by TGFβ pre-treatment. No phosphorylated PKB could
be demonstrated. However, when the same extracts were blotted against PKB
protein as a control for equal gel loading, a reduction of PKB protein was observed
upon TGF-β1 treatment.
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Figure 2. Pretreatment with TGF-β1
results in an attenuated IL-6-mediated
STAT3 tyrosine phosphorylation in blast
cells of a subset of AML cases. (a) Blast
cells of AML patients were seeded in 12-well
plates, pretreated with TGF-β1 (500 pg/ml)
for 20 h and stimulated with IL-6 (10 ng/ml)
for 15 min. Total cell lysates were Western
blotted and probed for tyrosine (Y705)
phosphorylated STAT3 (pY STAT3) and
STAT3 protein. Two representative AML
patients are shown. Band intensities were
quantified and relative fold induction as
compared to the unstimulated samples were
calculated. (b) AML cells were pretreated
with TGF-β1 for different time periods and
Western blotting was performed as in
described in (a). (c) Cell lysates of AML No. 1
as shown in (a) were Western blotted and
probed for tyrosine/threonine phosphorylated
ERK1/2 (pY ERK1/2), ERK1 protein and PKB
as described in (a). (d) Nuclear extracts of
the same AML cases as in (a) were prepared
with or without TGF-β1 stimulation for 45 min,
Western blotted and probed for SMAD3
(nuclear translocation). The same extracts
were used in an EMSA using a SBE as
probe.

TGFβ induces SMAD3 translocation in all AML blasts
Since TGF-β1 did not reduce IL-6 induced STAT3 tyrosine phosphorylation in most
of the cases, it was investigated whether these cells could respond to TGF-β1.
AML blasts (n=8) were stimulated for 45 minutes with TGF-β1 and nuclear extracts
were prepared. Figure 1d shows the nuclear translocation of SMAD3 in the cases
of AML#1 and AML#2. In addition, the binding of SMAD3 and –4 was analysed in
an EMSA assay using a SBE as a probe. It is shown in figure 1d that the EMSA
results confirmed the western blot. All AMLs investigated showed similar results
indicating that the differential effects on STAT3 tyrosine phosphorylation were not
caused by a defect in TGF-β1 induced SMAD3 activation and nuclear transfer.
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Reduction of STAT3 phosphorylation coincides with a reduction of JAK
kinases
To investigate the mechanism causing the TGF-β1 mediated decrease in IL-6
dependent STAT3 tyrosine phosphorylation, the expression of the different JAK
kinases involved in STAT3 activation was examined. Whole cell extracts from blast
cells of AML#1 with or without TGF-β1 pretreatment were blotted against JAK1,
JAK2 and Tyk2, all known to be activated by IL-6. The results in figure 2 (lanes 1 to
4) clearly show that JAK1,-2 and Tyk2 protein levels were all decreased upon TGFβ1 treatment, as was the case for PKB protein levels. No decrease in JAK kinase
protein levels was observed in the AML cases that did not respond to TGF-β1 with
a diminished IL-6 induced STAT3 tyrosine phosphorylation (data not shown). The
reduction in JAK1, JAK2 and Tyk2 expression in the responding cases strongly
correlates with the observed reduction in IL-6 induced STAT3 tyrosine
phosphorylation.

Figure 2. Apoptosis induction by TGFβ1
and VP16 results in reduced JAK
protein levels, which can be rescued by
the pan-caspase inhibitor Z-VAD-fmk.
Cells from AML#1 were seeded in 12-wells
plates, pretreated with TGFβ1 or VP16 (5
µg/ml) with (lanes 7-12) or without (lanes 16) Z-VAD-fmk (50 µM) for 20 hours and
subsequently stimulated for 15 minutes
with IL-6. Total cell lysates were western
blotted and probed with antibodies against
JAK1, JAK2, TYK2, tyrosine
phosphorylated STAT3 (pY STAT3) and
STAT3. Band intensities of phosphorylated
STAT3 and total STAT3 were quantified
and fold induction was calculated relative
to the unstimulated sample.
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Figure 3. Apoptosis is induced by TGFβ1
in blast cells of the responding AML
cases. (A) Blast cells of AML#1 were seeded
in 12-wells plates, stimulated with TGFβ1
(closed circles) or left untreated (open
circles) for different time periods and
subsequently lysed in caspase lysis buffer.
Caspase3 activity was measured as
described in Materials and Methods section
using a specific caspase3 substrate AcDEVD-pNA. (B) FACS analysis of blast cells
from AML#1, stained with annexinV and
Propidium Iodide after an incubation period of
20 hours with or without (control) TGFβ1.

TGF-β1 induces apoptosis in the responding AML cells
Because apoptosis induction by TGF-β1 has been described30,35,31,36, we
investigated whether this might be the case in the responding patients. Blast cells
of AML#1 were cultured for different time periods in the presence of TGF-β1 and
Caspase3 activity was measured. Caspase3 was chosen because of its key role in
many apoptotic processes. The results in figure 3a clearly show that, although
there is a substantial peak in Caspase3 activity in the absence of TGF-β1, TGF-β1
enhances the spontaneous Caspase3 activity approximately twofold. No increase
in Caspase3 activity was observed in AML blasts not responding to TGF-β1 with
respect to a reduced IL-6 induced STAT3 tyrosine phosphorylation (data not
shown). In addition, to further underscore the apoptotic process, cells from AML#1
were stained with AnnexinV and Propidium Iodide after TGF-β1 treatment. In
agreement with the Caspase3 activation by TGF-β1, the same cells also became
AnnexinV and Propidium Iodide positive after 20 hours of TGF-β1 treatment (figure
3b).
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VP16 induced apoptosis causes the same phenotype as TGF-β1 induced
apoptosis, which is not related to proteasome activation
To test the hypothesis that the induction of apoptosis by TGF-β1 might be
responsible for the decrease of JAK kinases and the concomitant reduction in
STAT3 phosphorylation, cells from AML#1 were also treated with VP16 as an
alternative way to induce apoptosis. The concentration of VP16 used in the
experiment (5 µg/ml) caused a similar degree of apoptosis as observed with TGFβ1 treatment, as determined by annexinV and Propidium Iodide staining (data not
shown). After a treatment period of 20 hours with VP16, the cells were stimulated
with IL-6 and whole cell extracts were made and blotted against JAK1, JAK2, Tyk2,
tyrosine phosphorylated STAT3 and STAT3 protein. As depicted in figure 2, lanes
5 and 6, the IL-6 induced STAT3 phosphorylation was reduced upon VP16
treatment. In addition, reduced JAK1, -2 and Tyk2 protein levels were observed. In
contrast, STAT3 protein levels were not affected by VP16 treatment. These
observations strongly suggest that apoptosis induction results in the
downregulation of JAK kinase protein levels, which could contribute to a reduced
IL-6 induced STAT3 activation.
Since proteasome activity might be involved in the degradation of specific
proteins37 we investigated whether proteasome activation is involved in the
selective breakdown of JAKs and PKB. A specific inhibitor of the 28S proteasome
(MG132) was used to investigate this possibility. However, when AML blasts were
incubated with MG132, an increase in degradation of JAK kinases and PKB was
observed even in the absence of TGF-β1 or VP16, which was associated with an
elevated number of apoptotic cells (data not shown). In view of these findings it is
excluded that the proteasome pathway is involved in the degradation of JAK
kinases or PKB by TGF-β1 or VP16.
Caspase activity is not solely responsible for the decreased STAT3
phosphorylation
The observation that Caspase3 is activated in response to TGF-β treatment
prompted us to investigate the relation between Caspase activity and protein
degradation. A pan-Caspase inhibitor (Z-VAD-fmk) was used to block the Caspase
activity while incubating the blast cells with TGF-β. The concentration of Z-VAD68
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fmk used was shown to completely block the TGF-β1 or VP16 induced apoptosis
as determined by AnnexinV and Propidium Iodide staining (data not shown). The
results in figure 2, lanes 7–12, clearly show that TGF-β1 or VP16 induced JAK1,
JAK2 and Tyk2 degradation could be blocked by the caspase inhibitor, supporting
the idea that apoptotic processes are responsible for the degradation. However,
whereas the VP16 mediated reduction of IL-6 induced STAT3 tyrosine
phosphorylation was almost totally rescued by blocking the degradation of JAK’s
(figure 2, lanes 11 and 12), a substantial inhibitory effect of TGF-β1 treatment on
the IL-6 mediated STAT3 phosphorylation was still present (figure 2, lanes 9 and
10). These results indicate that other, caspase unrelated mechanisms must also
contribute to the decreased IL-6 induced STAT3 tyrosine phosphorylation upon
TGF-β1 treatment.

Figure 4. Treatment of A549 epithelial
cells and AML cells with TGFβ1 results in
an attenuated IL-6 mediated JAK1
phosphorylation. (A) Western blot analysis
of total cell lysates of A549 cells, pretreated
with TGFβ1 for 20 hours and subsequently
stimulated with IL-6 for 15 minutes. Extracts
were probed with antibodies against JAK1,
JAK2, TYK2, tyrosine phosphorylated STAT3
(pY STAT3) and STAT3. Band intensities of
phosphorylated STAT3 and total STAT3
were quantified and fold induction was
calculated relative to the unstimulated
sample. (B) Total cell lysates of A549 cells
and cells from AML#1 in the presence of ZVAD-fmk were western blotted and probed
with
antibodies
against
tyrosine
phosphorylated JAK1 (pY JAK1) and JAK1
protein. Band intensities were quantified and
relative fold induction as compared to the
unstimulated samples were calculated.
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TGFβ treatment inhibits JAK1 phosphorylation
To selectively study the effect of TGF-β1 on STAT3 tyrosine phosphorylation
independently of the apoptotic process, the TGF-β1 and IL-6 responsive epithelial
cell line A549 was used. Pretreatment of A549 cells with TGF-β1 resulted in a
reduced IL-6 mediated STAT3 tyrosine phosphorylation which was independent of
apoptosis, as determined by the absence of Caspase3 activity in the treated cells
(data not shown). As depicted in figure 4a, pretreatment with TGF-β1 for 20 hours
resulted in a clear inhibition of IL-6 induced STAT3 tyrosine phosphorylation,
whereas JAK1, JAK2 and Tyk2 protein levels were unaffected by TGF-β1
treatment in these cells. Because JAK1 is described to be the primary JAK kinase
activated upon IL-6 stimulation38,39, the phosphorylation status of JAK1 was
studied. Cells from AML#1, cultured in the presence of Z-VAD-fmk to prevent
apoptosis, and A549 cells were incubated with or without TGF-β1 for 20 hours and
subsequently stimulated with IL-6 for 5 minutes. Tyrosine phosphorylated JAK1
was detected using a phosphospecific JAK1 antibody. Figure 4b clearly shows that
IL-6 induced JAK1 phosphorylation is almost completely abolished by TGF-β1
treatment in both cell types.

Figure 5. TGFβ1 treatment results in SOCS1 and
–3 mRNA upregulation in A549 cells but not in
AML cells. RT-PCR analysis of RNA extracted from
A549 cells (A) or blast cells from AML#1 in the
presence of Z-VAD-fmk (B). cDNA was PCRamplified using primers for SOCS1 (upper panels),
SOCS3 (middle panels) and Beta2µglobulin as a
control for equal cDNA amounts (lower panels). In
A549 cells, 28, 26 and 20 cycles were performed for
SOCS1, SOCS3 and Beta2µglobulin respectively. In
the AML case, 25, 25 and 18 cycles were performed
for
SOCS1,
SOCS3
and
Beta2µglobulin
respectively. PCRs were done in duplicate and
repeated at least 3 times. Results of one
representative experiment are shown. (C) Western
blot of total cell extracts of A549 cells treated with
TGFβ1 and IL-6. Blots were probed with antibodies
against SOCS1 and –3 and actin.
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Suppressor Of Cytokine Signaling (SOCS)1 and SOCS3 mRNA and SOCS1
protein is upregulated by TGF-β1 in epithelial cells but not in AML cells
In view of the time-dependent effect of TGF-β1 pretreatment we questioned
whether inhibitory proteins might be induced by TGF-β1 that interfere with the IL-6
mediated STAT3 phosphorylation. Figure 5a shows that SOCS1 and –3 mRNA
levels are clearly upregulated upon TGF-β1 stimulation in A549 cells. Whereas the
mRNA level for SOCS3 is down to basal level within 4 hours, the level for SOCS1
is still elevated after 8 hours of TGF-β1 treatment. The increase of SOCS1 mRNA
is also reflected in the up regulation of SOCS1 protein in A549 cells (figure 5c). In
contrast to SOCS1, SOCS3 protein levels are not induced by TGF-β1, despite the
induction of SOCS3 mRNA. However, when stimulating cells from AML#1 with
TGFβ1 in the presence of the caspase inhibitor Z-VAD-fmk to block apoptosis, no
upregulation of SOCS1 and –3 mRNA was observed. These results indicate that
different mechanisms of downregulating the IL-6 induced STAT3 phosphorylation
exist in the two cell types.

Discussion
TGF-β1 is well known for its key role in the regulation of proliferation and
differentiation of hematopoietic cells whereby its growth inhibitory function is the
most pronounced22,40,24. On the other hand, factors like IL-6 play an equally
important role in the maintenance of the renewing pool of hematopoietic progenitor
cells41,42. In the case of AML, the equilibrium between both positive and negative
regulating factors might be disturbed, leading to a disruption in the negative control
of cell proliferation43. The present study indicates that in a subset of AML blasts
TGF-β1 treatment causes apoptosis, resulting in degradation of JAK kinases
involved in IL-6 signal transduction, as well as an apoptosis-unrelated event
leading to a diminished JAK1 phosphorylation upon IL-6 stimulation.
Apoptosis induction by TGF-β has been demonstrated in non-hematopoietical cells
like Hep-3B cells30, which could in part be blocked by IL-6 due to the activation of
the PI3K signaling route10. In hybridoma cells, another member of the TGF
superfamily, BMP2, was capable of inducing apoptosis which was linked to the
activation and phosphorylation of TAK1 and p38 and independent of STAT344,
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whereas in B-lymphocytes, TGFβ induced apoptosis was due to the activation of a
new aspartyl-protease that could totally be inhibited by the caspase inhibitors BDfmk and slightly by DEVD-fmk38. Recently, it has been shown in Burkitt Lymphoma
cells that TGF-β1 could induce apoptosis in a caspase 8 dependent manner which
could be blocked by the caspase inhibitor Z-VAD-fmk36. In the AML cases under
investigation in this study, it was shown that the TGF-β1 and VP16 induced
apoptotic process was caspase dependent resulting in the selective degradation of
JAK and PKB proteins without affecting the ERK pathway. The degradation of the
JAK proteins was shown to be able to disrupt the IL-6 signaling, resulting in an
attenuated STAT3 tyrosine phosphorylation. The degradation of the proteins was
not related to the proteasome pathway. This was somewhat surprising in view of
the recent finding by Daino et al, demonstrating that the proteasome pathway can
be an important pathway for the selective degradation of STAT337. In their study,
exogenous added ubiquitin degraded STAT3 protein resulting in a reduced STAT3
phosphorylation without affecting the ERK protein expression and phosphorylation.
This process could totally be inhibited by the selective blocker MG132. However, in
AML, MG132 did not inhibit the STAT3 degradation but promoted the apoptotic
process and even the degradation of STAT3.
In contrast, the pan-caspase inhibitor Z-VAD-fmk inhibited the degradation of JAK
and PKB proteins resulting in part in a restored IL-6 mediated STAT3 signaling.
Similar to the proteasome mediated breakdown of specific proteins described by
Daino et al37, we find in AML a distinct selectivity in protein degradation in view of
the effects on STAT3 and ERK protein expression. Whether the specific
degradation of JAKs and PKB is caused by caspase related enzymatic activity in
AML cells directly, or by another phenomenon occurring as a result of the
activation of caspases is at present unknown. It could be speculated that the
reduction of JAK and PKB protein expression is merely the result of an impaired
production of these proteins caused by the ongoing apoptotic processes in these
cells. This could then result in a reduced expression after 20 hours of TGF-β1
treatment because of the relative high turnover rate of at least the JAK kinases41.
The reduction of proteins involved in cell cycle progression and survival might be
an important cellular mechanism to support the apoptotic process.
However, despite the prevention of TGF-β1 and VP16-induced apoptosis and
subsequent JAK protein degradation by the caspase inhibitor, a reduced IL-6
mediated STAT3 tyrosine phosphorylation after TGF-β1 treatment was still present
suggesting that additional factors must contribute to the attenuation of the IL-6
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STAT3 signaling pathway by TGF-β1. This was further supported by the finding
that in epithelial cells TGF-β1 treatment also reduced the IL-6 induced STAT3
tyrosine phosphorylation apparently without the induction of apoptosis. It appeared
that the reduced IL-6 mediated STAT3 activation was associated with a reduced
JAK1 phosphorylation, suggesting a mechanism involving either upregulation of
specific phosphatases or inhibition of the JAK signaling by the induction of STATspecific inhibitors.
A similar inhibition of cytokine-induced STAT activation by TGF-β1 has been
described in T-cells32. This study describes the inhibition of IL-12 induced JAK2
and Tyk2 phosphorylation by TGF-β2, resulting in an inhibition of STAT3 and –4
phosphorylation. The time period of TGF-β pretreatment needed to exert the
effects however, are quite different between both studies. In the present study, the
TGF-β1 pretreatment period of 20 hours needed to reduce the IL-6 induced STAT3
tyrosine phosphorylation suggests an indirect mechanism of action, possibly the
induction of inhibitory proteins like members of the SOCS proteins. Indeed, we
demonstrated that TGF-β1 could induce SOCS1 and-3 mRNA, as well as SOCS1
protein, in the epithelial cell line A549. The cause of the lack of SOCS3 protein
induction despite the induction of mRNA for this protein is currently not clear.
Possibly, post-transcriptional mechanisms play a role in the induction of SOCS3
protein. Induction of SOCS1 and -3 has been shown to be sufficient to attenuate
IL-6 (and other members of the IL-6 family of cytokines) mediated STAT3
phosphorylation5,15,16. The exact mechanism of inhibition is not fully defined, but it
appears that the two SOCS molecules exert their function in different ways.
SOCS3 has been described to bind to phosphorylated Tyr759 of the gp130
receptor chain, thus preventing JAK1, –2 and Tyk2 from binding to the receptor
complex45,46. In contrast, SOCS1 seems to bind directly to JAK proteins, thus
inhibiting their function as activators of STATs17. In contrast to the epithelial cell
line, however, SOCS1 and –3 mRNA induction could not be demonstrated in the
AML case. The cause of this discrepancy between the two cell types is at present
unclear. Although the effects of TGF-β1 on the JAK1 phosphorylation is the same
in both cell types, the mechanisms causing this phenomenon are possibly different
or related to differences in kinetics at the post-transcriptional level of SOCS
expression47. Recently, the protein tyrosine phosphatase PTPεC has been
implicated in the downregulation of IL-6 induced JAK1 and subsequent STAT3
tyrosine phosphorylation48. Whether this phosphatase is a possible candidate for
the observed attenuated JAK1 phosphorylation in the AML cells upon TGF-β1
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treatment is currently under investigation.
It is intriguing that only a small percentage (10%) of the AML cases investigated
responds to TGF-β1 with the induction of apoptosis. One could speculate about the
question whether the induction of apoptosis by TGF-β1 is a normal response of
hematopoietic cells and abnormal for the AML case. It seems reasonable to
assume that the observation that the majority of AML cases do not respond to
TGF-β1 is in fact a reflection of the malignant phenotype of these cells. The
inability to respond to TGF-β1 of malignant cells is possibly one way to encompass
the normal growth inhibition necessary to maintain a balanced production of
hematopoietical cells.
In summary, the results demonstrate that TGF-β1 is able to attenuate IL-6 induced
STAT3 phosphorylation in 10 % of AML blasts, which is in part caused by the
induction of apoptosis in these cells. The apoptotic process, mediated by caspase
activity, causes a selective degradation of some signaling proteins involved in cell
survival. The cause of the caspase-independent attenuation of JAK1
phosphorylation by TGF-β1 treatment in the AML cells remains unclear and is
currently under investigation.
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Summary
Erythropoietin (Epo) is a key regulator of erythropoiesis, playing a role in both the
proliferation and differentiation of erythroid cells. One of the signal transduction
molecules activated upon Epo stimulation is Signal Transducer and Activator of
Transcription (STAT) 3. Besides tyrosine 705 phosphorylation of STAT3, serine
727 phosphorylation has been described upon Epo stimulation. In the present
study, we investigated which molecular pathways mediate the STAT3 serine 727
phosphorylation and the functional implications of this phosphorylation.
The Epo dependent erythroid cell line ASE2 was used to investigate which
signalling routes were involved in the STAT3 serine 727 phosphorylation. Western
blotting using phosphospecific antibodies was used to asses he phosphorylation
status of STAT3 molecules. Transfection analysis was performed to investigate the
transactivational potential of STAT3, and quantitative RT-PCR was used to study
the in vivo gene expression of STAT3 responsive genes.
Western blotting of extracts of cells exposed to various chemical inhibitors revealed
that the MEK inhibitors PD98059 and U0126 abrogated the Epo mediated STAT3
serine 727 phosphorylation without an effect on tyrosine phosphorylation. Further
analysis showed that MSK1 is activated downstream of ERK, and retroviral
transductions with kinase inactive MSK1 revealed that MSK1 is necessary for
STAT3 serine phosphorylation. Furthermore, the STAT3 mediated transactivation
was reduced by blocking the STAT3 serine phosphorylation with the MEK inhibitor
U0126 or by expression of kinase inactive MSK1.
The Epo induced STAT3 serine 727 phosphorylation is mediated by a pathway
involving MEK, ERK and MSK1. Furthermore, serine phosphorylation of STAT3
augments the transactivational potential of STAT3.
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Introduction
Hematopoeisis is regulated by a number of cytokines and growth factors, to
accomplish a balanced production of mature blood cells. A number of lineagerestricted growth factors has been described, each of them playing a distinct role in
the proliferation and differentiation of specific cell lineages. The most important
growth factor for the erythroid lineage is erythropoietin (Epo)1,2. Epo is necessary to
stimulate proliferation of erythroid precursor cells, as well as to induce
differentiation of these cells to mature erythrocytes3. Epo exerts its effect by
binding to the Epo receptor (EpoR)4, which is comprised of two identical subunits.
Upon ligand binding, the two subunits dimerize and Janus Kinases (JAK’s) are
recruited to the receptor complex resulting in the phosphorylation of several
tyrosine residues on the receptor. These phosphorylated tyrosine residues form
docking sites for several molecules, including the Signal Transducer and Activator
of Transcription (STAT) transcription factors. The STAT molecules are
phosphorylated on a single tyrosine residue by JAK kinases, leading to
dimerization and subsequent translocation to the nucleus where they act as
transcription factors5,6. Although STAT5 is the most prominent STAT molecule
activated by Epo7, STAT3 (and STAT1) is also, albeit to a lesser extent, activated
by Epo stimulation8-10. The role of STAT3 activation in the biological function of Epo
is not clear. Recent studies however, suggest that STAT3 can replace STAT5 in
some circumstances, implicating that the two STAT molecules might be functionally
redundant11,12. Indeed, although STAT5A and STAT5B double knockout mice show
ineffective erythropoiesis, especially under stress conditions 13, only a modest
reduction of the number of circulating erythrocytes is observed in these mice
suggesting that STAT5 is not totally indispensable for correct erythropoiesis14. This
is in contrast to Epo receptor (EpoR) knockout mice, which die before birth from
defective erythropoiesis in the fetal liver15.
Besides tyrosine phosphorylation of STAT3, leading to nuclear translocation,
STAT3 molecules can also be phosphorylated on a single serine residue, serine
72716,17. There is conflicting data regarding the significance of this serine
phosphorylation. It has been shown that serine 727 phosphorylation can reduce
the transctivational potential of STAT3, by diminishing the tyrosine phosphorylation
and subsequent binding to its target sequence in promoters18-21. On the other hand,
phosphorylation of serine 727 of STAT3 has also been shown to enhance
activation of transcription by STAT316,22-24.
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Much effort has been made to identify the kinase(s) responsible for the serine 727
phosphorylation of STAT3. Serine 727 in STAT3 (and STAT1 and –4) is situated in
a conserved PMSP motive which resembles the consensus PxS/TP motive for
mitogen activated protein kinase (MAPK) targets25. Several MAPK family members
have been identified as kinases capable of phosphorylating serine 727 of STAT3,
including Extracellular Regulated Kinase (ERK), p38 MAPK and Jun N-terminal
Kinase (JNK)20,21,26-29. Unrelated kinases such as Protein Kinase C (PKC) δ have
also been described to be able to phosphorylate STAT3 serine 72724,30. In addition,
Mitogen and Stress-activated protein Kinase 1 (MSK1) was recently described to
phosphorylate serine 727 of STAT3 in response to ultraviolet irradiation. The
activation of MSK1 was found to be mediated by ERK as well as p38 in this
report31. The actual kinase responsible for serine phosphorylation of STAT3 in a
given cell type seems to be dependent on the cellular setting and the stimulus
applied.
In the present study, the pathway leading to serine phosphorylation of STAT3 in
erythroid cells is studied. It is shown that serine 727 of STAT3 is phosphorylated by
a signal transduction cascade including MEK, ERK and MSK1. Moreover, it is
demonstrated that serine phosphorylation of STAT3 augments the transactivational
potential of STAT3 in erythroid cells.

Materials and methods
Cell culture, reagents and antibodies
ASE2 cells (kindly provided by Dr. M. Tomonaga, Dept. of Hematology, Nagasaki
University School of Medicine, Nagasaki, Japan) were cultured in IMDM with
additives (ICN, Costa Mesa, CA, USA) supplemented with 20 % Fetal Bovine
Serum (Bodinco, Alkmaar, the Netherlands) 2U/ml rh-epo (Eprex, Jansen Cilag,
the Netherlands) and penicillin-streptomycin (ICN)32. Cell concentration was kept
between 0.2 and 1.0 * 106 cells/ml. Stimulation was performed with 10 U/ml rh-epo,
25 ng/ml IL-6 (kind gift from Immunex Corp., USA), 100 ng/ml SCF (gift from
Immunex Corp., USA) or 50 nM PMA (Sigma, Zwijndrecht, the Netherlands).
Phoenix amphotropic packaging cells were a kind gift of Dr. P. Coffer (Dept. Of
Pulmonology, University Medical Center Utrecht, the Netherlands), and were
maintained in DMEM supplemented with 10% FCS and antibiotics. Antibodies
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against phospho-tyrosine 705 of STAT3, phospho-serine 727 of STAT3, phosphoserine 376 of MSK1 and phospho-threonine 202 / tyrosine 204 ERK were obtained
from Cell Signalling (Beverly, MA, USA). Antibodies against STAT3 (F2) and ERK1
were obtained from Santa Cruz Biotech (Santa Cruz, CA, USA). Antibodies against
MSK1 and phospho-tyrosine 694 STAT5 were obtained from Upstate Biotechnolgy
(Lake Placid, NY, USA). An antibody against the FLAG-tag (M2) was obtained from
Sigma. HRP-conjugated secondairy antibodies were obtained from DAKO
(Glostrup, Denmark). PD98059, SB203580, AG490 and Rottlerin were obtained
from Biomol (Plymouth Meeting, PA, USA) and used at concentrations of 50 µM,
10 µM, 100 µM and 20 µM respectively. U0126 (10 µM) was obtained from
Promega (Leiden, the Netherlands). LY284002 (20 µM) was obtained from Alexis
(San Diego, CA, USA). All other reagents and chemicals were obtained from
Sigma.
cDNA constructs
A flag tagged MSK1(D565A) construct cloned in pCMV5 were obtained from D.
Alessi (MRCP, University of Dundee, Scotland, UK). A STAT3 luciferase reporter
was constructed by ligating three copies of the ICAM-1 STAT3 response element
(5’-AGCTTAGGTTTCCGGGAAAGCAC-3’) into the pGL3ti vector, which was a
kind gift from Dr. L. Jonk33. Exression vectors for STAT3 wild type and STAT3
(Ser727 to ala) were gifts from Dr. J.J. Schuringa (Sloan Kettering Memorial
Institute, New York, USA). An expression vector for STAT3 with tyrosine 705
mutated to alanine was a kind gift of Dr. M. Saunders (Devgen NV, GhentZwijngaarde, Belgium)34. pDM2lacZ, constitutively expressing β-galactosidase is
described elsewhere35. A retroviral vector named pBabe-IRES-EGFP-puro was
constructed by insertion of the IRES-EGFP cassette from pLZRS into pBabe-puro
(both vectors kindly provided by Dr. P. Coffer, Dept. Of Pulmonology, University
Medical Center Utrecht, the Netherlands). To obtain pBabe-MSK1(D565A)-IRESEGFP-puro, the flag-tagged MSK1(D565A) cDNA was cloned into pBabe-IRESEGFP-puro. This vector expresses the MSK1 protein and EGFP from the same
mRNA molecule.
Preparation of protein extracts and Western Blotting
Before stimulation, ASE2 cells were washed three times with IMDM and incubated
for 16 hours in the presence of 10 % FBS without epo.To prepare protein extracts,
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3 x 106 epo-deprived cells per well were plated in 12-wells cell culture plates,
stimulated, washed and collected in PBS. Whole cell lysates were prepared by
lysing the cells directly in Laemmli sample buffer. After SDS-PAGE, proteins were
transferred to PVDF membrane (Millipore, Bedford, MA, USA), blocked with TBS
buffer containing 0.1% Tween-20 and 5% non-fat milk prior to incubation with
antibodies, diluted in TBS containing 5% Bovine Serum Albumine. Binding of each
antibody was detected by the appropriate HRP-conjugated secondary antibodies
using Super Signal (Pierce, Perbio Science, Etten-Leur, the Netherlands)
according to the manufacturers recommendations.
Transient transfections
ASE2 cells were transfected by electroporation. After tree washes with IMDM
medium without FBS, 2 x 107 cells were resuspended in 175 µl IMDM, 25 µg DNA
was added and the mixture was transferred to a 0.4 cm gap width electroporation
cuvette. The cells were pulsed using a Bio-Rad Gene pulser electroporation device
(Bio-Rad, Sunnyville, CA, USA) with 240 Volts and a capacity setting of 960 µF.
Immediately after pulsing, the cells were transferred to fresh IMDM media
containing 10 % FBS and incubated overnight. For reporter studies, the cells were
stimulated for 8 hours and harvested. Cell extracts were made and luciferase
expression was measured according to the manufacturers protocol (Promega,
Leiden, the Netherlands). β-galactosidase expression was measured to correct for
differences in transfection efficiency.
Retroviral transductions
MSK1(D565) retroviral particles were produced by transient transfection of pBabeMSK1(D565A)-IRES-EGFP-puro into Phoenix amphotropic packaging cells using
Fugene6 (Roche, Almere, The Netherlands) according to the manufacturers
instructions. After one day, medium was replaced with IMDM containing 20 % FCS.
Two days later, supernatant containg retroviral particles was collected, filtered
through a 0.45 µm filter, and added to ASE2 cells in the presence of 8 µg/ml
polybrene. After one week, GFP positive cells were sorted using MoFlo equipment.
GFP positive cells were further expanded in growth medium and used for western
blotting and RT-PCR experiments.
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Quantitative RT-PCR
For RT-PCR, total RNA was extracted from 3x106 cells, with TriZol Reagent
(Invitrogen, Breda, The Netherlands) according to the manufacturers instructions. 2
µg of total RNA was reverse transcribed using random hexamer priming in a total
volume of 20 µl with 200 U MMLv Reverse Transcriptase (Invitrogen). The
obtained cDNA was diluted to 100 µl and 2 µl of this solution was used in a 20 µl
PCR reaction with the DNA Master SYBR Green1 kit (Roche, Almere, The
Netherlands) and the indicated primers using the LightCycler equipment (Roche),
according to the manufacturers recommendations. Serially diluted cDNA was
amplified in parallel with the samples to facilitate quantification of the amount of
specific cDNA present in each sample. The relative amount of cDNA was
calculated using LightCycler software provided by Roche. All PCR reactions were
performed in triplicate. The sequence of the primers used were (5’→3’): HPRT,
forward: TGGCGTCGTGATTAGTGATG, reverse: GATGTAATCCAGCAGGTCAG,
c-fos
forward:
AGCGCAGAGCATTGGCAGGA,
reverse:
TCGGTGAGCTGCCAGGATGA, c-myc forward: ACCAGCAGCGACTCTGAGGA,
reverse: GACGTGGCACCTCTTGAGGA.

Results
Epo induces phosphorylation of STAT3 and STAT5 in erythroid cells
To investigate which STATs are activated upon Epo stimulation in erythroid cells,
western blotting using different phospho-specific anti-STAT3 antibodies was
performed. After deprivation of Epo for 16 hours, ASE2 cells were stimulated with
Epo for different time points. Figure 1a demonstrates a time dependent
phosphorylation on tyrosine 705 of STAT3. A similar time course was shown for
tyrosine phosphorylation of STAT5. The amount of tyrosine phosphorylation of
STAT3 and STAT5 was maximal at 15 minutes of stimulation and decreased
thereafter. Serine phosphorylation of STAT3 was also induced by Epo stimulation
and peaked at about 15 to 30 minutes. The serine phosphorylation was not specific
for ASE2 cells, as similar results were obtained with the Epo dependent UT7-Epo
cell line (data not shown).
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Figure
1.
Phosphorylation
of
STAT
molecules by Epo. ASE2 cells were deprived
of Epo overnight, stimulated with Epo (10 U/ml)
for different time points and whole cell extracts
were blotted against phospho-tyrosine STAT5,
phospho-tyrosine STAT3 and phospho-serine
STAT3. The lower panel shows equal amounts
of STAT3 in each sample. Experiments were
performed at least three times, one
representative experiment is shown.

Serine phosphorylation of STAT3 is mediated by an ERK dependent pathway
Since different signal transduction pathways are described to be involved in the
serine 727 phosphorylation of STAT3, inhibitor studies were performed to
discriminate between some major pathways. Inhibitors were used to block the MEK
(PD98059 and U0126), p38 (SB203580), PI3K (LY294002), JAK2 (AG490) and
PKCδ (Rottlerin) pathway, respectively. ASE2 cells were incubated for 1 hour with
the inhibitors at concentrations known to inhibit their respective kinases and
subsequently stimulated with Epo for 15 minutes. As shown in figure 2a, blocking
the JAK2 activation by AG490 resulted in a general suppression of Epo induced
signalling in ASE2 cells, judged by the strongly reduced phosphorylation of STAT3
and –5, as well as the absence of phosphorylated ERK. The Epo induced serine
phosphorylation of STAT3 was specifically blocked by the MEK inhibitors U0126
and, to a lesser extent PD98059, whereas the inhibitors for p38, PI3K and PKCδ
had no effect. Tyrosine phosphorylation of STAT3 and STAT5 was not affected by
these inhibitors, excluding possible toxic effects of these compounds. As expected,
the phosphorylation of ERK was also totally blocked by PD98059 and U0126. To
strengthen the finding that the serine phosphorylation of STAT3 was mediated by
an ERK dependent pathway, two unrelated ERK inducing agents were tested for
their ability to induce serine phosphorylation of STAT3. In figure 2b, it is shown that
both SCF and PMA induce serine phosphorylation of STAT3 in addition to
phosphorylation of ERK. In contrast, although stimulation with IL-6 resulted in a
clear induction of tyrosine phosphorylation of STAT3, no induction of ERK or
STAT3 serine phosphorylation was observed.
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Figure 2. Serine phosphorylation of
STAT3 is mediated by an ERK
dependent pathway. (A) ASE2 cells were
stimulated with 10 U/ml Epo for 15 minutes
in the absence or presence of the indicated
inhibitors. Whole cell extracts were
prepared and blotted against
phosphotyrosine STAT5, phosphotyrosine
STAT3, phosphoserine STAT3 and
phospho-ERK. The blots against STAT3
and ERK show equal amounts of protein in
each sample. (B) ASE2 cells were
stimulated with IL-6 (20 ng/ml), SCF (100
ng/ml) and PMA (50 ng/ml) for 15 minutes
and whole cell extracts were blotted against
phosphotyrosine STAT3, phosphoserine
STAT3 and phospho ERK. The lower
panel, blotted against STAT3 shows equal
amounts of protein in each sample. Of four
experiments performed, one representative
experiment is shown.

MSK1 is activated downstream of ERK
Because STAT3 serine 727 phosphorylation has been described to be mediated by
MSK1 in fibroblasts, the activation of MSK1 upon Epo stimulation was investigated.
ASE2 cells were stimulated for different time points with Epo and the lysates were
subsequently blotted with antibodies against phospho-MSK1. Figure 3a shows that
MSK1 is activated after 5 minutes of stimulation and peaked at 15 minutes. To
confirm that MSK1 is activated downstream of ERK, the MEK inhibitors U0126 and
PD98059 were used to block the MEK-ERK pathway. As demonstrated in figure
3b, Epo induced MSK1 phosphorylation was clearly blocked by these inhibitors. In
contrast, the inhibitors for p38, PI3K and PKCδ (SB203580, LY294002 and
Rottlerin, respectively) did not influence the phosphorylation of MSK1 (data not
shown). Furthermore, stimulation with SCF and PMA, previously shown to induce
phosphorylation of ERK and subsequent serine phosphorylation of STAT3, also
resulted in the activation of MSK1 (data not shown).
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Figure 3. MSK1 is activated by Epo in an ERK
dependent manner. (A) ASE2 cells were
stimulated with Epo (10 U/ml) for different time
points and whole cell extracts were blotted against
phospho-MSK1. The lower panel shows equal
amounts of MSK1 in each sample. (B) ASE2 cells
were stimulated with 10 U/ML Epo for 15 minutes
in the absence or presence of the indicated
inhibitors. The lower panel shows equal amounts
of MSK1 in each sample. Experiments were
repeated three times and one representative
experiment is shown.

MSK1 activation is necessary for STAT3 serine phosphorylation
To study whether MSK1activation plays a role in the phosphorylation of STAT3 on
serine 727, retroviral transductions with kinase-inactive MSK1 (MSK1-D565A) were
performed. ASE2 cells were retrovirally transduced with empty vector (mock
transduced) or with a vector expressing kinase inactive MSK1 (D565A). As
depicted in figure 4, stimulation of mock transduced cells with Epo resulted in
serine phosphorylation of STAT3. Expression of kinase inactive (D565A) MSK1
however, severely reduced the serine phosphorylation of STAT3, showing that
MSK1 activity is necessary for serine phosphorylation of STAT3.
Figure 4. MSK1 activity is necessary for Epo
induced serine phosphorylation of STAT3.
ASE2 cells were retrovirally transduced with
empty vector (mock) and kinase inactive MSK1
(D565A), sorted by FACS sorting on the basis of
GFP expression to 99 % purity and used for
western blotting. Whole cell lysates were blotted
against phosphoserine STAT3, phosphotyrosine
STAT3 and total STAT3. Expression of the FLAGMSK1 construct was confirmed by blotting against
the FLAG tag. One representative experiment out
of three experiments performed is shown here.
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Figure 5. Transactivational potential of
STAT3 is reduced by inhibition of STAT3
serine phosphorylation. (A) ASE2 cells were
transiently transfected with a STAT3 reporter
plasmid (pGL3-IRE) in the presence of wild type
STAT3. Cells were subsequently stimulated with
Epo (10 U/ml) for 8 hours and luciferase
expression was determined, corrected for
transfection efficiency with lacZ expression and
expressed as fold induction compared to
unstimulated samples. (B) ASE2 cells were
transiently transfected with wild type STAT3, ser
727 to ala mutated STAT3 and tyr 705 to phe
mutated STAT3. Means and standard deviation
of three experiments performed in duplicate are
shown, asterix indicates significant reduction
(p<0.05).

Serine phosphorylation potentates the transcriptional activity of STAT3
To address the question whether serine phosphorylation influences the
transcriptional activity of STAT3, transactivation studies were performed. ASE2
cells were transiently transfected with a luciferase reporter construct containing
three multimerized STAT3 binding sites from the ICAM promoter. Preliminary
experiments revealed that the STAT3 reporter used in these experiments was not
sensitive enough to accurately measure the endogenous STAT3 activation.
Therefore, wild type STAT3 was cotransfected with the reporter in order to be able
to quantify the transcriptional activity of STAT3 in this system. As shown in figure
5a, stimulation with Epo resulted in an approximately two fold increase in luciferase
activity. Blocking the ERK-induced serine phosphorylation of STAT3 with U0126
however, resulted in fifty percent reduction of transcriptional activity (1.9 fold
induction versus 1.5 fold induction respectively, p<0.05). The Epo-induced STAT5
transactivation, measured with a STAT5-specific reporter was not affected by
U0126 (data not shown). Furthermore, as shown in figure 5b, transfection of serine
727 to alanine mutated STAT3 resulted in a similar reduction of STAT3 mediated
transactivation (2.1 fold induction versus 1.6 fold, p<0.05). Transfection of tyrosine
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705 to phenylalanine mutated STAT3 resulted in a lack of response to Epo, as
expected. These data indicate that the Epo-induced STAT3 ser 727
phosphorylation by a signaling pathway involving ERK, is required for maximal
transcriptional activation by STAT3.
To validate this finding, we determined the in vivo role of serine 727
phosphorylation in the activation of gene transcription. Quantitative RT-PCR
analysis of two known targets of STAT3 was performed to determine the role of
STAT3 serine phosphorylation in transcriptional activation of these endogenous
target genes. ASE2 cells were stimulated for 1 hour (in the case of c-fos) or 2
hours (for c-myc) with Epo, either in the absence or presence of U0126 to inhibit
serine 727 phosphorylation and the level of c-fos and c-myc mRNA was measured
using quantitative RT-PCR analysis. Figure 6A demonstrates that stimulation with
Epo resulted in a 26 fold induction of c-fos mRNA level, which was reduced to 15
fold in the presence of U0126 (p<0.05). Epo induced c-myc expression was
approximately 2 fold, and was reduced to 1.2 fold by U0126 (p<0.05). RT-PCR
analysis of retrovirally transduced cells, as shown in figure 6B, revealed that Epo
induced c-fos mRNA was similarly reduced in the presence of a kinase inactive
MSK1 (D565A), as expected. In the case of c-myc however, no reduction of Epo
induced expression could be observed, suggesting that c-myc expression is not
totally dependent upon STAT3 activity. In summary, these data underscore the
observations using reporter genes, that serine 727 phosphorylation is required for
a maximal Epo-induced transcriptional response of STAT3 target genes like c-fos
and, to a lesser extent, c-myc.
Figure 6. Epo induced c-fos and c-myc mRNA
expression is reduced by inhibition of STAT3
serine phosphorylation. (A) ASE2 cells were
stimulated with Epo (10 U/ml) for 1 hour (c-fos)
or 2 hours (c-myc) in the absence or presence of
U0126. mRNA levels were measured by
quantitative RT-PCR and corrected for amounts
of cDNA by RT-PCR of HPRT mRNA levels.
Results are expressed as fold induction
compared to unstimulated samples. (B) ASE2
cells were retrovirally transduced with empty
vector (mock) or kinase inactive (D565A) MSK1.
Cells were stimulated and mRNA expression
was determined as in (A). Means and standard
deviation of a representative experiment
performed in triplicate is shown, asterix indicates
significant reduction (p<0.05).
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Discussion
In this study, the molecular pathway leading to serine 727 phosphorylation of
STAT3 in erythroid cells was explored. It was shown that Epo stimulation of ASE2
cells results in the rapid phosphorylation of STAT3 on both tyrosine 705 and serine
727. The Epo-induced phosphorylation of STAT3 on tyrosine 705 has been
described before in other erythroid cells, such as UT-7/Epo9. In these cells, it was
found that tyrosine residue 432 of the EpoR mediates the activation of STAT3 upon
Epo stimulation, whereas STAT5 tyrosine phosphorylation was mediated by the
three most proximal tyrosine residues. Apart from tyrosine phosphorylation,
STAT3 was also phosphorylated on serine 727 by Epo stimulation. A number of
different pathways have been implicated in serine 727 phosphorylation of STAT3.
In this study, the MEK-ERK-MSK1 pathway was identified as the primary route
leading to STAT3 serine 727 phosphorylation. Several lines of evidence point
towards this conclusion. Using inhibitors for several pathways, only the MEK
inhibitors PD98059 and U0126 specifically inhibited the serine 727
phosphorylation. Furthermore, SCF and PMA, two unrelated ERK-inducing agents
were also effective in mediating serine 727 phosphorylation of STAT3. During the
preparation of this manuscript, Haq et al. described a similar induction of STAT3
serine 727 phosphorylation by Epo in BaF3 cells expressing the Epo receptor36. In
these cells, the MEK pathway was also identified to be responsible for the serine
727 phosphorylation. Our study extends this finding further by identifying the
downstream kinase responsible for the serine 727 phosphorylation. MSK1 is a
nuclear kinase, identified as a target of ERK, JNK and p38, and implicated in
phosphorylation of CREB and ATF1. MSK1 is activated in a ERK-dependent
manner in ASE2 cells upon Epo stimulation, as the inhibitors PD98059 and U0126
could block the MSK1 phosphorylation. In mouse JB6 Cl 41 cells, ultra violet A
irradiation resulted in activation of MSK1 and the subsequent serine 727
phosphorylation of STAT331. In this cell system, both the MEK inhibitor PD98059
and the p38 inhibitor SB202190 blocked the activation of MSK1. In contrast to the
latter finding, in ASE2 cells the p38 inhibitor SB203580 did not show any effect on
the phosphorylation of MSK1 (data not shown), so whether p38 is not activated by
Epo in ASE2 cells, or p38 does not play a role in the activation of MSK1 in ASE2
cells is at present unknown. We show in the present study that MSK1 is necessary
for the serine 727 phosphorylation of STAT3, since expression of a mutant protein
with an inactivated kinase domain abrogated the serine 727 phosphorylation.
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Zhang et al31 already identified MSK1 as a kinase capable of phosphorylating
serine 727 in STAT3 by using an in vitro kinase assay. Therefore it is conceivable
that in our cell system, MSK1 is responsible for the phosphorylation of STAT3
serine 727. However, we cannot rule out the possibility that another intermediate
kinase is located between MSK1 and STAT3 and is actually the direct kinase for
STAT3.
The role of serine 727 phosphorylation in the regulation of the transcriptional
potential of STAT3 is not well understood. Some studies report a reduced tyrosine
phosphorylation and binding of STAT3 to its target sequence upon serine
phosphorylation. Additional studies describe an enhancing effect of STAT3 serine
727 phosphorylation on the transcriptional potential of STAT3. STAT3β, an
alternatively spliced variant of STAT3 lacking serine 727, has been described to act
as a dominant negative over wild type STAT3, and STAT3 molecules with serine
727 to alanine mutations have been described to have decreased transactivational
potential23. In our study, serine 727 phosphorylation was shown to increase the
transactivational potential of STAT3. With the use of a STAT3 reporter, we were
able to show that blocking serine 727 phosphorylation by U0126 resulted in a
diminished transactivation. In accordance with this, expression of a serine 727 to
alanine mutated STAT3 resulted in a diminished STAT3 mediated transactivation.
By analyzing the Epo-induced expression of STAT3 target genes, we showed that
expression of c-fos and c-myc were inhibited by U0126, underscoring the results
with the reporter construct. Expression of c-fos mRNA was also reduced in the
presence of a kinase inactive MSK1 construct, as expected from the results with
the MEK inhibitor U0126. Epo induced expression of c-myc, however, was not
affected by the expression of kinase inactive MSK1. The cause of this discrepancy
between the results with the kinase inactive MSK1 and the MEK inhibitor U0126 is
not clear. Probably other signal transduction pathways play a role in the regulation
of c-myc expression. Interactions between AP-1 and STAT3 have been described,
leading to enhanced STAT3 mediated transactivation37. This enhancement of
STAT3 transactivation has been shown to be sensitive to the MEK inhibitor
PD98059, possibly explaining the reduced c-myc expression upon incubation with
U0126. This would suggest that the expression of c-myc is regulated by multiple
factors, including STAT3, instead of STAT3 binding alone.
In conclusion, the present study describes the identification of the MEK-ERK-MSK1
pathway as the route responsible for the Epo induced STAT3 serine 727
phosphorylation, and that this phosphorylation leads to an increase in
transactivational potential of STAT3 in erythroid cells.
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Summary
Previously, we demonstrated that enforced activation of STAT5A in human cord
blood (CB)-derived stem/progenitor cells results in enhanced self-renewal and
impaired myelopoiesis. The present study identifies C/EBPα as a critical
component that is downregulated by STAT5. Microarray and RT-PCR analysis on
STAT5A(1*6)-transduced CD34+ cells identified C/EBPα as the most prominently
downregulated gene. To determine the cell-biological relevance of these
observations, a 4-OHT-inducible C/EBPα-ER protein was co-expressed with the
STAT5A(1*6) mutant in CB CD34+ cells using a retroviral approach. Re-expression
of C/EBPα in STAT5A(1*6) cells resulted in a marked restoration of myelopoiesis.
The proliferative advantage imposed on CD34+ cells by STAT5A(1*6) depended on
the downmodulation of C/EBPα as reintroduction of C/EBPα induced a quick cell
cycle arrest and the onset of myeloid differentiation. LTC-IC frequencies were
elevated from 0.8±0.6% to 7.8±1.9% by STAT5A(1*6) as compared to controls, but
these elevated LTC-IC frequencies were strongly reduced upon re-introduction of
C/EBPα in STAT5A(1*6) cells and no 2nd CAFCs could be generated from double
transduced cells. Enumeration of progenitors revealed that the number of CFCs
was reduced over 20-fold when C/EBPα was co-expressed in STAT5A(1*6) cells.
Our data indicate that downmodulation of C/EBPα is a prerequisite for STAT5induced effects on self-renewal and myelopoiesis.
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Introduction
Hematopoiesis is initiated in the bone marrow where a limited number of
pluripotent hematopoietic stem cells (HSCs) give rise to lineage-restricted
progenitors that ultimately develop into mature erythroid, myeloid or lymphoid cells.
HSCs can both self-renew as well as differentiate, and these processes are in part
regulated by the hematopoietic microenvironment (the osteoblastic niche) and
hematopoietic growth factors that induce signal transduction1,2. The initiation of
signal transduction results in the activation of transcription factors such as PU.1,
C/EBPα, Gata1 and Pax5, which have emerged as key switches of self-renewal,
differentiation and lineage determination during hematopoiesis3.
Recently, we and others have shown that activation of the transcription factor
Signal Transducer and Activator of Transcription 5 (STAT5) has profound effects
on self-renewal and lineage commitment of HSCs4,5. Introduction of the
constitutively activated mutant STAT5A(1*6) into cord blood-derived CD34+ cells
resulted in enhanced self-renewal and impaired myelopoiesis, while differentiation
was diverted towards an erythroid cell fate5. In murine cells, the absence of STAT5
signaling resulted in a profound defect in competitive repopulation of STAT5A/B
knockout cells6,7, while introduction of activated STAT5A(1*6) into murine CD34-,cKit+,Sca-1+Lin- cells led to a drastic expansion of multipotential progenitors and
promoted HSC self-renewal ex vivo4. In addition, enforced activation of STAT5A
greatly facilitated the generation of embryonic stem (ES) cell-derived hematopoietic
stem cells with long-term self-renewal capacity in vitro that also contributed to
hematopoiesis in vivo8,9. Besides the effects of STAT5A on ES-derived HSC selfrenewal, we also observed that myeloid differentiation was impaired8. Although
several lines of evidence indicate that STAT5 signaling has profound effects on
hematopoietic lineage commitment decisions and HSC self-renewal, little is known
about the underlying mechanisms.
The transcription factor CCAAT Enhancer Binding Protein-α (C/EBPα is a key
regulator of granulopoiesis10. C/EBPα-/- mice have profound defects in granulocyte
differentiation11, and C/EBPα binding sites have been identified in promoters of
various myeloid-restricted genes such as the Granulocyte-Colony Stimulating
Factor (G-CSF) receptor and neutrophil elastase12,13. It has been noted that
C/EBPα is expressed at low levels in immature HSCs, and is upregulated upon
differentiation to more committed Common Myeloid Progenitors (CMPs) and
Granulocyte/Monocyte Progenitors (GMPs), but is shut down in megakaryocyte/
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erythrocyte progenitors (MEPs) or in common lymphoid progenitors (CLPs)14.
These observations suggested that the C/EBPα expression level determines the
self-renewal function of HSCs. Indeed, Zhang et al recently demonstrated that the
HSC repopulating capacity and self-renewal are strongly enhanced in the absence
of C/EBPα15. Reversibly, introduction of C/EBPα in human CD34+ cells resulted in
a reduced Long-Term Culture Initiating Cell (LTC-IC) frequency and facilitated
granulocytic differentiation16. It is therefore not surprising that disturbed C/EBPα
signaling is often observed in hematological disorders such as Acute Myeloid
Leukemia (AML)17,18.
Here, we demonstrate that C/EBPα is downmodulated by activated STAT5A in
human cord blood-derived CD34+ cells. Introduction of a 4-hydroxytamoxifen (4OHT)-inducible C/EBPα-ER fusion protein into STAT5A(1*6) CB CD34+ cells
reduced the stem and progenitor cell compartment and restored myeloid
differentiation. These data indicate that downmodulation of C/EBPα expression is a
critical event in the enhanced self-renewal and impaired myelopoiesis imposed on
human CD34+ cells by active STAT5A.

Materials and methods
Cell culture and retroviral transductions
CD34+ cells were derived from neonatal cord blood from healthy full-term
pregnancies from the Obstetrics departments of the Martini Hospital and University
Medical Center in Groningen, The Netherlands, after informed consent. For all
retroviral transduction experiments, the murine stem cell virus (MSCV) retroviral
expression vector was used which contained an encephalo-myelocarditis virus
(EMCV) derived internal ribosomal entry site (IRES2) in front of the enhanced
green fluorescent protein (EGFP) (MiGR1 vector), DsRED2 (MiDR1 vector), or
truncated Neural Growth factor Receptor (NGF-R) (MiNR1 vector). The
STAT5A(1*6) retroviral vector was described previously5, the C/EBPα-ER vector
was contructed by inserting a C/EBPα cDNA fused to the estrogen receptor
domain (a kind gift from Dr. J. Mulloy, MSKCC, New York, USA16) into the EcoRI
site of MigR1, MiDR1 or MiNR1. Stable PG13 high titer retroviral producer cell lines
were generated as described previously. CB CD34+ cells were transduced in three
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consecutive rounds as described previously and double transductions were
performed by mixing viral supernatants prior to transduction of target cells.
Colony Forming Cell (CFC), Cobblestone Area Forming Cell (CAFC), LTC-IC
and 2nd CAFC assays
CFC, CAFC and LTC-IC assays on MS5 stromal cells were performed as
described previously19. Briefly, CFC assays were performed in 1.2%
methylcellulose containing 30% FCS, 57.2 µM β-mercaptoethanol, and 2 mM
Glutamine (StemCell Technologies, France), supplemented with 20 ng/ml
Interleukin-3 (IL3), 20 ng/ml IL-6, 20 ng/ml G-CSF, 20 ng/ml KL and 6 U/ml EPO.
Cells were either plated in bulk by 1000 transduced cells per plate in triplicate or in
96-well plates in 1, 3, 9, 27, 81, or 243 cells per well. LTC-IC assays were
performed by plating transduced CB CD34+ cells in limiting dilutions in the range of
5-1000 cells per well on MS5 stromal cells in 96-well plates in LTC medium (αMEM
supplemented with heat-inactivated 12.5% FCS, heat-inactivated 12.5% Horse
serum (Sigma, Zwijndrecht, The Netherlands), penicillin and streptomycin, 200 mM
Glutamine, 57.2 µM β-mercaptoethanol (Sigma) and 1 µM hydrocortisone (Sigma)).
After 5 weeks, methylcellulose was added to the wells. Two weeks later, wells
containing CFCs were scored as positive. CAFC assays were performed as LTCIC assays, but now CAFCs were counted at day 10 and at week 5 by microscopic
evaluation of cocultures. Only phase dark colonies underneath the stroma were
enumerated. For 2nd CAFC assays, CAFCs were harvested by trypsinization of
adherent cell populations, sorted on the basis of human CD45 expression (Miltenyi)
and replated on fresh MS5 stroma or used for analysis.
Immunoblotting, histochemistry and cytospins
Whole cell extracts obtained by lysing 5 x 105 cells in boiling Laemmli sample buffer
for 5 min prior to separation on 12% SDS-acrylamide gels. Proteins were
transferred to nitrocellulose filters (Millipore, Etten Leur, The Netherlands) in Trisglycine buffer at 9 Volts for 1.5 h using a semidry electroblotter from Biorad
(Veenendaal, The Netherlands). Membranes were blocked in PBS containing 5%
nonfat milk prior to incubation with antibodies. Binding of antibodies was detected
by ECL according to the manufacturer’s instructions (Roche Diagnostics).
Antibodies against STAT5 (C17) and C/EBPα (N19) were obtained from Santa
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Cruz (Heerhugowaard, The Netherlands) and were used in dilutions of 1:1000.
May-Grünwald Giemsa staining was used to analyze cytospins.
PCR analysis
For RT-PCR, total RNA was isolated from 1 x 106 cells using the RNeasy kit from
Qiagen (Venlo, The Netherlands) according to the manufacturer’s
recommendations. 2 µg of RNA was reverse transcribed with M-MuLV reverse
transcriptase (Roche Diagnostics). For PCR, 2 µl of cDNA was amplified using
primers as indicated in the text (sequences and conditions are available on
request) in a total volume of 50 µl using 2 units of Taq polymerase (Roche
Diagnostics). As a negative control RNA minus reverse transcriptase (-RT)
prepared cDNA was used in PCR reactions. 10 µl aliquots were run on 1.5%
agarose gels. For real-time RT-PCR, cDNA was prepared by reverse transcribing
the total RNA of 0.15 x 106 sorted cells using M-MuLV reverse transcriptase
(Fermentas GmbH, St. Leon-Roth, Germany) according to the manufacturer’s
instructions. 2 µl aliquots of cDNA were then real-time amplified using iQ SYBR
Green supermix (Bio-Rad, Veenendaal, the Netherlands) on a MyIQ thermocycler
(Bio-Rad) and quantified using MyIQ software (Bio-Rad). HPRT expression was
used to calculate relative expression levels.
Flow cytometry analysis
All antibodies were obtained from Beckton Dickinson (Alphen a/d Rijn, The
Netherlands). Cells were incubated with antibodies at 4°C for 45 min. For blocking
non-specific binding to Fcγ receptors, cells were blocked with anti-Fcγ antibodies
for 15 min at 4°C. All fluorescence activated cell sorter (FACS) analyses were
performed on a FACScalibur (Becton Dickinson) and data was analyzed using
WinList 3D (Topsham, USA). Cells were sorted on a MoFLo (DakoCytomation,
Carpinteria, CA, USA).
Electrophorectic Mobility Shift Assays (EMSAs)
Nuclear extracts of transiently transfected 293T cells were made according to the
mini scale procedure described by Schreiber et al20. EMSA analysis was performed
by incubating 5 µg of nuclear extract with 5’-IRDye 700 labeled double stranded
oligonucleotides for 30 minutes at room temperature. Binding reactions were run
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on non-denaturing 4 % Acrylamide gels in 1 x TBE and the gels were scanned
using an Odyssey infrared scanner (Li-Cor Biosciences, Lincoln, NE, USA) To
check for specificity of the reactions, 50 fold molar excess of unlabeled
oligonucleotide (either self or non-self) was added to the binding reactions. For
supershift analysis, 1 µl of C/EBPα specific antibody (SC-61, Santa Cruz Biotech,
Santa Cruz, CA, USA) was added simultaneously with the probe.
Luciferase assays
For transactivation studies, 293T cells were transiently transfected in 12-well plates
with the indicated constructs using Fugene6 (Roche, Basel, Switserland) according
to the manufacturer’s instructions. 48 hours after transfection, cells were stimulated
for 8 hours with 500 nM 4-hydroxy tamoxifen to induce C/EBPα binding and cell
extracts were made using Luciferase lysis buffer (Promega, Leiden, the
Netherlands). Luciferase expression was measured according to the manufacturers
protocol (Promega, Leiden, the Netherlands). β-galactosidase expression was
measured to correct for differences in transfection efficiency.
Cell cycle analysis
Cell cycle analysis was performed by determining the DNA content of sorted cells
by staining with 7-amino-actinomycin D in PCB buffer (Sigma, Zwijndrecht, the
Netherlands), supplemented with 0.15 M NaCl, 5 mM EDTA, 0.5 % BSA and 0.02
% Saponone for 10 minutes. After washing, the cells were analysed on a
FACSCalibur flowcytometer (Beckton Dickinson) and DNA profiles were generated
using Mod-Fit software (Topsham, USA).

Results
Enforced activation of STAT5 in human CB CD34+ cells results in
downmodulation of C/EBPα expression
Previously, we have demonstrated that enforced activation of STAT5A in human
CB-derived CD34+ stem/progenitor cells results in enhanced self-renewal and an
impairment of myeloid differentiation5. Affymetrix analysis of RNA isolated from
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+

Figure 1. Enforced activation of STAT5 in human CB CD34 cells results in downmodulation of
+
C/EBPα expression. A, CB-derived CD34 cells were transduced with MiGR1 or STAT5A(1*6), sorted
on the basis of GFP expression and total RNA was isolated and used in RT-PCR reactions with primers
for C/EBPα and β-Actin as indicated. B, Schematical representation of the retroviral contructs that were
used in these studies. C, C/EBPα and C/EBPα-ER were overexpressed in 293T cells and total cell
lysates were Western blotted using anti-C/EBPα antibodies. D, C/EBP-ER was overexpressed in 293T
cells and nuclear extracts were used in EMSA experiments as indicated using a probe that contains the
C/EBPα consensus binding sequence. 4-OHT induced DNA-binding of C/EBPα-ER which could be
outcompeted with 50x cold self-oligo (lane 4) while DNA-binding was blocked by adding anti-C/EBPα
(lane 6). E, Luciferase assays were performed in 293T cells using luciferase reporters containing
C/EBPα binding sites. Cells were transfected with empty MiGR1 vector (control) or C/EBPα-ER
expression vectors, and cells were either left unstimulated or were stimulated with 4-OHT. After 24 hrs
of stimulation, cells were harvested to perform luciferase and LacZ assays as described in the Materials
and Methods section.

MiGR1 versus STAT5A(1*6)-transduced cells revealed that C/EBPα was the most
significantly downmodulated gene by activated STAT5A (-3.3 fold, p=0.00002).
These data were confirmed by conventional (Fig.1A) and real-time RT-PCR
(Fig.2D). To determine whether the downmodulation of C/EBPα was involved in the
phenotypes that were imposed on human CB CD34+ cells by STAT5A(1*6) we
generated retroviral expression vectors for C/EBPα-ER. These expression vectors
contained either the truncated NGF receptor or DsRED2 as a marker gene for the
identification of transduced cells (schematically depicted in Fig.1B). C/EBPα was
fused to the estrogen receptor ligand-binding domain (ER) which allowed a 4hydroxytamoxifen (4-OHT)-inducible activation of overexpressed C/EBPα. As
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control experiments, 293T cells were transduced with C/EBPα or C/EBPα-ER and
expression was verified by Western blotting (Fig.1C). The 4-OHT inducibility was
tested by C/EBPα DNA-binding and transactivation assays. As shown in fig.1D, in
the absence of 4-OHT no C/EBPα DNA binding was observed (lane 2), while
stimulation of cells with 2 µM 4-OHT for 1 hr resulted in the appearance of a DNA
binding complex (lane 3) that could be outcompeted by a 50-fold excess of
unlabelled oligo (lane 4) but not by a 50-fold excess of random unlabelled oligo
(lane 5). Addition of antibody against C/EBPα resulted in the disappearance of the
C/EBPα-DNA complex (Fig.1D, lane 6). As shown in fig.1E, stimulation with 2 µM
4-OHT also resulted in an increase in C/EBPα transactivation. These data show
that C/EBPα-ER DNA binding and transactivation was induced only in the
presence of 4-OHT.
Re-expression of C/EBPα in STAT5A(1*6) CD34+ cells results in a restored
myelopoiesis
CB-derived CD34+ cells were transduced with both STAT5A(1*6) and C/EBPα with
efficiencies of 1-10% of double transduced cells. A representative FACS plot is
shown in Fig.2A (left panel) in which an efficiency of 10% was reached.
Transduced cells were plated on MS5 stroma in the absence or presence of 4-OHT
and hematopoietic differentiation was monitored by FACS analysis, RT-PCRs and
cytospins. In control conditions - untransduced cells (not shown) or C/EBPα-ER
without 4-OHT (Fig.2B left panels) - 27% of the cells were positive for CD14, 31%
for CD15, 65% for CD36 and 26% for CD71bright. In agreement with data obtained
previously5,8, enforced activation of STAT5A resulted in a block in myeloid
differentiation as determined by the percentage of cells positive for CD14 (5%) and
CD15 (4%), while the number of cells that were positive for erythroid markers was
significantly increased (85% was CD36+ and 76% was CD71bright (Fig.2B, left
panels)). Re-activation of C/EBPα in STAT5A(1*6) cells by administration of 2 µM
4-OHT to double transduced cells resulted in a markedly restored myelopoiesis as
the number of CD14 and CD15 positive cells increased from 6 to 28% and 4 to
13%, respectively (representative data out of 3 independent experiments is shown
in Fig.2B, right panels). The imposed erythroid differentiation of CB CD34+ cells by
STAT5A(1*6) was reversed by reintroduction of C/EBPα as the number of CD36+
and CD71bright cells was reduced from 85 to 11% and 76 to 7%, respectively. These
results were further underscored by morphological analysis of MiGR1,
STAT5A(1*6), C/EBPα-ER or double transduced cells (Fig.2C). Cytospins from
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Figure 2. Re-expression of C/EBPα in STAT5A(1*6) CD34

+

cells results in a restored

+

myelopoiesis. A, Human CB CD34 cells were transduced with STAT5A(1*6)-IRES2-EGFP and
C/EBPα-ER-IRES2-NGF-R retroviral vectors. Representative transduction efficiencies are shown of
cells grown for 1 week on MS5 stroma in the absence (left panel) or presence (right panel) of 4-OHT. B,
Cells shown in A were analyzed by FACS for the expression of CD14, CD15, CD36 and CD71
expression using APC-conjugated antibodies. Data are representative for at least three independent
+
experiments. C, CB CD34 cells were transduced with MiGR1/NGF-R empty vectors or double
transduced with STAT5A(1*6) and C/EBPα-ER, cocultured on MS5 for 1 week in the presence of 4-OHT
after which MiGR1 cells, STAT5A(1*6) cells, C/EBPα-ER cells and double positive cells were sorted on
the MoFlo and analyzed by cytospins and May-Grünwald Giemsa staining. D, Experiment as in C but
now total RNA was isolated after MoFlo-sorting for qRT-PCR analysis as indicated. The sorted cells for
data in C and D were obtained from gates R2, R4 and R3 which represent C/EBPα-ER, STAT5A(1*6)
and double transduced cells, respectively. Double transduced empty control cells were sorted
separately (data not shown).

STAT5A(1*6)-transduced cells contained blasts, proerythroblasts, basophilic-,
polychromatic-, and orthochromatic erythroblasts as well as erythrocytes, while
MiGR1 control cells differentiated mostly along the myeloid lineage as cytospins
revealed predominantly myeloblasts, monocytes, and granulocytes. Cytospins from
C/EBPα-ER-transduced cells displayed even more mature granulocytic
development without any signs of erythropoiesis. Double transduced cells
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contained predominantly myeloblasts and monocytes. Real-time RT-PCR analyses
on sorted transduced cells revealed that constitutive activation of STAT5A
significantly downmodulated the expression of G-CSF-R and C/EBPα (Fig.2D).
Reversibly, expression of C/EBPα resulted in an increase in G-CSFR expression.
Also, endogenous C/EBPα expression was slightly upregulated by C/EBPα-ER as
determined by using primers that specifically recognize endogenous C/EBPα but
not overexpressed C/EBPα-ER. Reintroduction of C/EBPα-ER into STAT5A(1*6)
cells partly restored G-CSFR and endogenous C/EBPα expression levels.
Endogenous STAT5A expression levels were not affected by C/EBPα expression
(data not shown). As controls, GFP+ and/or DsRED2+ sorted populations were
analyzed for EGFP and DsRED2 RNA levels (Fig.2D, lower panels).
Re-expression of C/EBPα results in a loss of STAT5A(1*6)-induced
proliferative advantage of human CD34+ cells
To study the proliferation of CB CD34+ cells that expressed STAT5A(1*6), C/EBPα,
or both, transduced cells were plated on MS5 stroma and the expansion was
monitored weekly. In experiments in which non-sorted transduced cells were used,
the relative expansion could be determined by analyzing the percentage of GFP+
(STAT5A(1*6)), NGF-R+ (C-EBPα-ER) or double positive cell populations. As
shown in a representative set of experiments in Fig.3A-C, enforced activation of
STAT5A in human CB CD34+ cells resulted in a proliferative advantage over
MiGR1 control cells when expanded on MS5 stroma as the percentage of GFP+
cells increased from 20% to over 70% within 2-3 weeks (Fig.3A). In contrast,
overexpression of C/EBPα-ER resulted in a proliferative disadvantage on MS5
stroma as the percentage of NGF-R+ cells decreased from 18 to 2% within 3 weeks
(Fig.3A). In Fig.3B, the absolute cell counts of individual cocultures are shown, and
these experiments clearly indicate that expression of activated STAT5A(1*6)
results in enhanced expansion on MS5 stroma, while expression of C/EBPα
represses the expansion on MS5 as compared to controls. When C/EBPα was
reintroduced into STAT5A(1*6) cells, the proliferative advantage imposed on cells
by activated STAT5A was completely reduced to below control levels (Fig.3B).
Representative FACS profiles are shown in Fig.2A in which treatment of 4-OHT for
1 week resulted in a decrease of double transduced cells from 10 to 2%. Data from
three independent experiments are summarized in Fig.3C, in which the relative
expansions of all groups are given compared to MiGR1 control cells which was set
to 1 at each timepoint. To further confirm that STAT5A(1*6)-induced proliferation
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Figure 3. Re-expression of C/EBPα results in a loss of STAT5A(1*6)-induced proliferative
+
+
advantage of human CD34 cells. Human CB CD34 cells were transduced with MiGR1,
STAT5A(1*6)-IRES2-EGFP, C/EBPα-ER-IRES2-NGF-R or both STAT5A(1*6) and C/EBPα-ER as
indicated. Cells were plated on MS5 stroma in the presence of 4-OHT and the proliferation was
monitored weekly by FACS analysis for GFP or NGF-R. B, Experiment as in A, but now cells were
sorted after transduction and expansion was monitored by determining the cell counts weekly. C,
Combined data of three representative experiments in which the relative expansion is indicated as
compared to the MiGR1 control that was set to 1 at each timepoint. Significant differences were
determined using a Student’s T-test. D-E, Experiments as in B, but now 4-OHT was added at day 0 (D)
or day 3 (E). Cultures were monitored for 14 days. Data is presented as the percentage of
+
+
untransduced, STAT5A(1*6) (EGFP ), C/EBPα-ER (NGF-R ) or double transduced cells within 1 batch
of transduced cells that was expanded on MS5 over a two-week period. F, Cells were transduced as
indicated, plated onto MS5 stroma to allow expansion for 7 days after which 4-OHT was added for an
additional 24 hrs. After 4-OHT stimulation, the cell cycle distribution was determined by FACS. G,
Experiment as in F, but now cells were treated with 4-OHT for 48 hrs.
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depends on the downmodulation of C/EBPα, 4-OHT was administered to
transduced cells at various timepoints. Data in Fig.3D-E is presented as the
percentage of untransduced, STAT5A(1*6) (EGFP+), C/EBPα-ER (NGF-R+) or
double transduced cells within 1 batch of transduced cells that was expanded on
MS5 over a two-week period. 4-OHT was added from the start of the experiment
(Fig.3D) or at day 3 (Fig.3E) and only when 4-OHT was administered the
proliferative advantage of STAT5A(1*6)/C-EBPα-ER over controls was reduced.
Taken together, these data indicate that downmodulation of C/EBPα is a critical
event for the enhancing effects of STAT5A(1*6) on proliferation.
These data were further underscored in cell cycle experiments of MiGR1/NGF-R
and STAT5A(1*6)/C-EBPα-ER cells in the absence or presence of 4-OHT.
Enforced activation of STAT5A resulted in an increase of the percentage of cells in
S/G2/M phase from 32 to 60%, while the percentage of cells in G1 was reduced
from 66 to 35% (Fig.3F). After 24 hrs of treatment with 4-OHT the percentage of
cells in G1 was 44% and the percentage of cells in S/G2/M was 51%. In a separate
experiment, STAT5A(1*6)/C-EBPα-ER cells were treated with 4-OHT for 48 hrs
which resulted in an even stronger decrease in the percentage of cells in S/G2/M
phase (Fig.3G). No increase in apoptosis was observed upon stimulation with 4OHT throughout all experiments (Fig.3F-G and data not shown), suggesting that
the reduced expansion upon re-expression of C/EBPα into STAT5A(1*6) cells does
not involve elevated apoptosis.
Expression of C/EBPα results in a loss of STAT5A(1*6)-induced self-renewal
and long term expansion
To enumerate the number of progenitors in transduced CB CD34+ cells,
STAT5A(1*6), C/EBPα-ER or double transduced cells were sorted and plated in
methylcellulose under limiting dilution conditions in the absence or presence of 4OHT. Administration of 4-OHT to MiGR1 or STAT5A(1*6) cells did not affect the
number of progenitors significantly (data not shown), although expression of
STAT5A(1*6) induced a shift towards significantly more BFU-Es at the expense of
CFU-GM colonies (Fig.4B). Reintroduction of C/EBPα into STAT5A(1*6) cells by
stimulation with 4-OHT significantly reduced the number of progenitors. In order to
obtain 50% positive wells, 7.6 cells in the absence of 4-OHT and 176 cells in the
presence of 4-OHT needed to be plated, resulting in a difference in CFC formation
of 23.2 fold (Fig.4A). Also, the shift towards more BFU-E type colonies induced by
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Figure 4. Expression of C/EBPα results in a loss of STAT5A(1*6)-induced self-renewal and long
+
term expansion. A, Human CB CD34 cells were transduced with both STAT5A(1*6)-IRES2-EGFP and
C/EBPα-ER-IRES2-NGF-R and cells in gate R3 were sorted on the MoFlo. Cells were plated in the
presence or absence of 4-OHT in methylcellulose assays in 96-well plates in limiting dilutions of 1, 3, 9,
27, 81 and 243 cells per well. Two weeks later, CFC counts were scored. B, Cells were transduced with
both MiGR1/NGF-R empty vectors or STAT5A(1*6)-IRES2-EGFP and C/EBPα-ER-IRES2-NGF-R as
indicated. Cells were sorted and plated in bulk methylcellulose cultures and the ratio between BFU-E
and CFU-GM type colonies is shown in the absence or presence of 4-OHT. C, Experiment as in B, but
now sorted cells were plated onto MS5 stroma in 96-well plates in limiting dilutions of 5-1000 cells per
well. After 5 weeks, methylcellulose was added to the wells and two weeks later wells were scored as
positive or negative to determine LTC-IC frequencies. Data from a representative experiment is shown.
D, Representative microscopy images of several MS5 cocultures at weeks 1 and 5.

activated STAT5A was reversed to a normal CFU-GM versus BFU-E distribution
when C/EBPα was reintroduced in STAT5A(1*6) cells (Fig.4B). The number of
hematopoietic stem cells was enumerated by CAFC and LTC-IC assays on MS5
stroma under limiting dilution conditions. As shown in Fig.4C, enforced activation of
STAT5A(1*6) resulted in the appearance of early CAFCs within 10 days after
plating at a frequency of 8.2%. These early CAFCs were not observed when
C/EBPα-ER was co-expressed in STAT5A(1*6) cells (Fig.4C). Representative
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examples of cocultures at week 1 are shown in fig.4D. After 5 weeks,
methylcellulose was added to the wells to determine the LTC-IC frequencies.
Enumeration of week 5 LTC-IC frequencies revealed that STAT5A(1*6) enhanced
the frequency from 0.8±0.6% to 7.8±1.9% as compared to MiGR1 control cells.
Importantly, this elevated LTC-IC frequency required the downmodulation of
C/EBPα as reintroduction of C/EBPα-ER in STAT5A(1*6) cells significantly reduced
the LTC-IC frequency to 0.7±0.5% at week 5 (Fig.4C-D). While the STAT5A(1*6)
week 5 CAFCs could be harvested and passaged onto new MS5 to generate 2nd
CAFCs, no long-term cultures could be established from the double transduced
cells in the presence of 4-OHT (data not shown).

Discussion
The results presented in this manuscript allow us to reach three main conclusions.
First, enforced activation of the transcription factor STAT5A in human CD34+ cells
results in a downmodulation of C/EBPα. Second, STAT5A(1*6)-induced selfrenewal and long-term expansion of human stem/progenitor cells on stroma
requires the downmodulation of C/EBPα. Finally, the impaired myelopoiesis and
the bias towards erythropoiesis that is imposed upon human CD34+ cells by
activated STAT5A also involves downmodulation of C/EBPα.
So far, little information is available on the molecular mechanisms that are involved
in self-renewal of normal and leukemic stem/progenitor cells. Our previous studies
have indicated that activating mutations in the tyrosine kinase receptor FLT321 and
particularly enforced activation of STAT5 result in enhanced long-term self-renewal
of early stem/progenitor cells5. Affymetrix microarray analysis revealed C/EBPα as
one of the most prominent downregulated gene in human CB-derived CD34+ cells
transduced with activated STAT5A(1*6) or the FLT3-W51 internal tandem
duplication (5 and unpublished observations by KYC, GM, JJS and MASM).
Hematopoietic stem cell self-renewal, repopulating capacity and myeloid
differentiation have been closely linked to C/EBPα expression. In mouse models,
loss of C/EBPα in the HSC resulted in elevated competitive reconstitution activity,
while the transition from the common myeloid progenitor to the
granulocyte/monocyte progenitor was blocked15. Also in mouse models, C/EBPα
deficiency22 as well as dominant negative mutations in C/EBPα23 have been shown
to increase the capacity of myeloid progenitors to proliferate. Reversibly,
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overexpression of C/EBPα has been associated with cell cycle arrest and the onset
of myeloid differentiation16,24-26. Our data indicate that the downmodulation of
C/EBPα expression is a key event in the STAT5A-mediated long-term self-renewal
and impaired myeloid differentiation of human CB-derived CD34+ cells.
Our analyses at the stem and progenitor level revealed that introduction of an
activated mutant of STAT5A, STAT5A(1*6)27, resulted in the formation of early
Cobblestone Area Forming Cells (CAFCs) with elevated frequencies as compared
to controls (Fig.4C and5). These early CAFCs persisted for over 5 weeks and could
be passaged onto new stroma to give rise to 2nd and 3rd CAFCs for up to a period
of 18 weeks. It has been shown that these CAFCs are a representation of the
number of in vivo long-term repopulating HSCs as measured in the NOD-SCID
transplantation model5,28,29. These effects of active STAT5A on human stem- and
progenitor cells can be reversed by overexpression of C/EBPα. Both in LTC-IC
assays as well as in CFC assays in methylcellulose we consistently observed a
distinct reduction in stem and progenitor frequency and no long-term cultures could
be established from STAT5A(1*6) cells when C/EBPα was re-introduced. It has
been demonstrated that in C/EBPα-deficient murine HSCs Bmi-1 expression is
elevated, suggesting that one of the normal functions of C/EBPα might be to inhibit
HSC self-renewal by downmodulating Bmi-115. Future studies will be aimed at
elucidating whether Bmi-1 expression and function is altered in human CD34+ cells
that express activated STAT5A.
Our observations at the stem/progenitor level correlate with data from
hematopoietic differentiation and expansion studies. Overexpression of C/EBPα in
human CD34+ cells resulted in a block in proliferation and enhanced myeloid
differentiation. While expression of activated STAT5A(1*6) in CB CD34+ cells
resulted in a proliferative advantage as compared to control cells, this was
dramatically downmodulated by reintroduction of C/EBPα. These observations
coincided with an increased percentage of cells in S/G2/M phase when STAT5A
was activated in CB CD34+ cells, which could be reduced by re-expression of
C/EBPα. These data clearly indicate that downmodulation of C/EBPα is required
for the proliferative advantage imposed on human CB CD34+ cells by activated
STAT5A. C/EBPα has been identified as a potent suppressor of cell proliferation
and several mechanisms have been proposed. C/EBPα interacts with and inhibits
cdk2/430, induces expression of the cell cycle inhibitor p21WAF-131 , and represses
the E2F complex of cell cycle regulatory transcription factors32. Thus, one or more
of these mechanisms could account for the STAT5A(1*6)-induced proliferative
advantage of human CB CD34+ cells by downmodulation of C/EBPα, thereby
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alleviating the block on cell cycle progression. Furthermore, C/EBPα has been
recognized as a key transcription factor that determines lineage commitment from
the HSC towards the GM progenitor15. We observed that enforced activation of
STAT5A in human CD34+ cells resulted in a potent block in myeloid differentiation
and diverted differentiation towards erythropoiesis. These lineage fate decisions
induced by STAT5 could be reprogrammed by re-introduction of C/EBPα into
STAT5A(1*6) cells.
Various lines of evidence suggest that activation of STAT5A is a critical event in
leukemic transformation. Constitutive activation of STAT5A has been observed in
the majority of acute and chronic leukemias. A number of genetic abnormalities,
such as Bcr-Abl33,34, Tel-Jak235 and FLT3-ITDs36,37 induce constitutive activation of
STAT5, and particularly in the case of Tel-Jak2 it has been demonstrated that
STAT5 is necessary for Tel-Jak2 induced myeloproliferative disease35. Mutations in
JAK2 that result in hyperactivation of STAT5 have been identified in polycythemia
vera38-41. More recently, a single activating mutation in STAT5A (cS5F) has been
shown to induce multilineage leukemia in mice42. Nevertheless, no cell biological
mechanisms have been identified by which STAT5A might induce leukemic
transformation of human cells. Our data are the first to link STAT5 signal
transduction to C/EBPα expression in STAT5A-mediated long-term expansion of
human hematopoietic stem/progenitor cells. Also, the disturbed myelopoiesis that
is induced by activated STAT5A requires downmodulation of C/EBPα. It is
intriguing that these phenotypes directly parallel those observed in AML patients.
Deregulation of C/EBPα expression has been observed in a variety of
hematological malignancies, including in AMLs with t(8;21)43, inv(16)44 or Flt3
mutations45. In addition, mutations in C/EBPα have been identified that either affect
the transactivation potential or block the translation of the full-length 42-kDa form
(p42) which leads to overexpression of the shorter 30-kDa form (p30) that acts as a
dominant negative transcription factor17,18,46. Further studies will define whether reintroduction of C/EBPα in these AML cells will restore the differentiation process of
the affected cells only, or whether it will also restrict self-renewal capacity of the
leukemic stem cell pool.
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Summary
The level of transcription factor activity critically regulates cell fate decisions such
as hematopoietic stem cell self-renewal and differentiation. We have introduced
STAT5A transcriptional activity into human hematopoietic stem/progenitor cells in a
dose-dependent manner by overexpression of a tamoxifen-inducible STAT5A(1*6)ER fusion protein. Induction of STAT5A activity in CD34+ cells resulted in impaired
myelopoiesis and induction of erythropoiesis which was most pronounced at the
highest STAT5A transactivation levels. In contrast, intermediate STAT5A activity
levels resulted in the most pronounced proliferative advantage of CD34+ cells. This
coincided with increased Cobblestone Area Forming Cell (CAFC) and Long-term
Culture-Initiating Cell (LTC-IC) frequencies that were predominantly elevated at
intermediate STAT5A activity levels, but not at high STAT5A activity. Self-renewal
of progenitors was addressed by serial replating of CFUs, and only progenitors
containing intermediate STAT5A activity levels contained self-renewal capacity. By
extensive gene expression profiling we could identify gene expression patterns of
STAT5 target genes that predominantly associated with a self-renewal and longterm expansion phenotype versus those that identified a predominant
differentiation phenotype.
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Introduction
STAT5 (Signal Transducer and Activator of Transcription 5) is widely expressed
throughout the hematopoietic system, both in stem and progenitor cells as well as
in committed erythroid, myeloid and lymphoid cells1-3. Indeed, it is not surprising
that STAT5 can be activated by a wide variety of cytokines and growth factors3,4.
These include those that act on the most immature human hematopoietic stem
compartment such as Flt3-ligand (FL)5, Stem Cell Factor (SCF)6 and
Thrombopoietin (TPO)7, as well as those that act on erythroid cells (Erythropoietin,
EPO)8, lymphoid cells (Interleukin-7, IL-7; IL-2)9 or myeloid cells (IL-3; IL-5;
Granulocyte/Macrophage-Colony Stimulating Factor, GM-CSF; Colony Stimulating
Factors-1, CSF-1)3. Loss-of-function and gain-of-function experiments have
revealed critical roles for STAT5 in several of these cell types. STAT5ABΔN/ΔN mice,
which express an N-terminally truncated form of STAT5, have been used to assess
stem cell function in the absence of wt STAT5 signaling. These mice were
characterized by normal HSC numbers and stem cells isolated from the bone
marrow or fetal liver were capable of engrafting irradiated recipients10. Yet,
competitive repopulating capacity of STAT5ABΔN/ΔN HSCs was severely impaired1015
. The underlying mechanisms are not fully elucidated yet, but it has been
observed that the responsiveness of STAT5ABΔN/ΔN HSCs to early-acting cytokines
such as IL-3 and SCF was reduced, while the sensitivity to 5-fluoroacil was
enhanced11. More recently, mice completely devoid of STAT5 expression were
developed as well, and data have indicated that STAT5 is required for HSC,
lymphocyte, and erythrocyte development16-18. We have observed that
downmodulation of STAT5 expression impairs long-term self-renewal and
maintenance of human stem and progenitor cells19. Reversely, it has been shown
that introduction of activating mutants of STAT5 in hematopoietic stem and
progenitor cells enhances long-term self-renewal20,21. Within the erythroid
compartment, STAT5 fulfils an important anti-apoptotic role by upregulating BclXl16,22-24, although a more direct role in initiating erythroid commitment might exist
as well21,25,26. Although in the STAT5-/- mice myelopoiesis appears to be relatively
unaffected18, it is likely that in myeloid cells many of the signals initiated by e.g. IL-3
and GM-CSF are, at least in part, mediated by STAT527,28. STAT5 is also involved
in eosinophil differentiation of human CB CD34+ cells in response to IL-529. Also,
lymphoid development is severely impaired in STAT5-/- mice30. These studies have
highlighted that STAT5 signaling is involved at various stages throughout
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hematopoietic development. Yet, little is known about the kinetics of cytokineinduced STAT5 signaling, or in which fashion STAT5 responds to lineage-restricted
cytokine exposure. Also, it is currently unclear whether similar levels of STAT5 are
required for the various functions that this transcription factor fulfils within the
hematopoietic system.
Besides a role in normal hematopoiesis, elevated STAT signaling has been
associated with leukemic transformation as well. Overexpression of a STAT5A
S710F mutant (cSF5F) in murine bone marrow resulted in the development of
multilineage leukemias upon transplantation into lethally irradiated wild-type or nonirradiated Rag2(-/-) mice31. The underlying mechanisms might involve STAT5
tetramer formation31 but cytoplasmic STAT5 functions have recently been
described as well, whereby STAT5 forms a complex with PI-3K and Gab2, resulting
in activation of the Akt/PKB pathway32. Other mechanisms by which STAT5 can
contribute to the transformation process are the induction of genomic instability and
DNA damage33, e.g. by upregulation of reactive oxygen species (ROS)34.
Constitutive activation of STAT5 has been observed in the vast majority of Acute
Myeloid Leukemia (AML) cases35-37. This may be attributed to the activating
mutations in upstream kinases such as FLT3, c-KIT or JAK21, or alternatively be
due to autocrine growth factor production35. In primary AML CD34+ cells, we have
recently been able to demonstrate that downmodulation of STAT5 expression by
lentiviral RNAi impairs long-term expansion of leukemic stem/progenitor cells19. In
murine cells, constitutive activation of STAT5 is sufficient to induce leukemia-like
disease31,38. Elevated STAT5 signaling is also involved in the pathogenesis of other
haematological malignancies, including Chronic Myeloid Leukemia (CML) induced
by BCR-ABL39-44 or Polycythemia Vera (PV) induced by activated JAK2 V617F45-47.
Little information is currently available regarding mechanisms that are involved in
STAT5-induced transformation. Recent reports highlighted the importance of
transcription factor dosage that is associated with malignant transformation.
Examples include PU.1, which is highly leukemic in murine models when
expressed at 20% of normal endogenous levels, while complete loss or
heterozygous dosage is not leukemic48. Furthermore, low levels of C/EBPα are
associated with leukemic transformation of myeloid lineages, while increased
expression results in B-ALL49. Based on these findings we analyzed the effects of
STAT5 in a dose-dependent manner on hematopoietic stem cell self-renewal and
differentiation. We observed that at a low to intermediate STAT5 activity maximal
effects on self-renewal of stem and progenitor cells were obtained in conjunction
with long-term expansion. High STAT5 activity levels resulted in a predominant
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erythroid commitment with impaired myeloid development. Gene expression
profiling over a range of STAT5 activities in human CB CD34+ cells revealed
subsets of genes that were associated with the ‘self-renewal and long-term
expansion’ phenotype. This subset contained (besides known growth-promoting
genes such as PIM1 and CYCLIN D2) a large set of genes encoding membrane
and membrane-associated proteins.

Materials and Methods
Cell culture and retroviral transductions
CD34+ cells were derived from neonatal cord blood from healthy full-term
pregnancies from the Obstetrics departments of the Martini Hospital and University
Medical Center in Groningen, The Netherlands, after informed consent. The
protocol was approved by the Medical Ethical Committee of the UMCG. For all
retroviral transduction experiments, the murine stem cell virus (MSCV) retroviral
expression vector was used which contained an encephalo-myelocarditis virus
(EMCV) derived internal ribosomal entry site (IRES2) in front of the truncated
Neural Growth factor Receptor (NGF-R) (MiNR1 vector). The STAT5A(1*6)
retroviral vector was described previously21,50. STAT5A(1*6)-ER was constructed
by fusing the STAT5(1*6) cDNA, from which the stop codon was removed by PCR
mediated mutagenesis, to the cDNA of the ligand binding domain of the murine
estrogen receptor in pBlueScript (kindly provided by Hergen Spits, Department of
Cell Biology and Histology, University of Amsterdam, The Netherlands). The
resulting cDNA was cloned into the EcoRI site of pMSCV-iNGFR. pMSCVSTAT5A(S710F) was made by replacing the BamHI / NsiI fragment from pMSCVSTAT5(1*6) with the same fragment from pMSCV-STAT5A(wt). Cloning of
STAT5A(S710F)-ER and STAT5A(wt)-ER was done in a similar way as pMSCVSTAT5(1*6) using cDNA from the corresponding pMSCV vectors. Details of the
cloning and primer sequences are available upon request. pMSCV-STAT5B-ER
was made by cloning the STAT5B-ER cDNA (kindly provided by Hergen Spits,
Department of Cell Biology and Histology, University of Amsterdam, The
Netherlands) from pLZRS into the EcoRI site of the pMSCV-iNGFR vector. Stable
PG13 high titer retroviral producer cell lines were generated and CB CD34+ cells
were transduced in three consecutive rounds as described previously21,50.

129

Chapter 6
Stromal Coculture assays, Colony Forming Cell (CFC), Cobblestone Area
Forming Cell (CAFC), LTC-IC and 2nd CFC assays
MS5 cocultures were performed as described previously. Briefly, MS5 stromal cells
were preplated on T25 flasks in αMEM supplemented with 10% Horse serum
(Sigma, Zwijndrecht, The Netherlands), penicillin and streptomycin and 200 mM
Glutamine and cells were grown to full confluency. 3x104 transduced CB CD34+
cells were plated on MS5 in LTC medium (αMEM supplemented with heatinactivated 12.5% FCS, heat-inactivated 12.5% Horse serum (Sigma, Zwijndrecht,
The Netherlands), penicillin and streptomycin, 200 mM Glutamine, 57.2 µM βmercaptoethanol (Sigma) and 1 µM hydrocortisone (Sigma)). Half of the cultures
was removed weekly and was replaced with fresh LTC medium. Harvested cells
were counted and analyzed by FACS and progenitor content (CFCs) as indicated
in the text. CFC assays were performed as described previously. Briefly, CFC
assays were performed in MethoCult H4230 (StemCell Technologies, Grenoble,
France) supplemented with 20 ng/ml Interleukin-3 (IL3), 20 ng/ml IL-6, 20 ng/ml GCSF, 20 ng/ml c-Kit ligand (KL) and 6 U/ml EPO. 103-104 cells were plated in
methylcellulose per plate in duplicate. For 2nd CFC assays, cells were harvested
from methylcellulose after two weeks, washed three times with PBS, and replated
into new methylcellulose for another two weeks after which 2nd CFCs were
enumerated. CAFC and LTC-IC assays were performed by plating transduced CB
CD34+ cells in limiting dilutions in the range of 6-1458 cells per well on MS5
stromal cells in 96-well plates in LTC medium. Cultures were weekly fed with new
medium and after 5 weeks, methylcellulose was added to the wells. Two weeks
later, wells containing CFCs were scored as positive. CAFC assays were
performed as LTC-IC assays, but now CAFCs were counted at day 10 and at week
5 by microscopic evaluation of cocultures and phase dark colonies underneath the
stroma were enumerated.
mRNA analysis
Total RNA was isolated using the RNeasy kit from Qiagen (Venlo, The
Netherlands) according to the manufacturer’s recommendations. For real-time RTPCR, cDNA was prepared by reverse transcribing the total RNA of 0.15 x 106
sorted cells using M-MuLV reverse transcriptase (Fermentas GmbH, St. LeonRoth, Germany) according to the manufacturer’s instructions. cDNA was diluted 20
fold and 3 µl was then real-time amplified using iQ SYBR Green supermix (Bio130
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Rad, Veenendaal, the Netherlands) in a MyIQ thermocycler (Bio-Rad) and
quantified using MyIQ software (Bio-Rad). HPRT, RPL27 and RPL30 expression
levels51 were used to normalize between samples and to calculate relative
expression levels. Primers and conditions are indicated in Supplementary Table 1.
Genome-wide expression analysis was performed on Illumina (Illumina, Inc., San
Diego, CA) BeadChip Arrays Sentrix Human-6 (46k probesets). Typically, 0.5-1 µg
of mRNA combined from three independent transduction experiments was used in
labeling reactions and hybridization with the arrays according to the manufacturer’s
instructions. Data was analyzed using the BeadStudio v3 Gene Expression Module
(Illumina, Inc.) and Genespring (Agilent, Amstelveen, The Netherlands).
Flow cytometry analysis
All antibodies were obtained from Beckton Dickinson (Alphen a/d Rijn, The
Netherlands). Cells were incubated with antibodies at 4°C for 30 min. All
fluorescence activated cell sorter (FACS) analyses were performed on a
FACSCalibur (Becton Dickinson) and data was analyzed using WinList 3D
(Topsham, USA). Cells were sorted on a MoFLo (DakoCytomation, Carpinteria,
CA, USA).
Electrophoretic Mobility Shift Assays (EMSAs)
Nuclear extracts of retrovirally transduced KG1a cells were made according to the
mini scale procedure. EMSA analysis was performed by incubating 5 µg of nuclear
extract with 5’-IRDye 700 labeled double stranded oligonucleotides for 30 minutes
at room temperature. Binding reactions were run on non-denaturing 4 %
Acrylamide gels in 1 x TBE and the gels were scanned using an Odyssey infrared
scanner (Li-Cor Biosciences, Lincoln, NE, USA). To check for specificity of the
reactions, 50 fold molar excess of unlabeled oligonucleotide (either self or non-self)
was added to the binding reactions. For supershift analysis, 1 µl of STAT5-specific
antibody (C17, Santa Cruz Biotech, Santa Cruz, CA, USA) was added
simultaneously with the probe.
Immunoblotting, histochemistry and cytospins
Nuclear extracts were obtained as described above. Laemmli sample buffer was
added to the samples, and samples were boiled for 5 min prior to separation on
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12% SDS-acrylamide gels. Proteins were transferred to PVDF membrane
(Millipore, Etten Leur, The Netherlands) by semidry electroblotting. Membranes
were blocked in Odyssey blocking buffer prior to incubation with antibodies.
Binding of antibodies was detected by incubating with Alexa680 or IRDye800
labeled secondary antibodies (Invitrogen, Breda, the Netherlands) and scanning of
the membrane on an Odyssey infrared scanner (Li-Cor Biosciences, Lincoln, NE,
USA). Antibodies against STAT5 (C17) were obtained from Santa Cruz (Santa
Cruz Biotech, Santa Cruz, CA, USA) and antibodies against tyrosine
phosphorylated STAT5 (pY694, C11C5) were obtained from Cell Signaling
Technologies (Leiden, The Netherlands) and were used in dilutions of 1:1000.
May-Grünwald Giemsa staining was used to analyze cytospins.
Luciferase assays
For transactivation studies, 293T cells were transiently transfected in 12-well plates
with the indicated constructs using Fugene6 (Roche, Basel, Switserland) according
to the manufacturer’s instructions. Cells were transfected with a luciferase vector
containing 3 STAT5-binding sites from the beta-casein promoter (3xGAS-luc),
together with a pDM-LacZ vector as an internal control for transfection efficiency.
24 hours after transfection, cells were stimulated for 24 hours with 0-500 nM 4hydroxy tamoxifen (Sigma) to induce STAT5 activation and cell extracts were made
using Luciferase lysis buffer (Promega, Leiden, the Netherlands). Luciferase
expression was measured according to the manufacturer’s protocol (Promega,
Leiden, the Netherlands). β-galactosidase expression was measured to correct for
differences in transfection efficiency.

Results
Dose-dependent induction of STAT5A activity in human CD34+ cells
In order to generate a system in which STAT5 transactivity levels could be
introduced into primary human CD34+ cells in a dose dependent manner, we
constructed a fusion protein of the STAT5A(1*6) mutant with the modified ligand-
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Figure 1. Dose-dependent induction of STAT5 activity using 4-OHT-inducible STAT5A(1*6)-ER
fusion proteins. A, Schematic representation of the retroviral vectors used in this study. B, Western
blot of nuclear extracts of KG1a cells transduced with MiNR1 control or STAT5A(1*6)-ER vectors. Cells
were stimulated with 4-OHT in concentrations from 0-500 nM for 24 hrs as indicated and lysates were
probed using antibodies against STAT5 and tyrosine 694 phosphorylated STAT5. C, Electrophoretic
Mobility Shift Assay (EMSA) using nuclear extracts of MinR1 and STAT5A(1*6)-ER-transduced KG1a
cells using a STAT5-specific probe from the beta-casein promoter.. Cells were stimulated with 500 nM
4-OHT for 24 hrs or left unstimulated as indicated and nuclear extracts were prepared. Supershift
experiments were performed using antibodies against STAT5. D, EMSA experiment as in C, but now
cells were stimulated in a dose-dependent manner with 4-OHT as indicated. E, 293T cells were
transiently transfected with MiNR1 or STAT5A(1*6)-ER vectors together with a luciferase reporter
containing three STAT5 binding sites in the promoter. Cells were stimulated with 4-OHT in a dosedependent manner as indicated for 24 hrs and cell lysates were prepared and analyzed for luciferase
+
activity. F, CB CD34 cells were transduced with STAT5A(1*6)-ER, stimulated with 4-OHT in a dosedependent manner as indicated for 24 hrs and RNA was isolated. Q-PCR analysis was performed using
primers against SOCS2. Q-PCR data were compared to results obtained from gene expression profiling
+
using Illumina BeadChip Arrays. G, CB CD34 cells were stimulated with a cocktail of cytokines (c-KIT
ligand, FLT3-ligand, and Thrombopoietin (KFT)) in a dose-dependent manner as indicated. Total cell
lysates were prepared and Western blotting was performed using antibodies against STAT5 and
+
tyrosine 694 phosphorylated STAT5. H, CB CD34 cells were transduced with wt STAT5A-ER and
stimulated with 10 ng/ml IL3, 400 nM 4-OHT, or both. Total cell lysates were prepared and Western
blotting was performed using antibodies against STAT5 and tyrosine 694 phosphorylated STAT5. I, CB
+
CD34 cells were stimulated with in creasing concentrations of KFT as in G, or transduced with
STAT5A(1*6)-ER or wt STAT5A-ER after which cells were stimulated with 4-OHT as in B (for wt
STAT5A-ER 0, 3.2, 16, 80, 400, and 2000 nM 4-OHT was used). RNA was isolated and Q-PCRs were
performed using primers against CISH.
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binding domain (LBD) of the Estrogen Receptor that is responsive to 4-hydroxy
tamoxifen. STAT5A(1*6)-ER was inserted into the retroviral MiNR1 vector
(schematically depicted in Fig.1A). Dose-dependent STAT5A inducibility was first
tested in 293T human kidney and KG1a cells and later in transduced CB-derived
CD34+ cells. Western blotting of nuclear extracts of transduced KG1a cells
revealed that STAT5 tyrosine 694 phosphorylation and nuclear translocation could
be induced in a dose-dependent manner upon treating cells with increasing
concentrations of 4-OHT (Fig.1B). Specific STAT5A DNA-binding was determined
by Electrophoretic Mobility Shift Assays (EMSA) and supershift experiments
(Fig.1C), which could also be induced in a dose-dependent manner upon
increasing concentrations of 4-OHT (Fig.1D). STAT5A transactivation was
determined by transient transfections of 293T cells with the STAT5A(1*6)-ER
fusion together with a 3x-GAS-luciferase reporter, and these studies also revealed
a dose-dependent induction of STAT5A transactivation upon treatment with
increasing concentrations of 4-OHT (Fig.1E). To study the effects of STAT5
transactivation on the expression of endogenous target genes, CB CD34+ cells
were retrovirally transduced with STAT5A(1*6)-ER and RNA was isolated from
cells that were treated with increasing concentrations of 4-OHT for 24 hrs. Illumina
microarray analysis as well as Q-PCR analysis revealed that STAT5 target genes
were induced in a dose-dependent manner and an example for SOCS2 expression
is shown in Fig.1F.
Finally, we wished to determine how the induced STAT5A(1*6)-ER transactivity
levels compare to normal endogenous STAT5 activity levels induced by cytokines
as well as to wt STAT5A-ER activity levels. CB CD34+ cells were stimulated with
the cytokines c-KIT-ligand, FLT3-ligand and Thrombopoietin (KFT) in increasing
concentrations and STAT5 tyrosine 694 phosphorylation was determined by
Western blotting. As shown in Fig.1B and Fig.1G, 4-OHT-induced STAT5A(1*6)
tyrosine phosphorylation was within a similar range and never exceeded
endogenous STAT5 phosphorylation levels induced by cytokines. Furthermore,
endogenous IL-3-induced STAT5 signaling was compared to wt STAT5A-ER
signaling in CB CD34+ cells. IL-3-induced STAT5A tyrosine phosphorylation was
comparable to wt STAT5A-ER tyrosine phosphorylation induced by 4-OHT
(Fig.1H). Moreover, similar observations were done in Q-PCR analyses for STAT5
target genes and an example is shown in Fig.1I in which cytokine-induced CISH
expression was within a similar range compared to STAT5A(1*6)-ER and wt
STAT5A-ER-induced CISH expression, whereby somewhat higher 4-OHT
concentrations were required to activate the wt STAT5A-ER molecules.
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+

Figure 2. Maximal proliferative advantage of CB CD34 cells at intermediate STAT5A activity
+
levels while differentiation is most affected at high STAT5A transactivation levels. A, CB CD34
cells were transduced with MiNR1 control or STAT5A(1*6)-ER vectors and cocultures were initiated on
MS5 bone marrow stromal cells in the presence of 4-OHT concentrations ranging from 0-500 nM as
indicated. Cultures were weekly demidepopulated and cumulative cell counts of a representative
experiment (out of three) are indicated. B, Experiment as in A, but now cells were transduced with
MiNR1 control or STAT5A(S710F)-ER vectors. C, Experiment as in A, but now cells were transduced
with MiNR1 control or wt STAT5A-ER vectors and cocultures were initiated on MS5 bone marrow
stromal cells in the presence of 4-OHT concentrations ranging from 0-2000 nM. D, experiment as in A,
but now cells that were harvested by weekly demidepopulation were analyzed by FACS for expression
of myeloid (CD14, CD15) and erythroid (GPA) antigens. Data from a representative week 2 experiment
is shown. E, Experiment as in A, but now cells harvested at week 2 were analyzed by cytospin and
May-Grunwald-Giemsa staining. F and G, Experiments as in B and C, but now cells that were harvested
by weekly demidepopulation were analyzed by FACS for expression of myeloid (CD14, CD15) and
erythroid (GPA) antigens. Data from representative week 2 experiments are shown.

Proliferative advantage of CD34+ cells is most pronounced at intermediate
STAT5A activity levels
CB CD34+ cells were transduced with MiNR1 empty vectors or STAT5A(1*6)-ER
vectors, and cocultures on MS5 bone marrow stroma were initiated. 4-OHT was
added to the cocultures in concentrations from 0-500 nM. Cultures were weekly
demidepopulated and expansion of suspension cells was monitored. Control
MiNR1 cultures expanded about 15 to 20-fold over a period of three weeks, which
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was not affected by addition of 4-OHT to the cultures (Fig.2A). Activation of
STAT5A resulted in a proliferative advantage as we have observed before21, but
surprisingly the maximum fold expansion of over 80-fold within three weeks was
not reached in the groups with the highest STAT5 activity levels (Fig.2A). Rather,
transduced CD34+ cells treated with 20nM 4-OHT resulting in intermediate STAT5
activity levels displayed the maximal proliferative advantage (Fig.2A). In order to
determine whether the effects on proliferation were specific for the STAT5A(1*6)ER mutant, we repeated the co-culture experiments with STAT5A S710F-ER and
wild-type STAT5A-ER (Fig.2B and B) as well as with STAT5B-ER (data not shown)
and basically similar results were observed, albeit with somewhat different kinetics.
STAT5A(S710F)-ER reached maximal long-term expansion at 20 nM (Fig.2B)
whereby the maximal number of CAFCs was observed. While at 500 nM a strong
expansion was observed at week 1, this expansion was transient and all cells
differentiated towards an erythroid fate and no long-term cultures could be
maintained after three weeks of MS5 coculture. Maximal wt STAT5A-ER induced
proliferation was reached at 400 nM 4-OHT, which was not further increased upon
further activation of STAT5 (Fig.2B).
Impaired myelopoiesis and induction of erythropoiesis at high STAT5A
transactivation levels
Hematopoietic differentiation was monitored in suspension cells from MS5
cocultures by FACS and morphological analysis of cytospins by MGG staining. As
observed previously21, STAT5A activation impairs myelopoiesis, as demonstrated
by a reduction in cells that express monocytic and granulocytic antigens CD14 and
CD15 (Fig.2D), while erythroid differentiation was induced as demonstrated by an
increase in cells expressing Glycophorin A (Fig.2C), CD36 and CD71bright (data not
shown). Analysis of cytospins of suspension cells at week two yielded similar
results, with an impairment of myelopoiesis and an induction of erythropoiesis upon
STAT5 activation (Fig.2E). Importantly, maximum inhibition of myelopoiesis was
observed at the highest STAT5 activity levels (Fig.2D). These data contrast our
observations related to the proliferative capacity of cells which were maximal at
intermediate STAT5 activity levels. Maximal erythroid differentiation and impaired
myeloid differentiation were also achieved at the highest STAT5A S710F-ER and
wt STAT5A-ER (Fig.2F and G) and STAT5B-ER (data not shown) activity levels.
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Figure 3. Self-renewal of progenitors at
+
intermediate STAT5A activity levels. CB CD34
cells were transduced with MiNR1 control or
STAT5A(1*6)-ER vectors, cells were plated into
methylcellulose in the presence of 4-OHT in
concentrations as indicated. Progenitor numbers
were scored two weeks later. After scoring, cells
were harvested, washed with PBS and were
nd
replated into new methylcellulose to initiate 2
CFC assays, which were scored two weeks after
plating (n=3).

Self-renewal of progenitors at intermediate STAT5A activity levels
To address the self-renewal capacity of hematopoietic progenitors, CB CD34+ cells
were transduced with MiNR1 controls vectors or STAT5A(1*6)-ER, and 103 cells
were plated in methylcellulose in duplicate in the absence or presence of
increasing concentrations of 4-OHT. As depicted in Fig.3A, increasing STAT5
activity levels resulted in a dose-dependent reduction in CFCs. No apoptotic cells
were observed, suggesting that reduced proliferation or differentiation beyond the
progenitor stage was involved rather than programmed cell death (data not shown).
After two weeks, CFC colonies were harvested and replated into fresh
methylcellulose. Only cells that were cultured with low concentrations of 4-OHT
were capable of giving rise to 2nd CFCs (Fig.3A, right panel). Secondary colonies
were exclusively of myeloid origin, while erythroid colonies lacked replating
capacity. Thus, low to intermediate STAT5 activity levels could confer self-renewal
properties to myeloid progenitors, but self-renewal of erythroid progenitors was not
observed.
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Figure 4. CAFC and LTC-IC frequencies are increased at intermediate, but not high, STAT5A
+
activity levels. A, CB CD34 cells were transduced with MiNR1 control or STAT5A(1*6)-ER vectors
and cocultures were initiated on MS5 bone marrow stromal cells in limiting dilution on 96-well plates in
the presence of 4-OHT concentrations ranging from 0-500 nM as indicated. Early cobblestone areas
were enumerated at week 2 (n=3). B, Experiment as in A, and representative images of cocultures at
week 2 are shown. C, Stem cell frequencies were determined in LTC-IC assays in limiting dilution in 96well plates on MS5 stroma by plating MiNR1 or STAT5A(1*6)-ER-transduced cells in concentrations of
6-1458 cells per well. Cultures were weekly fed with new medium, and at week 5 methylcellulose was
added and LTC-IC frequencies were determined two weeks later. Data from two representative
experiments is shown (in C and D). Panels on the left display all LTC-IC data over a range of plated cell
densities without 4-OHT or in the presence of 500 nM 4-OHT. The panel on the right displays LTC-IC
frequencies over a range of 4-OHT concentrations as indicated. E, Similar experiments as in C and D,
but now stem cell frequencies were determined in LTC-IC assays in limiting dilution in 96-well plates on
MS5 stroma by plating wt STAT5A-ER-transduced cells.
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CAFC and LTC-IC frequencies are increased at intermediate, but not at high
STAT5A activity levels
To determine the effects of dose-dependent STAT5 signaling on the human
hematopoietic stem cell population, CAFC and LTC-IC assays were performed.
Previous studies have shown that induction of STAT5A activity facilitates the
interaction of human CD34+ cells with bone marrow stroma. These data indicated
that activation of STAT5 induces HSCs into a ‘hyperactive’ state with the capacity
to form CAFCs underneath bone marrow stromal cells that retain the capacity for
long-term ex-vivo self-renewal21. First we determined the formation of CAFCs at
week 2 in sorted transduced cells that were plated in limiting dilution in 96-well
plates on MS5 bone marrow stromal cells. Control MiNR1 cells normally do not
form CAFCs until week 5 in these cocultures and indeed no CAFCs were observed
in MiNR1 control cells at week 2 (Fig.4A). In contrast, upon induction of STAT5A
activity early CAFCs appeared within 1 week after plating which persisted to grow
for over 5 weeks (Fig.4A and B). Importantly, the highest CAFC frequencies were
observed at intermediate STAT5A activity levels (20 nM 4-OHT) and CAFC
frequencies were significantly lower at high STAT5A activity levels (500 nM 4OHT). Representative photographs of MS5 cocultures at week 2 are shown in
Fig.4B. LTC-IC frequencies were determined in limiting dilution in 96-well plates,
and in line with our CAFC data at week 2, LTC-IC frequencies were significantly
enhanced upon induction of STAT5A activity, which were maximal at intermediate,
but not the highest, STAT5A activity levels (2 representative experiments are
shown in Fig.4C). Similar results were obtained in experiments in which CB CD34+
cells were transduced with wt STAT5A-ER vectors whereby maximal LTC-IC
frequencies were observed at intermediate STAT5 activity levels (Fig.4E).
Genome-wide changes in gene expression induced by dose-dependent
STAT5 signaling
In order to correlate global changes in gene expression with levels of STAT5A
transactivity, Illumina BeadChip array analysis were performed using
STAT5A(1*6)-ER-transduced CD34+ cells that were stimulated with increasing
concentrations of 4-OHT (0-500 nM) for 24 hrs. mRNA was isolated from
transduced and MoFlo-sorted cells which was used to hybridize human Illumina
BeadChip Arrays that contain 46k probe sets. STAT5 expression levels, as well as
the number and location of retroviral integration sites, were identical in all groups
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as one batch of CD34+ cells was divided into six groups after transduction and
MoFlo sorting that then received a certain dose of 4-OHT. Data was first analyzed
by identifying significant changes in gene expression that were induced at
intermediate STAT5A activity levels (20 nM versus 0 nM 4-OHT; fold change>2;
p<0.05). Thus, 437 changes in gene expression were identified, which are
presented in Fig.5 and Supplemental Table 2. Of the 437 changes, 220 genes
were upregulated and 217 were downregulated (Fig.5, Supplemental Table 2). A
number of the changes in gene expression were verified by independent Q-PCR
analysis and we observed that the Illumina BeadChip Array analyses were in good
agreement with data obtained by Q-PCR (26 out of 29 changes identified by
Illumina BeadChip Arrays were confirmed by Q-PCR, Supplemental Fig.1). To
determine whether the identified target genes were indeed potential STAT5 target
genes or whether they were specific for the STAT5A(1*6)-ER mutant we also
performed gene expression studies on CB CD34+ cells transduced with wt
STAT5A-ER vectors that were stimulated with 0 or 500 nM 4-OHT. Fold changes
are included in Supplemental Table 2 and Supplemental Figure 1 and we observed
that the expression of the vast majority of identified genes was affected by both the
STAT5A(1*6)-ER and wt STAT5A-ER in a similar manner, although the fold
changes were typically somewhat lower in the wt STAT5A-ER transduced cells.
As we observed different phenotypes at 20 nM (predominant long-term growth and
self-renewal) and 500 nM (predominant erythroid differentiation, schematically
represented in Fig.6), we analyzed our datasets in order to determine which
differences in gene expression between these groups might exist. We noted that
within the upregulated genes, two subgroups could be identified. In one subgroup
maximal gene expression induced by STAT5 was reached at 20 nM 4-OHT
(‘[STAT5]int’ group, defined by 20 nM > 0 nM (>2-fold) and 500 nM = 20 nM (+/20%). This group contained 138 changes (Supplemental Table 3). A second
subgroup contained genes that responded in a more linear fashion upon increasing
STAT5 activity (‘linear up’ group, defined by 20 nM > 0 nM (>2-fold) and 500 nM >
20 nM (>1.2 fold)). This group contained 60 changes (Supplemental Table 4). The
‘[STAT5]int’ group contained genes such as PIM1, GATA2, Insulin Growth factor
Binding Protein 4 (IGFBP4), IGFBP5, CISH, Calbindin 2 (CALB2), Interleukin 3
Receptor alpha (IL3Ra), Integrin 2 (ITGA2) and MUC1. The oncogene MAF was
also upregulated maximally at intermediate STAT5 activity levels. The ‘linear up’
group contained genes such as Suppressor of Cytokine Signaling 2 (SOCS2), and
Regulator of G-protein Signaling 1 (RGS1), as well as various novel potential
STAT5 target-genes including members of the CCL chemokine family (CCL2, -3, 140

+

Figure 5. Genome-wide changes in gene expression induced by dose-dependent STAT5 signaling. CB CD34 cells were transduced with MiNR1 control
or STAT5A(1*6)-ER vectors and cells were stimulated with 0, 0.8, 4, 20 100 or 500 nM 4-OHT for 24 hrs as indicated. RNA was isolated and genome-wide gene
expression patterns were determined by Illumina Sentrix Human-6 BeadChip Arrays. The displayed data indicate gene expression changes in the 20 nM versus
0 nM groups (more than 2-fold up- or downregulated). Of the 437 changes, 217 genes were downregulated and 220 genes were upregulated. The upregulated
genes were further subdivided into genes that reached their maximal expression levels at 20 nM (500 nM=20 nM +/- 20%, 138 changes) and genes that were
further upregulated in response to further increasing STAT5 activity levels (500 nM>20nM, at least 1.2-fold, 60 changes). Gene lists are indicated in the
supplemental data files. A number of gene expression changes were verified by Q-PCR analysis (all Q-PCR analysis are shown in Supplemental Fig.1). Gene
expression changes were annotated according to cellular component and significant GO cellular component annotations are presented in pie charts.
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5, -22). Q-PCR analysis also revealed that Bcl2 and p21 are induced by STAT5 in
a linear fashion (Fig.5). 217 genes were found to be downregulated by induction of
STAT5A activity in CD34+ cells (20 nM < 0 nM 4-OHT (>2-fold)) and this group
included CXCR4, Neutrophil Elastase (ELA2) and C/EBPα, genes that we
previously identified as being downmodulated via STAT5A21,50 as well as various
novel STAT5-regulated genes including Gap Junction protein Alpha 4 (GJA4) and
Rho GTPase activating protein 21 (ARHGAP21) (Fig.5, Supplemental Table 2).
We annotated the groups of genes according to biological process, cellular
component and molecular function. It was striking to observe that genes within the
[STAT5]int group were strongly enriched for membrane (p=0.0152), integral to
membrane (p=0.00548), and intrinsic to membrane (p=0.00563) categories (Table
1, Figure 5). Genes within this group are listed and further annotated in
Supplemental Table 3. These categories were absent from the ‘linear up’ group,
which was most strongly enriched for genes belonging to the extracellular space
(p=4.80E-05) category (Table 1, Fig.5). The downmodulated group was enriched
for plasma membrane categories (p=0.000586), and also contained actin
cytoskeleton (p=0.00574) and cell junction (p=0.00941) categories, amongst others
(Table 1).

Discussion
The balance between hematopoietic stem cell self-renewal and differentiation
needs to be tightly controlled, as a shift towards differentiation might exhaust the
stem cell pool while a shift towards self-renewal might mark the onset of leukemic
transformation. A number of transcription factors have been proposed to be
critically involved in governing stem cell fate and lineage commitment, and these
include HOX transcription factors52, c-MYC53, NOTCH154, β-CATENIN55, C/EBPα56,
PU.157 and STAT518,20,21. It is therefore no surprise that dysregulation of these
transcription factors can contribute to the development of leukemias. Over the past
few years it has become increasingly evident that the dose of transcription factor
activity is highly critical in determining cellular fates, whereby low versus high levels
of activity might associate with very different phenotypes. Here, we describe that
maximal self-renewal and long-term expansion is induced in human
stem/progenitor cells by relatively low STAT5 transcriptional
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Figure 6. Proposed model for dosedependent STAT5 signaling in human
+
CD34 cells. Intermediate STAT5 activity
levels induce maximal self-renewal and
long-term proliferative advantage. High
STAT5 activity levels predominantly
associate
with
an
induction
of
erythropoiesis and impaired myelopoiesis.
Intermediate STAT5 levels are sufficient to
induce maximal levels of growth promoting
oncogenes such as PIM1 and MAF, or low
levels of C/EBPα, as well as maximal
levels of membrane-associated genes
such as MUC1 that might mediate the
enhanced interaction between human
hematopoietic stem/progenitor cells with
their bone marrow microenvironment. This
pattern of gene expression will drive longterm expansion and self-renewal. Upon further increases in STAT5 activity, only specific subsets of
STAT5 target genes will be further enhanced, and these include p21CIP and members of the
chemokine family. These will negatively affect cell cycle progression and expansion, resulting in a shift
towards a differentiation phenotype along the erythroid lineage.

activity levels, while high STAT5 activity levels predominantly result in erythroid
commitment without long-term growth.
Maybe the clearest example to date that illustrates transcription factor dosage is
PU.1. This transcription factor fulfils a variety of functions within the hematopoietic
system, including maintenance of the stem cell pool, the generation of myeloid and
lymphoid progenitors, as well as monocytic differentiation57. While a 50% reduction
in PU.1 expression did not result in severe phenotypes, a reduction to 20% of
normal PU.1 levels was shown to be highly leukemogenic48. Complete deletion of
the PU.1 locus did not induce leukemia, and these data convincingly indicate that
the levels of PU.1 are highly important in determining the phenotype. Other
examples include c-MYC, which is thought to be expressed at very low levels in
resting HSCs, but its expression increases upon HSC activation and is high in
proliferating progenitors53. Enforced overexpression of c-MYC in HSCs resulted in
a quick loss of stem cells presumably due to the induction of differentiation.
NOTCH1, when expressed at high levels in neural stem cells leads to growth
arrest, while low levels of the active form promote proliferation58. In human CD34+
cells, overexpression of the active form of NOTCH1 has resulted in opposing
phenotypes, ranging from the induction of apoptosis59 to stem cell expansion54 and
it is well plausible that the dose of active NOTCH1 is critical in determining the
phenotype. Activation of β-CATENIN by WNT3A was suggested to enhance stem
cell self-renewal55, although a loss of hematopoietic stem cell repopulation and a
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block in multilineage differentiation was reported by others60,61, which might well be
explained by different dosages of β-CATENIN activity that were introduced.
These examples illustrate that the level of transcription factor activity that is
introduced within the hematopoietic stem/progenitor compartment strongly
influences the decision whether to self-renew, proliferate or differentiate. In the
present study we have used a model system in which the transcription factor
activity of STAT5 could be tightly controlled by making use of 4-OHT-inducible
chimeras of the modified Estrogen Receptor ligand binding domain fused to
STAT5. Even though this 30 kDa domain is relatively large and we therefore
cannot exclude the possibility that target gene expression might be altered by for
instance changing STAT5 tetramer formation31, we have observed induction of the
known previously described STAT5 target genes with our ER fusion molecules.
Thus, this approach allowed us to perform gene-dosage experiments in transduced
human CD34+ stem/progenitor cells in relation to self-renewal, long-term expansion
and differentiation. Our studies revealed that low to intermediate STAT5 activity,
but not high levels of STAT5 activity, are required to induce optimal self-renewal
and long-term expansion on stroma. This intermediate STAT5 activity was
associated with the formation of cobblestone area (CA) formation underneath the
bone marrow stroma within a few days after plating, and these CAs contain selfrenewing cells as demonstrated by their serial replating capacity21,25,62. In fact, this
interaction with bone marrow stroma was required for self-renewal as no long-term
cultures could be established in cytokine-driven liquid cultures using cells
transduced with either activated STAT5 or FLT3-ITD21,63. Genome-wide gene
expression analysis revealed that at intermediate STAT5 activity levels this group
was significantly enriched for genes encoding for membrane proteins. These
include membrane proteins that have been associated with adhesion, such as
Protocadherin 21, CEECAM1 and MUC1. While loss-of-function experiments are
still required to determine whether these membrane proteins are indeed involved in
self-renewal and long-term growth by mediating the interaction between the bone
marrow microenvironment and HSCs expressing STAT5, we have already
performed studies focusing on the role in MUC1 in normal and leukemic CD34+
cells. These studies indeed indicate that normal CD34+ cells can be further
subfractionated into MUC1+ cells to enrich for stem and progenitor cells, that
overexpression of MUC1 is sufficient to elevate stem cell self-renewal of human
CD34+ cells, and finally that MUC1 expression is increased in CD34+ cells from
AML patients in the majority of cases64. Besides an enrichment for adhesion
molecules in the group of genes that is upregulated by intermediate STAT5 activity
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levels, we find that the group of downmodulated genes is also enriched for
membrane-associated genes. Together, these data argue that STAT5 might
strongly alter the membrane composition of stem/progenitor cells, such that
interactions with the niche that allow long-term self-renewal are facilitated. This
would be in line with our observations indicating that cells expressing activated
STAT5 cannot be maintained long-term outside of a bone marrow
microenvironment.
Besides membrane-associated genes, we also identified a number of growth
promoting oncogenes as STAT5 targets. These include the serine/threonine kinase
PIM1, which was initially identified as a MYC-cofactor that predisposes to
lymphomagenesis65. Recently, it was shown that MYC recruits PIM1 to target
genes to phosphorylate the serine 10 residue of histone H3 on the nucleosome,
thereby contributing to transcriptional activation66. PIM1 has previously been
identified as a STAT5 target and can induce cytokine-independent growth of cell
lines22. MAF was also identified as a STAT5 target. In Multiple Myeloma, the
oncogene MAF not only stimulates cell cycle progression, but also improves the
interaction between tumor and stromal cells67. C/EBPα expression was reduced by
STAT5 as we have observed previously50, and in a variety of cases low expression
levels or impaired signalling of C/EBPα has been associated with enhanced selfrenewal and leukemic transformation56,68-71. Importantly, the effects of STAT5 on
these oncogenes, as well as on the cluster of genes that was enriched for
membrane proteins, were all maximally induced or repressed at intermediate
STAT5 activity levels and did not significantly change upon further increases in
STAT5 activity. Yet, the phenotype did change upon a further increase in STAT5
transactivity from a predominant growth and self-renewal phenotype at
intermediate levels, towards a predominant differentiation phenotype upon high
STAT5 activity. The group of target genes at high STAT5 activity levels was
significantly enriched for secreted extracellular factors. Within this group, we
identified the chemokine family members CCL2, -3,-5, and -22 as novel STAT5
targets, and several potential STAT5 binding sites were found in their 5’-promoter
sequences (unpublished observations). It has been described that several of these
chemokines have growth inhibitory effects on murine progenitor cells as
determined by colony assays in methylcellulose72. These genes respond in a linear
fashion in response to STAT5 activity and reach their highest expression levels al
maximal STAT5 activity. The same is true for the cell cycle inhibitor p21CIP, and it
is plausible that these growth inhibitory genes might shift the balance from
proliferation towards differentiation at the highest STAT5 transactivation levels.
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In conclusion, we propose a model which is summarized in Fig.6. Intermediate
STAT5 activity levels are sufficient to induce maximal levels of growth promoting
proto-oncogenes such as PIM1 and MAF, or low levels of C/EBPα, as well as
maximal levels of membrane-associated genes such as MUC1 that might mediate
the enhanced interaction between human hematopoietic stem/progenitor cells with
their bone marrow microenvironment. This pattern of gene expression will drive
long-term expansion and self-renewal. Upon further increases in STAT5 activity,
only specific subsets of STAT5 target genes will be further enhanced, and these
include p21CIP and members of the chemokine family. This set of genes will
negatively affect cell cycle progression and expansion, resulting in a shift towards a
differentiation phenotype along the erythroid lineage. On the basis of this model we
would predict that relatively low, but not high, levels of STAT5 transcription factor
activity would favour leukemic transformation, and it will be challenging to perform
these gene-dosage studies in an in vivo setting to confirm these hypotheses. Also,
it will be intriguing to decipher why genes respond so differently to increasing levels
of STAT5
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Table I. GO annotations related to gene expression changes induced by STAT5A(1*6)-ER
Category '[STAT5]int' GO Cellular
Component (138 changes)
GO:16021: integral to membrane
GO:31224: intrinsic to membrane
GO:323: lytic vacuole
GO:5764: lysosome
GO:16020: membrane
GO:5773: vacuole
GO:5887: integral to plasma membrane
GO:31226: intrinsic to plasma membrane
Category 'linear up' GO Biological Process
(60 changes)
GO:5615: extracellular space
GO:5589: collagen type VI
GO:5576: extracellular region
GO:5773: vacuole
GO:267: cell fraction
GO:5776: autophagic vacuole
GO:5625: soluble fraction
GO:30934: anchoring collagen
GO:5765: lysosomal membrane
Category 'down' GO Cellular Component
(217 changes)
GO:5886: plasma membrane
GO:5887: integral to plasma membrane
GO:31226: intrinsic to plasma membrane
GO:5865: striated muscle thin filament
GO:15629: actin cytoskeleton
GO:16021: integral to membrane
GO:31224: intrinsic to membrane
GO:5912: adherens junction
GO:31092: platelet alpha granule membrane
GO:31091: platelet alpha granule
GO:30054: cell junction
GO:16020: membrane
GO:5925: focal adhesion
GO:5856: cytoskeleton
GO:42383: sarcolemma
GO:8074: guanylate cyclase complex, soluble
GO:5911: intercellular junction
GO:5924: cell-substrate adherens junction
GO:5819: spindle
GO:5861: troponin complex
GO:5862: muscle thin filament tropomyosin
GO:30017: sarcomere

Genes in
Category
3860
3866
141
141
4986
160
1404
1410
Genes in
Category
583
2
1359
160
881
6
235
12
13
Genes in
Category
1970
1404
1410
11
235
3860
3866
15
1
1
141
4986
2
861
3
3
132
4
36
5
5
38

% of
Genes in
Category
30.92
30.97
1.13
1.13
39.95
1.282
11.25
11.3

Genes in
List in
Category
36
36
4
4
42
4
15
15

% of Genes in
List in
Category
45
45
5
5
52.5
5
18.75
18.75

p-Value
0.00548
0.00563
0.0127
0.0127
0.0152
0.0194
0.0317
0.0328

% of
Genes in
Category
4.671
0.016
10.89
1.282
7.058
0.0481
1.883
0.0961
0.104

Genes in
List in
Category
9
1
10
3
7
1
3
1
1

% of Genes in
List in
Category
23.68
2.632
26.32
7.895
18.42
2.632
7.895
2.632
2.632

p-Value
4.80E-05
0.00608
0.00616
0.0126
0.0157
0.0181
0.0343
0.0359
0.0389

% of
Genes in
Category
15.78
11.25
11.3
0.0881
1.883
30.92
30.97
0.12
0.00801
0.00801
1.13
39.95
0.016
6.898
0.024
0.024
1.058
0.032
0.288
0.0401
0.0401
0.304

Genes in
List in
Category
32
25
25
2
7
48
48
2
1
1
5
58
1
14
1
1
4
1
2
1
1
2

% of Genes in
List in
Category
28.07
21.93
21.93
1.754
6.14
42.11
42.11
1.754
0.877
0.877
4.386
50.88
0.877
12.28
0.877
0.877
3.509
0.877
1.754
0.877
0.877
1.754

p-Value
0.000586
0.000746
0.000795
0.00431
0.00574
0.00735
0.00758
0.00803
0.00913
0.00913
0.00941
0.0113
0.0182
0.0249
0.0272
0.0272
0.0327
0.036
0.0426
0.0448
0.0448
0.047
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Supplemental Figure 1. Validation of STAT5A(1*6)-ER Illumina gene expression data by Q-PCR
and comparison with wt STAT5A-ER Illumina data. Q-PCR analysis were performed using primers
and conditions listed in Supplemental Table 1. 26 out of 29 gene expression changes identified by
Illumina were confirmed by Q-PCR. Also, STAT5A(1*6)-ER Illumina gene expression data was
compared to wt STAT5A-ER Illumina data (500 nM 4-OHT).
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Supplemental table 1. Primers sequences and q-PCR conditions
gene
PIM1
CyclinD1
CyclinD2
p21
p27
Bcl-2
CXCR4
GJA4
FLJ43339
ARHGAP1
CXCL12
TUBB2B
RAP1GAP
CCL22
RSG1
c-MAF
CCL3L3
CALB2
IGFBP5
OSM
SALL2
Qp27KIP
CISH
SOCS2
HBB
HBA1
CEBPA (int)
NE
PU1
BMI1
GAPDH
HPRT
RPL27
RPL30

forward primer
cagcttcccgagtaccagtg
gtctgcgaggaacagaagtg
gagctgctggctaagatgac
actaggcggttgaatgagag
gcaaccgacgattcttctac
gaggctgggatgcctttgtg
aggccctagctttcttccac
acctcctcagacccttacac
gcctgggcaaagaagagtag
tcaccaccgagggcatcttc
ttgacccgaagctaaagtgg
acagcagctacttcgtggag
tccaccaagctgccatacac
ccgtgattacgtccgttacc
gttatccaggcgcagagttg
agaaggcgcacctggaagac
ggagtgggtccagaaatacg
gcttggcggaagtacgacac
ggctgaagcagtgaagaagg
gcacagactggccgacttag
gggcactgcttaccaaccac
cgacctgcaaccgacgattc
ccaggaagagccagcaagag
tgcaaggataagcggacagg
acccagaggttctttgagtc
aggccctggagaggatgttc
gcacgagacgtccatcgacatc
gggctaatccacggaattgc
cagatgcacgtcctcgatac
gttccctccacctcttcttg
cacccactcctccacctttg
agttctgtggccatctgcttag
tccggacgcaaagctgtcatcg
acaactgcccagctttgagg

reverse primer
ggcctgggatctggaatgag
ggatggagttgtcggtgtag
ccagttcatcctccgacttg
aggaagtagctggcatgaag
gtccattccatgaagtcagc
gggccaaactgagcagagtc
gtccacctcgctttcctttg
cactggatgagagcccattg
tgtgggaagaggaggttgtc
ctggcaggtgcagctcattg
cacgtctttgccctttcatc
tcggagatgcgcttgaacag
atcatgtcgggcacgaaagg
cggcacagatctccttatcc
ttacctggccttcccagttc
ttgctgatgagcgcctcgac
gtcacacgcatgttcccaag
tcctggagcttgggctcatc
ctgaggtgcagagatgatcc
tgttcctgagcccgaggatg
cagctccttgccggtcaatc
gtcttctgaggccaggcttc
cagcccacaggtgagacaag
cagagatgctgcagagatgg
gagcactttcttgccatgag
ttgccgtggcccttaacctg
ggccaggaactcgtcgttgaag
cggagcgttggatgatagag
tcttcttcttgctgcctgtc
ggctgttgctggttccattc
ccaccaccctgttgctgtag
cgcccaaagggaactgatagtc
tcttgcccatggcagctgtcac
ttccgcatgctgtgcccagttc

Q-PCR conditions:
Initial denaturation: 3’, 94 °C
40 cycles of:
denaturation: 15”, 94 °C
annealing and extension: 45”, 58 °C
Fluorescent data acquisition during annealing and extension.

156

157

158

STAT5-induced differentiation and proliferation

Chapter 7

Downregulation of GATA1 uncouples STAT5-induced
erythroid differentiation from stem/progenitor cell
proliferation

Albertus T.J. Wierenga, Edo Vellenga and Jan Jacob Schuringa

University Medical Center Groningen, Department of Hematology, Hanzeplein 1, 9713 GZ, Groningen.

Accepted for publication in Blood

159

Chapter 7

Summary
Previously, we have shown that overexpression of an activated mutant of STAT5
induces erythropoiesis, impaired myelopoiesis and an increase in long-term
proliferation of human hematopoietic stem/progenitor cells. Since GATA1 is a key
transcription factor involved in erythropoiesis, the involvement of GATA1 in STAT5induced phenotypes was studied by knocking down GATA1 using a lentiviral
shRNA approach. CD34+ cordblood cells were double transduced with a
conditionally active STAT5 mutant and a lentiviral vector expressing a short hairpin
against GATA1. Erythropoiesis was completely abolished in the absence of
GATA1, indicating that STAT5-induced erythropoiesis is GATA1-dependent.
Furthermore, the impaired myelopoiesis in STAT5-transduced cells was restored
by GATA1 knockdown. Interestingly, early cobblestone formation was only
modestly affected and long-term growth of STAT5-positive cells was increased in
the absence of GATA1, whereby high progenitor numbers were maintained. Thus,
GATA1 downregulation allowed the dissection of STAT5-induced differentiation
phenotypes from the effects on long-term expansion of stem/progenitor cells. Gene
expression profiling allowed the identification of GATA1-dependent and GATA1independent STAT5 target genes, and these studies revealed that a number of
proliferation-related genes were upregulated by STAT5 independent of GATA1,
whereas a number of erythroid differentiation related genes were found to be
GATA1 as well as STAT5 dependent.
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Introduction
Signal Transducer and Activator of Transcription (STAT) 5 is a member of a family
of transcription factors that is comprised of seven genes (STAT1 to -6, with STAT5
being encoded by two genes, STAT5A and –B). The pathways mediated by these
transcription factors are involved in many processes in hematopoietic cells,
including regulation of proliferation, anti-apoptosis, differentiation and selfrenewal.1,2 STAT transcription factors contain a conserved tyrosine residue in their
SH2 domain, which upon phosphorylation, gives rise to hetero- or homo
dimerization (or tetramerization3) with another STAT molecule, leading to nuclear
translocation. Constitutively activated STAT5 has been found in blast cells of up to
70 % of AML cases.4 Besides its function as a transcription factor, tyrosine
phosphorylated STAT5 has also been described to interact with other partners to
induce PI3K activity, thereby contributing to leukemic transformation.5 STAT
transcription factors can be activated by growth factors via JAK kinases, present at
the cytoplasmic domains of growth factor receptors, as well as by intrinsic kinase
activity of certain membrane receptors or cytoplasmic tyrosine kinases.6
STAT5 is expressed in a large variety of hematopoietic cells, and involved in the
signal transduction of many different growth factors and cytokines. Early acting
cytokines like FLT-3 ligand (FLT-3L), Thrombopoietin (TPO) and Stem Cell Factor
(SCF) all mediate at least part of their signals through STAT5.7-9 During
erythropoiesis, STAT5 is critically involved in the signal transduction mediated by
Erythropoietin (EPO).10 Furthermore, signals induced by myeloid growth factors like
Interleukin (IL)-3, IL-5, G-CSF, M-CSF and GM,CSF are all, at least in part,
mediated by STAT5.1,11,12 Loss-of-function studies in mice have revealed a critical
role for STAT5 in the maintenance of hematopoiesis as shown by a reduced
repopulation ability in STAT5A-/-, STAT5B-/- double knockout mice.13-16 We have
shown that knockdown of STAT5 in a CD34+ cells from cord blood resulted in
reduced stem cell and progenitor frequencies,17 whereas over expression of active
STAT5A promoted stem cell self renewal.18,19 STAT5 plays an important role in
differentiation towards the erythropoietic lineage by up regulating anti-apoptotic
pathways via Bcl-XL10,20 but a more direct role in inducing erythroid differentiation
is likely to exist as well.18,19,21-23
GATA1 is a transcription factor, originally identified by the ability to bind a distinct
motif present in promoter and enhancer sequences of a variety of erythroid genes.
This motif, WGATAR, was shown to be critical in the regulation of these genes.24
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Apart from GATA1, five other members of the GATA family have been identified
(named GATA2 to -6). Of the six GATA proteins, GATA1 to -3 are expressed in
hematopoietic cells, whereas GATA4 to -6 are expressed in non-hematopoietic
tissues like the heart, gut, lung and liver.25 GATA1 and GATA2 are critically
involved in erythroid and megakaryocytic cell development.26 It has been shown in
transgenic mice carrying the GATA2 regulatory domain fused to GFP (and
therefore recapitulating the endogenous GATA2 expression) that GATA2 is
detected very early in hematopoietic development.27 Analogous experiments with a
lacZ reporter under the control of the GATA1 regulatory elements showed
expression at somewhat later stages of erythroid development.28 Gene knockout
studies have indicated that homozygous deletion of both GATA1 and GATA2 is
embryonically lethal at day 10.5 to 12.5.29,30 Studies performed in GATA1 knockout
embryonic stem cells have revealed that GATA1-null cells did not contribute to red
blood cell formation, while white blood cell formation in chimeric animals was
normal.31 Furthermore, GATA1-null cells were arrested at the proerythroblast stage
in in vitro colony formation assays, underscoring the essential role of GATA1 in
erythroid development.31 GATA1low mice, lacking a DNA hypersensitive site in the
GATA1 promoter and therefore expressing only 10 to 25 % of normal GATA1
levels, are thrombocytopenic but display initially normal hematocrit levels.32 After
12 months, these mice however develop anemia accompanied by myelofibrosis.32
We have previously shown that overexpression of active STAT5A results in a
profound burst of erythropoiesis, accompanied by impaired myelopoiesis and
enhanced self-renewal and long-term expansion.18,19 The underlying mechanisms
have not been elucidated yet. Since GATA1 has been shown to be essential for
erythropoiesis, we decided to investigate the possible dependence of STAT5induced phenotypes on GATA1 by a lentiviral GATA1 knockdown approach. We
observed that depletion of GATA1 allowed the dissection of STAT5-induced
differentiation phenotypes from the effects of STAT5 on long-term expansion of
human hematopoietic stem/progenitor cells. This provided us with a tool to further
study the molecular mechanisms and genes involved in these processes.
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Materials and methods
Cell culture and viral transductions
Neonatal cord blood was obtained from healthy full-term pregnancies from the
Obstetrics departments of the Martini Hospital and University Medical Center in
Groningen, The Netherlands, after informed consent. The protocol was approved
by the Medical Ethical Committee of the UMCG. CD34+ cells were isolated with the
use of a hematopoietic progenitor isolation kit from Miltenyi Biotech according to
the manufacturer’s instructions. The pMSCV-STAT5AwtER-IRES-tNGFR retroviral
vector was described previously.19 An RNAi-resistant GATA1 expressing vector
was made by introduction of silent mutations at the RNAi target site by PCRmediated site directed mutagenesis in the cDNA of human GATA1. The resulting
RNAi-resistant GATA1 cDNA was fused to a myc tag and cloned into the pMSCVIRES-EGFP vector in which the EGFP was replaced with cDNA encoding for
dTomato, kindly provided by B. Giepmans (dept. of Cell Biology, University of
Groningen, Groningen, the Netherlands), resulting in pMSCV-mutGATA1mycIRES-dTomato. Stable PG13 high titer retroviral producer cell lines were generated
as described previously.19 GATA1 was knocked down by lentiviral transduction of
CD34+ cord blood cells using a modified version of the pLVUT-tTRKRAB-shGATA1
vector, which was a kind gift of D. Trono (School of Life Sciences, Ecole
Polytechnique Federale de Lausanne (EPFL), Lausanne, Switzerland), in which
the IRES-KRAB and TetO sequences were deleted, resulting in constitutive
expression of the short hairpin against GATA1. A control vector was made by
cloning a hairpin against firefly luciferase into the pLVUT vector. Lentiviral particles
were made by transient transfection of 293T cells with the lentiviral expression
vectors as described previously.33 Isolated CD34+ cells were cultured for 48 hours
in serum free medium (HPGM, Lonza, Breda, the Netherlands) containing 100
ng/ml each of SCF, TPO and FLT-3 ligand and subsequently transduced with the
retro- and lentiviral particles in three consecutive rounds as described previously.33
Stromal Coculture assays, Colony Forming Cell (CFC) assays
MS5 cocultures were performed as described previously.19 Half of the cultures was
removed weekly and analyzed by FACS or sorted to perform CFC assays or
cytospins. CFC assays were performed in MethoCult H4230 (StemCell
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Technologies, Grenoble, France) supplemented with 20 ng/ml Interleukin-3 (IL3),
20 ng/ml IL-6, 20 ng/ml G-CSF, 20 ng/ml c-Kit ligand (KL) and 1 U/ml EPO. 103-104
cells were plated in methylcellulose per plate in duplicate. Cultures were scored
using a Leica DM-IL inverted microscope (Leica Microsystems, Rijswijk, the
Netherlands) at a total magnification of 40x.
mRNA analysis
Total RNA was isolated using the RNeasy kit from Qiagen (Qiagen, Venlo, The
Netherlands) according to the manufacturer’s recommendations. For real-time RTPCR, cDNA was prepared and amplified using iQ SYBR Green supermix (Bio-Rad,
Veenendaal, the Netherlands) in a MyIQ thermocycler (Bio-Rad), and quantified
using MyIQ software (Bio-Rad). HPRT, Ribosomal Protein Like (RPL) 27 and
RPL30 expression levels were used to normalize between samples and to
calculate relative expression levels.34 Primers and conditions are available on
request. Genome-wide expression analysis was performed on Illumina (Illumina,
Inc., San Diego, CA) BeadChip Arrays Sentrix Human-6 (46k probesets). Typically,
0.5-1 µg of RNA combined from three independent transduction experiments was
used in labeling reactions and hybridization with the arrays according to the
manufacturer’s instructions. Data was analyzed using the BeadStudio v3 Gene
Expression Module (Illumina, Inc.) and Genespring (Agilent, Amstelveen, The
Netherlands).
Flow cytometry analysis
Antibodies against CD11b, CD14, CD15, CD34, CD38, CD45RA, CD71 and
CD123 were obtained from Beckton Dickinson (Breda, the Netherlands). Anti
NGFR-APC was obtained from Miltenyi Biotec (Utrecht, the Netherlands).
GlycophorinA-PE was obtained from Dako (Heverlee, Belgium). Cells were
incubated with antibodies at 4°C for 30 min. All FACS analyses were performed on
an LSRII flowcytometer (Becton Dickinson) and data was analyzed using WinList
3D (Topsham, USA) or FlowJo (Tree Star, Oregon, USA) software.
Immunoblotting and cytospins
Sorted cells were boiled in Laemmli sample buffer for 5 min prior to separation on
12% SDS-polyacrylamide gels. Proteins were transferred to PVDF membrane
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(Millipore, Etten Leur, The Netherlands) by semidry electroblotting. Membranes
were blocked in Odyssey blocking buffer (Westburg, Leusden, the Netherlands)
prior to incubation with antibodies. Binding of antibodies was detected by
incubating with Alexa680 or IRDye800 labeled secondary antibodies (Invitrogen,
Breda, the Netherlands) and scanning of the membrane on an Odyssey infrared
scanner (Li-Cor Biosciences, Lincoln, NE, USA). Antibodies against STAT5 (C17),
GATA1 (N6) and Actin (C4) were obtained from Santa Cruz (Santa Cruz Biotech,
Santa Cruz, CA, USA) and were used in dilutions of 1:1000. May-Grünwald
Giemsa staining was used to stain cytospins. Cytospin preparations were
evaluated and photographed using a Leica DM3000 microscope (Leica
Microsystems, Rijswijk, the Netherlands) equipped with a Leica DFC420C digital
camera at a total magnification of 400x. Images were cropped and reverted to
grayscale using Corel Photopaint 12 (Corel Corp., Ottawa, Canada) software.

Results
STAT5-induced erythroid differentiation is GATA1- dependent
Previously, we observed that persistent activation of STAT5 in human CB CD34+
cells resulted in long-term self-renewal and expansion, while erythropoiesis was
induced (summarized in Fig.1A).18,19 To assess whether GATA1 would be
dispensable for the increased erythropoiesis induced by STAT5, GATA1 was
knocked down in CB CD34+ cells expressing a 4 hydroxytamoxifen (4-OHT)activatable form of STAT5 (Fig.1B).19 Both GATA1 mRNA levels (Fig.1C) as well
as GATA1 protein levels (Fig.1D) were efficiently downregulated in GATA1 shRNAtransduced cells. STAT5A activation did not change GATA1 mRNA or protein
expression levels (Fig.1C and D).
Next, the short hairpin against GATA1 was expressed in CD34+ cord blood cells
together with STAT5-ER and the cells were cultured on MS5 bone marrow stromal
cells. After ten days of culture, part of the suspension cells were harvested and
stained for Glycophorin A (GPA) expression as a measure for erythroid
differentiation. As indicated in figure 1E, activation of STAT5 induced a strong
erythroid differentiation within 10 days of MS5 coculture (Fig.1E upper panel, 88%
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Figure 1: STAT5 induced erythroid differentiation is GATA1 dependent. (A) Schematic overview of
previously obtained results caused by active STAT5 over expression. (B) Retro- and lentiviral constructs
+
used in this study. (C) Quantitative RT-PCR results of cord blood CD34 cells that were double
transduced with the STAT5A-ER vector in combination with the indicated lentiviral RNAi constructs.
Cells were left untreated or stimulated for 24 hours with 4-OHT, sorted and RNA was extracted. GATA1
mRNA expression was calculated after normalization against expression of HPRT, RPL27 and RPL30
mRNA. The shown graph represents the mean of three independent experiments. (D) Western blot of
sorted cells, transduced and treated as in C. Extracts were blotted against STAT5, GATA1 and actin to
show equal loading. (E) Representative FACS histograms of glycophorin A expression on cells
transduced with STAT5A-ER and the indicated lentiviral vectors expressing short hairpins against
luciferase or GATA1. Cells were cultured on MS5 stromal cells, left untreated or stimulated with 4-OHT
and analysed for Glycophorin A expression after 10 days. (F) May-Grünwald-Giemsa (MGG)-stained
cytospin preparations of suspension cells of cultures described in E and harvested after 2 weeks. (G)
BFU-E numbers of methylcellulose culture of cord blood cells, transduced with lentiviral vectors for
expression of short hairpins against luciferase and GATA1, together with an empty expression vector or
a vector expressing RNAi resistant, myc tagged GATA1. 1000 double transduced cells were sorted one
day after transduction directly into CFC medium. BFU-E colonies were counted after 2 weeks.

166

STAT5-induced differentiation and proliferation

GPA+), which was strongly reduced by expression of the GATA1-specific hairpin
(Fig.1E lower panel, 3% GPA+). Erythroid differentiation was also monitored
morphologically. As depicted in figure 1F and 2A, STAT5A activation resulted in the
appearance erythroid cells at various stages of commitment, including
erythroblasts, orthochromatic normoblasts with distinct pyknotic nuclei to the
enucleated erythrocyte stage. These erythroid cells were virtually absent after
knockdown of GATA1 (Fig.1F, lower panels). Furthermore, the efficacy as well as
the specificity of the GATA1 knockdown was investigated by expressing the short
hairpin in the absence and presence of an expression vector for mutant GATA1.
This mutant GATA1 was genetically modified to be resistant to the used shRNA by
introduction of silent mutations at the recognition site of the hairpin. The formation
of BFU-e colonies was assayed after transduction of cord blood CD34+ cells with
the shRNA vectors as well as an empty vector control or mutant GATA1 expressing
vector and subsequent sorting of the double transduced cells. It is shown in figure
1G that expression of the short hairpin against GATA1 resulted in a robust
reduction of the number of colonies, which could be partially rescued by expression
of shRNA resistant GATA1.
Restored balance between erythroid versus myeloid differentiation upon
GATA1 downmodulation in cells expressing activated STAT5
Since the balance between erythroid and myeloid differentiation was disturbed in
CB CD34+ cells expressing activated STAT5A (fig.1A),18,19 we questioned whether
downmodulation of GATA1 would modulate myelopoiesis. CB CD34+ cells were
transduced with STAT5-ER together with vectors containing the short hairpin
against GATA1 or a control shRNA vector. The cells were cultured on MS5 stromal
cells and the phenotype of the suspension cells resulting from these cultures was
determined for a period of five weeks. Each week, the double transduced cells from
the suspension fraction were sorted, analyzed morphologically by performing MGG
staining on cytospin preparations, and analyzed phenotypically by flow cytometry
for the presence of erythroid and myeloid markers. Figure 2A shows cytospin
preparations of a representative experiment (left panel) as well as the expression
of the myeloid marker CD11b and the erythroid marker GPA at the indicated time
points (right panel). Activation of STAT5 by 4-OHT clearly resulted in a relative
increase in erythroid cells in the first three weeks, as judged by enumeration of
erythroid cells in the MGG-stained cytospins. The increase in erythroid
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Figure 2: STAT5 induced block in myeloid differentiation is reversed after GATA1 depletion. (A)
+
CD34 cord blood cells were transduced with STAT5A-ER and the indicated lentiviral RNAi constructs.
After transduction, cells were cultured on MS5 stromal cells and either left untreated or stimulated with
4-OHT. Each week, half of the medium was removed and double transduced cells were sorted and
cytospin preparations were made (left panel). The same cells were analysed by flow cytometry for the
expression of CD11b and Glycophorin A at week 1, 2, 3 and 5. Representative FACS plots are shown in
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the right panel with percentage positive cells indicated in the plots. (B) FACS analysis of the expression
of Glycophorin A, CD11b, CD14 (monocyte/macrophage), CD15 (granulocyte) and CD71 (transferrin
receptor) of cells cultured and stimulated as in A at week 2. (C) FACS data as in B from week 5. In B
+
and C one representative experiment of three experiments performed is shown. (D) CD34 cord blood
cells were transduced with the indicated lentiviral shRNA constructs. One day after transduction, the
cells were stained for CD34, CD38, CD45RA and CD123 and transduced (EGFP positive) cells were
sorted according to the shown gates to obtain MEP and GMP progenitor populations. The sorted cells
were cultured in methylcellulose medium to enumerate the number of BFU-Es and GFU-GMs. After two
weeks, progenitors were scored. (E) GATA1 expression in GMPs and MEPs as determined by Q-RTPCR and Illumina arrays.

differentiation relative to myeloid differentiation was also observed by FACS,
whereby the expression of CD11b was dramatically decreased in the 4-OHTstimulated cultures (from 75%, 77% and 89% in the unstimulated cultures to 9%,
2% and 48% in the stimulated cultures in the first three weeks). Downmodulation of
GATA1 in STAT5-activated cells restored the balance between erythroid and
myeloid differentiation as determined by MGG staining, as well as by FACS for
CD11b which was retained in the cultures in which GATA1 was downregulated
(from 82%, 79% and 88% in the unstimulated cultures to 86%, 79% and 81% in the
4OHT-stimulated cultures (Fig.2A) The expression of other myeloid and erythroid
markers at week 2 is shown in figure 2B, and these data indicate that also the
expression of CD14 and CD15 was restored to levels comparable to control groups
upon downregulation of GATA1.
The STAT5-induced erythropoiesis was most pronounced within the first three
weeks of MS5 coculture. Thereafter, the erythroid cells had exhausted and the
STAT5A cultures displayed a more myeloid phenotype, comparable to control
cultures (Fig.2A and C). At this point, the suspension cells of the unstimulated
cultures were almost exclusively granulocytic, with up to 90% of the cells
expressing CD15 Fig.2A and C). Regardless of GATA1 downmodulation, the
activated STAT5-expressing cells displayed a clear CD11b-positive myeloid
phenotype at week 5, although granulocytic maturation was less pronounced since
less segmented nuclei were observed in the MGG-stained cytospins (Fig.2A).
CD15 expression was slightly lower as compared to control cultures (Fig.2C).
The reversal of the STAT5-induced misbalance between erythroid and myeloid
differentiation by the depletion of GATA1 was further investigated by assessing the
myeloid, erythroid and megakaryocytic colony formation potential of cord blood
progenitors in the presence or absence of GATA1. To obtain pure populations of
transduced megakaryocytic/erythroid versus myeloid progenitors, the cord blood
cells were sorted after transduction on the basis of EGFP+, CD34+, CD38+, CD123+
and CD45RA+ for the GMP progenitors and EGFP+, CD34+, CD38+ CD123- and
CD45RA- for the MEP fraction. As shown in the upper two graphs in figure 2D, both
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Figure 3: STAT5 induced long term growth is enhanced in the absence of GATA1. (A) CD34 cord
blood cells were transduced with STAT5A-ER and the indicated lentiviral shRNA constructs. After
transduction, cells were cultured on MS5 stromal cells and either left untreated or stimulated with 4OHT. Each week, half of the medium was removed and the cells were counted and analysed by flow
cytometry to calculate the number of double transduced cells. The cumulative expansion of double
transduced cells was calculated relative to the starting amount of double transduced cells, which was
set at 1. The mean and standard deviation of two experiments is shown, which is representative of four
experiments performed. (B) The same cells as in A were stained for Glycophorin A, CD11b, CD14 and
CD15. The cumulative fold expansion of the cells, separated by the respective phenotype is shown. (C)
+
Double transduced CD34 cord blood cells as in A were sorted after 1, 2, 3 and 5 weeks and progenitor
frequencies per 10.000 plated cells were determined by culture in CFC-mix methylcellulose medium. (D)
Cumulative expansion of progenitors was calculated based on the progenitor frequencies depicted in C
and the cumulative expansion as shown in A. (E) The absolute amount of colonies at week 1, divided by
BFU-e and CFU-GM was calculated according to the expansion shown in A. (F) Early (day 10)
+
cobblestone frequency of cordblood CD34 cells, transduced as in A and cultured in limiting dilution on
MS5 stromal cells. Significant differences (two-tailed T-test) are indicated with a single (p<0.05) or a
double asterisk (p<0.01).
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the MEP and the GMP sorted cell populations were highly pure, resulting in 94%
BFU-E and 98% CFU-GM in the respective populations. After knockdown of
GATA1 however, the proportion of BFU-Es was strongly reduced from 350 to 14
per 103 plated cells, while the CFU-GM in the MEP fraction was increased from 23
to 173 per 103 plated cells, corresponding with an increase from 6% to 93% in
CFU-GM colony frequency. These data suggest that the lineage fate of MEPs can
be redirected into GMPs upon downmodulation of GATA1 expression. The
proportion of CFU-GM colonies in the GMP fraction was not affected by GATA1
downmodulation, probably as a result of low expression levels of GATA1 in this
population (shown in figure 2E). Intriguingly, the percentages of cells within the
MEP and GMP gates had not yet changed within 24 hrs after transduction with
GATA1 shRNA vectors.

STAT5-induced long-term growth is enhanced by GATA1 depletion
Besides differentiation, long-term expansion of hematopoietic stem/progenitor cells
is markedly enhanced by expression of active STAT5 (schematically illustrated in
Fig.1A).18 Since depletion of GATA1 had profound effects on the STAT5-induced
differentiation of cord blood CD34+ cells, we next investigated the contribution of
GATA1 on STAT5-induced long-term expansion. Cord blood CD34+ cells were
transduced with vectors expressing STAT5-ER in the presence of a control vector
expressing luciferase shRNA or GATA1 shRNA. Cells were plated on MS5 stromal
cells and proliferation in the cultures was analyzed weekly. Progenitor frequencies
in the double transduced cells were analyzed by weekly CFC assays. The
cumulative cell growth expressed as fold expansion and normalized with respect to
the initial seeded cell numbers is shown in figure 3A. Initially, in the first two weeks,
the cultures with the active STAT5 and the control shRNA proliferated more
strongly compared to the GATA1-depleted cultures. After two weeks however, the
cellular output of the control cultures dropped whereas the output of the cultures
expressing the short hairpin against GATA1 continued to increase, leading to a
reproducibly higher cellular output at week four and five. The specific expansion of
erythroid (Glycophorin A) and myeloid (CD11b, CD14, CD15) cells is shown in four
separate panels in figure 3B. Within the first few weeks of co-culture on MS5, it is
clear that particularly the STAT5-induced erythroid differentiation was blocked by
downmodulation of GATA1, while the absolute numbers of myeloid cells were not
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affected at these timepoints. At week 5, no erythroid cells were observed anymore
and cocultures produced predominantly myeloid cells. In activated STAT5
cocultures significantly more (myeloid) progeny was produced at week 4 and 5.
In figure 3C and D the progenitor frequency and fold expansion of progenitors in
the harvested suspension fractions of the cultures at the different time points are
shown. In the first three weeks, the progenitor frequency of the unstimulated
cultures (with no active STAT5) was higher than in the cultures with active STAT5
as determined by the number of CFCs per 104 plated cells (Fig.3C). Since the total
number of cells was strongly increased upon STAT5 activation, the total expansion
of CFCs in STAT5 cultures was strongly increased as compared to control cultures
(Fig.3D). At week 1, downmodulation of GATA1 significantly impaired the total
amounts of BFU-Es that were produced, both in control as well as in STAT5transduced cultures, while GATA1 downmodulation did not significantly change
total CFU-GM numbers (Figure 3E). At week 5 the unstimulated cultures were
depleted of any progenitor activity, whereas the cultures with active STAT5 were
still producing progenitors (in line with previously obtained results18).
A striking feature of active STAT5 expressing cells is the potential to form
cobblestone areas underneath MS5 bone marrow stromal cells. To enumerate the
proportion of early cobblestone forming cells, cord blood CD34+ cells were similarly
transduced as in panel A and were seeded in limiting dilution on MS5 stromal cells
in 96 well plates. After ten days, the wells positive for cobblestone formation were
scored and the frequency was calculated. Figure 3F shows that approximately 1 in
5 plated cells (22%) formed early cobblestones in the presence of active STAT5,
which was, although reduced, not abrogated in the absence of GATA1.
Furthermore, after five weeks of culture, cobblestones were still present in both
cultures with active STAT5, regardless of the presence of GATA1 (data not
shown).
Identification of GATA1-dependent and GATA1-independent STAT5 target
genes
Since depletion of GATA1 from CD34+ cord blood cells could dissect the
phenotypes caused by STAT5 activation (differentiation vs. long term proliferation),
the underlying molecular mechanisms were investigated at the level of gene
expression. CD34+ cord blood cells were transduced with conditionally active
STAT5 in the presence or absence of short hairpins against GATA1. After
transduction, the transduced cells were cultured for three days in serum-free
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Figure 4: STAT5 induced genes can be divided in GATA1 dependent and GATA1 independent.
+
(A) Cordblood CD34 cells, transduced with 4-OHT inducible STAT5 and lentiviral vectors expressing
short hairpins against luciferase and GATA1 were cultured for three days, STAT5 was induced by 4OHT stimulation for 24 hours and RNA was extracted. Equal amounts of RNA from three independent
performed experiments was pooled and hybridized to Illumina arrays. Supervised cluster analysis of, left
panel: GATA1 targets with more then two fold difference, middle panel: STAT5 target genes in
luciferase shRNA transduced samples and right panel: STAT5 target genes in GATA1 shRNA
transduced samples. (B) Venn diagram showing differences and overlap between the three groups
analyzed in A. (C) Array-derived gene expression data of known erythroid associated genes. (D) Arrayderived gene expression data of a number of previously described STAT5 target genes, divided as
GATA1-dependent and GATA1-independent STAT5 target genes. (E) Q-RT-PCR verification of a
number of genes shown in C and D.
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medium and either left untreated or stimulated with 4-OHT to induce STAT5 activity
for 24 hours, after which the double transduced cells were sorted and total RNA
was extracted. Equal amounts of RNA of three independent experiments were
pooled, reverse transcribed and hybridized to human Illumina BeadChip Arrays that
contained 46k probesets. 839 probesets were differentially expressed between the
luciferase and GATA1 short hairpin-transduced groups (Supplemental Table 1) and
a supervised cluster analysis of these GATA1 targets is shown in figure 4A. 434
genes were downregulated upon GATA1 depletion, and GO annotation35,36
revealed that this list was highly enriched for erythroid-associated genes
(Supplemental Table 1). Apparently, many of these erythroid genes are under
direct control of GATA1, including EPOR, FOG1, CD36, ERAF, various
hemoglobins and GYPA. 397 genes were upregulated upon GATA1 depletion, and
GO annotation revealed that this list was enriched for, amongst others, genes
associated with the plasma membrane, leukocyte activation and apoptosis
(Supplemental Table 1). Although CD33 was also upregulated upon GATA1
depletion, no immediate upregulation of a general myeloid gene expression
program was observed within 24 hrs after GATA1 downmodulation. A potentially
important gene, GATA2, was upregulated approximately two-fold by GATA1
downmodulation, confirming the known reciprocal regulation of these genes.37 The
key regulators of myeloid commitment C/EBPα and PU.1 were upregulated upon
downmodulation of GATA1, but the fold change did not yet reach the 2-fold
significance level within the time-frame of our analyses (1.5 and 1.8-fold
upregulated, respectively). Furthermore, when analyzing STAT5 target genes, it
was observed that in the presence of GATA1 418 different probesets were induced
by STAT5 activation, whereas 235 probesets were induced in the absence of
GATA1 (supervised cluster analyses are shown in Fig.4A and data is available in
Supplemental Table 2 and 3). These results led to the identification of 301 GATA1dependent STAT5 target genes (defined as genes upregulated more than two-fold
in the presence and less than two-fold in the absence of GATA1) and 117 GATA1independent STAT5 target genes (defined as genes upregulated more than two
fold irrespective of the presence of GATA1), as shown in the Venn diagram in
figure 4B and Supplemental Table 4 and 5. GO annotation revealed that the
GATA1-independent upregulated STAT5 targets were enriched for genes
associated with growth regulation and the JAK-STAT pathway, and included a
number of well described STAT5 target genes including OSM, PIM1 and CISH.
Interestingly, a number of erythroid-associated genes were also upregulated by
STAT5 in the absence of GATA1, including CD36, HBE1, GYPA, GYPB and
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GYPE. The GATA1-dependent STAT5 targets were enriched for genes associated
with signal transduction and cell proliferation, but surprisingly no erythroidassociated genes were identified that were upregulated by STAT5 in a GATA1dependent manner. The Illumina expression data of a number of known erythroidassociated and known STAT5 target genes, divided in GATA1-dependent and
GATA1-independent, is shown in figures 4C and 4D, and the expression of several
of these target genes was verified by Q-PCR analysis (Fig.4E).
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Discussion
We have shown previously that overexpression of (conditionally) active STAT5A in
human CB-derived CD34+ cells results in at least two clearly distinguishable
phenotypes in MS5 bone marrow stromal cocultures. Firstly, a pronounced
erythroid differentiation is induced within the first two weeks upon activation of
STAT5A. Secondly, long-term proliferation is induced, which is associated with the
formation of cobblestone areas underneath the stroma capable of self-renewal as
determined by their long-term serial replating capacity.18,19,21 In the present study,
we aimed to dissect these different phenotypes and identified that the
differentiation phenotypes imposed on cord blood CD34+ cells by active STAT5A
could be uncoupled from the long term growth phenotype by downregulation of
GATA1.
It remains unknown how activation of STAT5A can contribute to the induction of
erythropoiesis. Mouse embryos that lack STAT5 expression are severely anemic,
due to enhanced apoptosis as a consequence of reduced expression levels of the
anti-apoptotic proteins Mcl1 and Bcl-XL.10,22 However, within the conditions of our
assays we found no evidence that these genes were strongly upregulated by
activation of STAT5. Furthermore, STAT5-deficient cells display reduced levels of
IRP-2/IREB2, which regulates the translation of TfR1,22 but within the time-frame of
our gene expression studies we also did not find evidence that IREB2 expression
levels are enhanced by activated STAT5. Because GATA1 is well known for its role
in erythropoiesis,26,31 the role of this protein in the STAT5-induced phenotypes was
investigated in the present study. GATA1 expression was downregulated using a
lentiviral RNAi approach, and our data clearly indicate that GATA1 is required for
STAT5-induced erythropoiesis. This result is in line with the present understanding
that GATA1 is essential for erythropoiesis, but does highlight that GATA1 is not
dispensable for STAT5-induced erythroid commitment. We tried to address
whether the STAT5-induced signals involved in erythroid commitment were all
mediated though GATA1, or whether STAT5 and GATA1 could also act
independently. We found no evidence that STAT5 could upregulate the expression
of GATA1 in CB CD34+ cells and thereby drive erythropoiesis (Fig. 1 and 4), and
no experimental evidence was obtained that STAT5 overexpression enhances
GATA1 transcriptional activity as determined in α-globin promoter-driven luciferase
reporter assays (unpublished observations). Previously, we did observe that
overexpression of another activating mutant of STAT5, STAT5A(1*6), did slightly
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enhance GATA1 expression levels in mobilized PB CD34+ cells.38 Whether
differences in cell type or in levels of STAT5 activity underlie these observations is
currently unclear, but also in a previous study in which we studied STAT5 target
gene expression in relation to the dosage of STAT5 activity using the STAT5-ER
vectors we did not observe any effects on GATA1 expression.19 Whether post
translational modifications like acetylation of GATA139 could play a role in the
STAT5-induced erythroid differentiation is at present unknown. To get more insight
into the interplay between STAT5 and GATA1 in the process of erythroid
commitment, we performed expression array analysis on CB CD34+ cells
transduced with a conditional expression vector for STAT5 in the absence and
presence of GATA1. A number of conclusions can be drawn from these
experiments. Firstly, as expected, various erythroid-associated genes were
downregulated upon depletion of GATA1, including EPOR, KLF1, FOG1, FOG2,
CD36, ERAF and several hemoglobin genes. These data are in line with previously
published data.40 Interestingly, a number of these erythroid-associated genes can
also be activated by STAT5, even in the absence of GATA1, including CD36,
HBE1 and Glycophorin A. Apparently, STAT5 and GATA1 can act on these
promoters independently, and we indeed indentified STAT5 response elements in
their promoter sequences (data not shown). But since no erythroid commitment
was observed in the absence of GATA1 it can be concluded that the STAT5induced expression of these genes by itself is not sufficient for erythroid
development. We also identified genes that were induced by STAT5 in a GATA1dependent manner (Supplemental Table 5), suggesting that STAT5 and GATA1
can cooperatively act on a number of genes as well. However, no genes were
identified in this list that has directly been linked to erythroid development. Gene
ontology analysis revealed that this group is enriched for genes associated with
signal transduction, cell communication and proliferation, and future studies will
clarify the role of these genes in STAT5-induced erythroid differentiation.
It has been well documented that key regulators of myeloid/erythroid cell fate
decisions such as PU.1, C/EBPα and GATA1 are capable of directly affecting each
others activities.41-43 For instance, once erythroid commitment is initiated an
increase in GATA1 expression or activation levels will immediately impose negative
feedback control on the myeloid transcription factors by negatively affecting their
transcriptional activities and ultimately also their expression levels. We observed
that downregulation of GATA1 in the megakaryocyte/erythroid progenitor (MEP)
compartment not only impaired BFU-E formation, but also resulted in increased
frequencies of CFU-GM progenitors (Fig.2D). Although our cloning efficiencies do
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not exceed 35% in these assays and therefore single cell assays are required to
study erythroid-to-myeloid lineage switching, our data do suggest that
downmodulation of GATA1 is sufficient to convert BFU-E into CFU-GM progenitors.
In line with these data, we find that downmodulation of GATA1 expression is
sufficient to enhance expression of C/EBPα and PU.1, although the fold change did
not yet reach the 2-fold significance level within the time-frame of our analyses (1.5
and 1.8-fold upregulated, respectively).
Another marked feature of persistent STAT5 activation is the enhanced
proliferation potential of stem and progenitor cells.18,19 The effective knockdown of
GATA1 expression, thereby preventing erythropoiesis, provided us with the
opportunity to study the effects of STAT5 over expression in the absence of
erythroid differentiation. Within the first two weeks of MS5 coculture the
proliferative advantage of STAT5 cells over controls was less dramatic in the
absence of GATA1 as compared to when GATA1 was present. After three weeks
of culturing, the number of suspension cells as well as the number of progenitors in
STAT5 cultures that were generated in the absence of GATA1 exceeded those that
were generated in the presence of GATA1. Apparently, STAT5-induced erythroid
differentiation resulted in exhaustion of the stem cell/progenitor pool, and inhibition
of erythroid commitment by GATA1 downmodulation allowed a better long-term
expansion and stem cell/progenitor maintenance. These data are in line with our
previously published transcription factor dosage studies whereby we observed that
intermediate STAT5 activity levels resulted in maximal long-term expansion, while
high STAT5 activity levels resulted predominantly in erythroid commitment and
exhaustion of the stem cell/progenitor compartment.19 As observed previously,
early cobblestone formation was clearly enhanced in the presence of active
STAT5, but the frequency was approximately threefold downregulated in the
absence of GATA1, despite the capacity to generate long-term expanding cultures
under those conditions. Apparently, the 10-day cobblestones represent a mixture
of erythroid predisposed progenitor cells that lack long-term self-renewal capacity
as well as cobblestone areas that represent more primitive cells that retain the
capacity for long-term self-renewal and can sustain STAT5-induced long-term
expansion for over 5 weeks. Another gene which was upregulated after GATA1
depletion was GATA2, confirming the known reciprocal regulation of these genes.37
GATA2 is known to be involved in regulation of stem cell quiescence, with high
expression levels in the most quiescent stem cells.27 GATA2-/+ mice are described
to have impaired competitive repopulation potential, accompanied by reduced CFC
and LTC-IC frequencies.44 Possibly, increased GATA2 in conjunction with the
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elevated expression of C/EBPα and PU.1 in the cells transduced with GATA1
shRNA in the presence of active STAT5 facilitates further expansion of these cells.
However, GATA2 upregulation in the control cultures did not result in increased
long term proliferation. Also, overexpression of GATA2 in human stem and
progenitor cells has been described to result in quiescence and impaired function
of these cells,45 so whether the degree of upregulation of GATA2 is the cause of
the increased long term output in our setting is not clear.
The uncoupling of the STAT5-induced phenotypes with the erythroid lineage
provided a number of interesting GATA1-independent STAT5 target genes. GO
annotation revealed that the GATA1-independent upregulated STAT5 targets were
enriched for genes associated with growth regulation and the JAK-STAT pathway.
Indeed, growth related genes like PIM1 and MAF were represented in this group.
PIM1 is well known for its role in the response to hematopoietic growth factors46,47.
PIM1 might also play a role in the enhanced interaction between STAT5-expresing
stem/progenitor cells and the formation of cobblestone areas since it was recently
shown that FLT3-ITD-induced leukemogenesis depends on PIM1 expression to
regulate CXCL12-CXCR4-mediated homing and migration.48 MAF is an important
transcription factor involved in many different cell types, including myeloid
hematopoietic cells.49 In Multiple Myeloma, the oncogene MAF has been shown to
stimulate cell cycle progression as well as to improve the interaction between
tumor and stromal cells.50 The dissection of the precise roles that these genes fulfill
in the process of STAT5-induced long-term stem cell/progenitor expansion is under
current investigation.
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Summary
Leukemic hematopoietic stem/progenitor cells have a growth advantage over
normal hematopoietic cells. To identify relevant factors that might be instructive for
this difference we studied the expression and regulation of two members of the
STAT family, namely STAT3 and STAT5, in normal and leukemic hematopoietic
cells. In chapter 2 we describe that in AML cells constitutive activation of STAT3
can be observed in 25% of the studied AML cases. STAT3 protein was
constitutively phosphorylated on tyrosine 705 and serine 727 leading to maximal
transactivational potential of STAT3. The constitutive phosphorylation of Stat3 was
caused by the autocrine production of IL-6 by the blast cells. Interestingly, cell
culture supernatants of these IL-6 producing AML cases were capable of
stimulating STAT3 negative feedback genes like SOCS1 and SOCS3 in AMLs
without constitutively activated STAT3. However, this activation could not be
blocked by neutralizing IL-6 antibodies suggesting that additional factors were
responsible for the up-regulation of SOCS1 and -3. So far the cause of the
constitutively activation of IL-6 has not been elucidated. Blocking antibodies
against IL-1 were not capable to reverse this process but it is conceivable that
constitutive activation of NF-κB is involved. NF-κB binds to the IL-6 promoter and is
frequently activated in AML blast cells.
The possible cross talk between TGFβ and IL-6 induced STAT3 tyrosine
phosphorylation was explored in chapter 3 since TGFβ is expressed by bone
marrow stromal cells and functions as a negative regulator of various cellular
processes including cell proliferation. It was shown that in 10% of the AML cases
(n=40), the IL-6-induced STAT3 phosphorylation was diminished after TGFβ pretreatment. The reduced IL-6-mediated STAT3 phosphorylation was associated with
apoptosis and degradation of certain cellular proteins like Jak1 and -2 and Tyk2,
but without affecting ERK expression and phosphorylation. Indeed, inducing
apoptosis by an alternative mechanism i.e. by the treatment of the cytostatic agent
VP16 resulted in a comparable degradation of Jak proteins and a reduced IL-6mediated STAT3 phosphorylation. Surprisingly, rescue of apoptosis-related
degradation of Jak kinases by the pan-caspase inhibitor Z-VAD-fmk did not
completely restore IL-6-induced Jak1 and subsequent STAT3 phosphorylation,
indicating that other mechanisms leading to attenuated STAT3 phosphorylation
were still present.
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Chapter 4 describes the pathways that are involved in serine 727 phosphorylation
of STAT3 in response to Epo stimulation. Epo stimulation of erythroid cells resulted
in STAT3 tyrosine as well as serine 727 phosphorylation. Treatment with the ERK
inhibitor U0126 and PD98059 abrogated the serine phosphorylation, but did not
affect the tyrosine phosphorylation. It was shown by means of retroviral
transduction of dominant negative constructs, that the serine kinase MSK1 was
activated by ERK and responsible for the serine 727 phosphorylation of STAT3.
Serine phosphorylation potentiated the transcriptional activity of STAT3, as
demonstrated by changes in the expression of endogenous STAT3 target genes
and by enhanced transactivation of transfected STAT3 responsive reporter genes.
A pathway involving the activation of ERK and MSK1 was therefore proposed to
lead to Epo-induced STAT3 serine 727 phosphorylation.
STAT5 has been described to mediate a pathway leading to enhanced selfrenewal and reduced myelopoiesis in cord blood-derived stem/progenitor cells.
Chapter 5 demonstrates that the transcription factor C/EBPα is down-regulated
by STAT5, leading to an impaired myelopoiesis. Conditional expression of C/EBPα
resulted in a clear restoration of myelopoiesis in STAT5 overexpressing cells.
Furthermore, the proliferative advantage imposed on cord blood cells by STAT5
was abrogated by expression of C/EBPα. While LTC-IC frequencies were elevated
approximately 10 fold by expression of active STAT5, they were strongly downregulated in the presence of ectopically expressed C/EBPα, and no secondary
CAFCs could be generated in the presence of active STAT5 and C/EBPα.
Moreover, the numbers of CFCs were more then 20-fold reduced when C/EBPα
was co-expressed in active STAT5 expressing cells. These data point towards a
central role of C/EBPα in the STAT5-mediated effects on self-renewal and
myelopoiesis.
The possible biological implications of the level of STAT5 activation were studied in
chapter 6. Here, a conditionally active mutant of STAT5 was used which could be
induced to different levels of activation. The biological and molecular effects of the
varying levels of STAT5 activity were investigated in cord blood cells. Interestingly,
different phenotypes were recognized at varying levels of STAT5 activity. Inducing
high activity of STAT5 resulted predominantly in differentiation towards the
erythroid lineage and expansion which was exhausted after three weeks of culture.
Cells expressing intermediate levels of active STAT5 however, showed a more
balanced differentiation program, with eventually a higher total cell output. In
addition, the maximal increase in LTC-IC and CAFC frequencies was observed at
intermediate, but not the highest, levels of STAT5 activation. Self-renewal of
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progenitors, as measured by the ability to replate in methyl cellulose medium was
also specifically present at intermediate STAT5 levels and absent at high STAT5
activity levels. Gene expression analysis revealed that STAT5 targets could be
distinguished based upon their response to varying levels of STAT5 activity.
Differentiation-related genes were found to be predominantly responsive to high
levels of STAT5 activation and growth-related genes to intermediate levels of
STAT5 activity.
Over-expression of active STAT5 in cord blood cells leads to a number of
phenotypes: erythroid differentiation at the expense of myelopoiesis and enhanced
self-renewal. Given the important role of the transcription factor GATA1 in the
regulation of erythropoiesis, its role in STAT5-mediated phenotypes was studied in
chapter 7. By knocking down GATA1 in the presence of active STAT5, the
differentiation phenotypes, i.e. erythroid differentiation and impaired myelopoiesis,
could be uncoupled from the growth-promoting activity mediated by STAT5.
GATA1 depletion lead to a complete block of STAT5-induced erythropoiesis and
restored myelopoiesis. Furthermore, the long term proliferation in the absence of
GATA1 was enhanced, as well as the total progenitor output. Microarray-based
expression profiling of STAT5-induced genes in the presence or absence of
GATA1 allowed the identification of distinct sets of genes that were either only
GATA1-dependent, STAT5-dependent and GATA1-independent, or STAT5- and
GATA1-dependent. Genes associated with growth were predominantly present in
the GATA1-independent group, whereas erythroid differentiation genes were found
to be GATA1- as well as STAT5-dependent.
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Future perspectives
The studies presented in this thesis describe various aspects of the regulation of
normal and leukemic hematopoietic cell growth and differentiation, and the role of
STAT3 and STAT5 hereof. One of the central themes is the regulation of stem cell
self-renewal. Stem cell self-renewal is not only dictated by intrinsic properties of the
hematopoietic stem cell (HSC), but also by cues of the micro-environment in which
the stem cell resides, the so called niche. In our studies described in chapters 5, 6
and 7, the in vivo micro-environment is mimicked by the MS5 stromal cell line. In
the presence of these cells, HSCs present in the cord blood CD34+ cell fraction can
interact with the stromal cells, resulting in the formation of cobblestone areas
where the HSCs reside. After cell division, these HSCs give rise to daughter cells
that can proliferate and give rise to progenitor cells that then further differentiate
along the myeloid, erythroid or lymphoid lineages depending on the chosen culture
conditions. STAT5 activation, either by over-expression of constitutively active
mutants or artificial dimerization via an engineered Estrogen Receptor domain
results in enhanced cobblestone formation. The fact that long-term stem cell selfrenewal and expansion is only observed in the presence of stromal cells and not in
liquid culture conditions, indicates that this STAT5-induced cobblestone formation
together with signals from the stromal cells are necessary for these phenotypes.
STAT5 activation probably induces the expression of adhesion molecules on the
primitive HSCs, thereby facilitating interactions with ligands expressed on the
stromal cells. It is currently unknown which adhesion molecules account for the
enhanced HSC-niche interactions resulting in a better HSC maintenance. Gene
expression studies with over-expression of STAT5 have been performed and a
number of target genes have been identified, including Mucin1, but our group has
shown that over-expression of Mucin1 alone is not sufficient to recapitulate the
observed STAT5 phenotype. Other signals are therefore necessary to drive the
maintenance and expansion of HSCs in the presence of active STAT5. In the near
future, candidate molecules will be identified by means of careful inspection of the
STAT5-induced gene lists as well as by mass spectrometry analysis of membrane
preparations of STAT5-transduced cells.
The studies described in this thesis are all performed with in vitro culture assays, in
the presence of normal atmospheric oxygen levels, which is around 21 %. In the
bone marrow niche however, oxygen levels are reduced to approximately 2 %.
Under these hypoxic conditions, the cells are thought to switch from oxidative
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phosphorylation as the source of energy (in the form of ATP), to the less efficient
glycolysis to generate ATP. It is believed that when hematopoietic cells move from
the osteoblastic niche towards the vascular niche and eventually to the blood
stream, the oxygen levels gradually increase. How the high oxygen levels exactly
affect the STAT5-induced phenotypes of the cells in the experiments described in
chapter 5 to 7 is at present not known. In general, cell proliferation is probably
lowered in hypoxic conditions due to cell cycle arrest. This might affect the stem
cell phenotype in a way that the quiescence of the HSCs would be increased, and
the progenitor output would be reduced. During migration from the bone marrow
niche into the vascular niche, the proliferation would then gradually increase due to
increasing concentrations of oxygen. In addition, it is conceivable that gene
expression patterns will also be different under these hypoxic conditions. Whether
different sets of genes are differently regulated by STAT5 under varying oxygen
levels is unknown, but these questions are subject of current research, performed
in low-oxygen incubators to mimic the bone marrow niche.
In malignant hematopoiesis, activation of STAT3 and STAT5 is often seen. It is not
known whether a causal relationship exists between STAT3 activation and the
initiation or maintenance of leukemia, but the presence of activated STAT3 in
approximately 25 % of AML cases suggests a role in leukemogenesis, at least in
this subset. As STAT3 is described to be involved in cell cycle progression and
anti-apoptosis, it is conceivable that STAT3 enhances the survival and proliferation
of AML blast cells. Whether active STAT3 plays a role in the initiation of leukemia
is currently unknown, but experiments performed with an active form of STAT3 in
fibroblasts have shown transformation potential of active STAT3. STAT5 has been
described to be critically involved in the development of leukemia. We have shown
that over-expression of active STAT5 results in enhanced stem cell self-renewal,
leaving open the possibility that STAT5 activation fulfills a causal role in the
development of leukemia. Furthermore, STAT5 can be activated by a number of
proteins resulting from genetic aberrations which are frequently present in
leukemia. The enhancement of HSC maintenance by active STAT5 suggests a role
in leukemia initiation, although definitive proof that STAT5 can be the initiating
event in the development of leukemia is not given yet. Future experiments with
over-expression of STAT5 in combination with additional genes may reveal the role
of individual hits in the development of leukemia.
We have shown that the level of activation of STAT5 can greatly influence the gene
expression patterns in, and subsequent phenotypes of, cord blood hematopoietic
cells. It is still not (molecularly) known how these different gene expression
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patterns are generated by different levels of STAT5 activation. STAT5 is thought to
induce gene expression by binding to its consensus recognition site in promoters of
target genes, either as dimers or as tetramers. The composition of the response
elements may influence the strength of the binding of STAT5, as it is known that
STAT5 tetramers can bind to two adjacent binding sites within a given promoter,
even if one of the binding sites is not a perfect consensus sequence. This raises
the possibility that there are far more STAT5 binding sites in promoters then
previously appreciated, because it is unknown what the minimal binding sequence
of a STAT5 tetramer is. Furthermore, it is not known whether all STAT5 consensus
sites present in promoters are equally “attractive” for STAT5. The base composition
around the consensus site could well be important for the eventual affinity of a
STAT5 dimer or tetramer for the promoter binding site. Possibly, other proteins in
the proximity of the STAT5 sites could also influence the binding of STAT5. An
attractive approach to investigate all these aspects of STAT5 binding is the
technique of ChIP-Seq, where potentially all STAT5 binding regions in the genome
could be identified. Analysis of these results would then reveal whether the known
consensus site is indeed valid in vivo.
Methylation of genomic DNA could play a role in the accessibility of promoters for
STAT5 proteins as well. The finding that STAT5 can activate genes differently
depending on the level of activation could mean that some regions of genomic
DNA are not as accessible as others, caused by differences in methylation status.
A certain threshold of STAT5 activation could potentially be necessary to induce
genes present in more heavily methylated regions. Genome-wide methylation
analysis (MIRA-Seq), preferably combined with the above mentioned ChIP-Seq,
would be necessary to clarify these issues.
Another unknown, and potentially important, aspect of STAT5 regulated gene
expression is the finding that apart from a number of genes that is up-regulated by
STAT5, an approximately equal number of genes is down-regulated upon STAT5
activation. At this moment, it is unclear how STAT5 can down regulate genes. It
could be anticipated that certain transcriptional repressors could be recruited by
STAT5, thereby repressing the expression of certain genes, but future experiments
should clarify this further.
The mechanism how expression of the erythroid transcription factor GATA1 can
affect the lineage choice of common myeloid progenitor cells towards the erythroid
lineage is not well defined. Depletion of GATA1 from CD34+ cord blood cells blocks
the erythroid differentiation, but increases the STAT5-induced long term growth of
HSCs, apparently by preventing exhaustion of HSCs and CMPs caused by
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excessive erythroid differentiation. Furthermore, GATA1 knockdown in sorted MEP
cells results in the appearance of more myeloid progenitor cells in this fraction. It is
tempting to speculate that removal of GATA1 in these cells redirects them towards
myeloid differentiation, but it has to be realized that the cloning efficiency of the
progenitor assay is relatively low, ranging from 10-35%. It could therefore be
possible that certain cells in the presence of GATA1 become an erythroid colony,
while other cells, not growing under these conditions, develop into myeloid colonies
when GATA1 is absent. The question of lineage switching can only be answered if
culture conditions and sorting strategies can be improved in which virtually all of
the defined cells become erythroid colonies in the presence of GATA1. If in that
case depletion of GATA1 would result in the appearance of myeloid colonies,
lineage switching would be formally proven. Efforts to establish such a culture
system will be necessary in the future.
The experiments described in this thesis are all performed with heterogeneous cell
populations, although enriched for CD34+ cells. This may influence the conclusions
drawn from the gene expression experiments, because these are dominated by the
most pronounced cell population and might give an underestimation of small subpopulations with nevertheless highly potent cellular functions. Considering the fact
that HSCs are rare cells, even in CD34+/CD38- stem cell-enriched enriched
populations where real stem cell frequencies might still be less than 1 in 20, this
would mean that expression of genes related to the stem cell phenotype might not
be recognized. Obviously, gene expression analysis at the single cell level would
be the method of choice to tackle these issues, but this is still very demanding and
currently impossible for genome wide gene expression analysis. It could be
informative however, to perform single cell RT-PCR assays on dedicated genes to
establish whether certain genes are indeed differently regulated across a given
population. The use of flow cytometry is already an established method to measure
the amount of protein in single cells. The principle drawback of this method
however is the necessity to fix and permeabilize the cells before staining, thus
excluding the possibility to perform further biological analysis. Possibly, the
development of fluorescent reporter vectors, facilitating the measurement of
activation of signal transduction pathways, could provide a way to study
transcription factor activity in living cells.
The analysis of genes, up-regulated by STAT5 in the presence or absence of
GATA1 (described in chapter 7 of this thesis) could provide further insight into the
genes that might be important for stem cell self-renewal. By depletion of GATA1 in
the studied cells, we were able to separate the differentiation phenotype from the
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self-renewal phenotype. It is conceivable that genes which are regulated by
STAT5, independent of the presence of GATA1, could be important “stem cell
genes”, whereas genes which are GATA1-dependent are likely to be
differentiation-related genes. This way of uncoupling different phenotypes could be
a promising method to reduce the number of target genes from any gene
expression analysis. Combining this with other experiments, like we have done by
expressing active STAT5 in sorted stem and progenitor cell populations, might
result in an enrichment of genes involved in stem cell function.
An important gene, regulated by STAT5, is C/EBPα. It is known that mutations in
the C/EBPα gene, leading to truncated proteins, or reduced expression of C/EBPα
by means of methylation of its promoter, are frequent events in leukemic cells. The
observation that active STAT5 over-expression can lead to the downregulation of
C/EBPα, shown in chapters 5 and 6 of this thesis, suggests that C/EBPα may play
an important role in the observed HSC maintenance phenotype. The molecular
mechanism by which STAT5 can downregulate C/EBPα expression levels is
currently unknown. Because of the known possibility that the C/EBPα promoter
could be methylated, it is tempting to speculate that STAT5 could induce such
methylation. However, efforts to demonstrate such methylation have been
unsuccessful so far because of technical problems related to the design of primers
on the highly GC rich C/EBPα promoter region. Pull down assays for methylated
DNA (MIRA) may provide answers to this question, but these studies have not
been performed yet. We have not found evidence that the expression of
methyltransferases is altered by STAT5, suggesting that STAT5-induced changes
in methyltransferase activity are not likely to be involved. Also, STAT5 binding sites
could not be identified in the C/EBPα 5’ and 3’ untranslated regions, making it
conceivable that indirect mechanisms are involved. Still, the observation that bone
marrow from C/EBPα knockout mice has increased repopulating ability makes
C/EBPα an interesting candidate to pursue further.
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In het menselijk lichaam vindt een voortdurende productie van bloedcellen plaats.
Dit is bijvoorbeeld nodig om te compenseren voor het bloedverlies tijdens een
trauma, maar ook om de bloedcellen in het lichaam op peil te houden. Deze
hebben niet het eeuwige leven maar sterven op een zeker moment af. Hiervoor zijn
per dag maar liefst ongeveer een biljoen (1012) nieuwe cellen nodig. De
bloedcellen ontstaan in het beenmerg vanuit een beperkt aantal bijzondere cellen
die stamcellen genoemd worden. Deze stamcellen zijn bijzonder omdat ze de
mogelijkheid bezitten om door middel van celdeling twee soorten cellen te
genereren: nieuwe stamcellen met identieke eigenschappen als de “moedercel” en
cellen die via een stapsgewijs proces van celdeling (ook wel proliferatie genoemd)
en uitrijping (ook wel differentiatie genoemd) de mogelijkheid hebben om alle
verschillende soorten bloedcellen, zoals rode en witte bloedcellen en
bloedplaatjes, te vormen. Soms raakt het proces van proliferatie en differentiatie
verstoord. Het gevolg hiervan kan zijn dat de bloedcellen bijvoorbeeld nog wel
prolifereren maar niet meer differentiëren. Dit is een kenmerk van een ziekte die
leukemie genoemd wordt. Hierbij worden in het beenmerg, en in een later stadium
ook in het bloed, vele onrijpe bloedcellen gevonden die niet meer hun normale
functies kunnen uitoefenen (in de afweer tegen indringers bijvoorbeeld), en die
door hun grote aantallen de gezonde bloedcellen verdringen.
Binnenin een cel, en dus ook een bloedcel, bevinden zich allerlei stoffen (meestal
eiwitten) die de proliferatie en de differentiatie reguleren. De verschillende soorten
eiwitten worden opgebouwd aan de hand van een soort code die verborgen zit in
het DNA (de genen). Wanneer er op enig moment behoefte is aan een bepaald
soort eiwit krijgt de cel het signaal om deze aan te maken. Hiervoor wordt een
kopie van een stukje van het DNA, dat codeert voor dat eiwit, aangemaakt. Deze
kopie wordt RNA genoemd en aan de hand van de informatie die hierin verborgen
zit wordt het eiwit samengesteld. Het proces van het kopiëren van een stukje DNA
wordt ook wel “gentranscriptie” genoemd. Dit proces van gentranscriptie wordt
geregeld door allerlei eiwitten waaronder de familie van STAT (wat staat voor
Signal Transducer and Activator of Transcription) eiwitten. Deze STAT eiwitten
zitten in de cel te wachten op signalen van buiten de cel om in actie te komen. Dit
kan gebeuren doordat er een signaalmolecuul aan de buitenkant van de cel bindt.
Vervolgens wordt binnen in de cel dit signaal doorgegeven zodat uiteindelijk STAT
198

Nederlandse samenvatting
eiwitten geactiveerd worden en naar de kern gaan waar zij binden aan specifieke
gedeelten van het het DNA.
Er bestaan zeven verschillende versies van de STAT eiwitten, genaamd STAT1 tot
en met STAT6, waarbij er twee varianten van STAT5 (A en B) zijn. De
onderzoeken beschreven in dit proefschrift gaan over STAT3 en STAT5A. Deze
STAT’s spelen een belangrijke rol in de regulatie van proliferatie en differentiatie
van bloedcellen. Ook is het bekend dat in leukemische bloedcellen deze STAT
eiwitten vaak geactiveerd zijn, terwijl er op dat moment geen noodzaak voor is. Het
idee is dan ook dat deze constitutieve activatie een rol speelt bij het ontstaan dan
wel het handhaven van de leukemie.
In hoofdstuk 2 wordt onderzoek beschreven naar het vóórkomen van constitutieve
activatie van STAT3 in cellen van Acute Myeloide Leukemie (AML) patiënten. Er
kon worden aangetoond dat in 25% van de AML patiënten STAT3 geactiveerd is.
Dit bleek te komen doordat de cellen van deze patiënten zelf een stof, genaamd
Interleukine (IL)-6, produceren die tot activatie van STAT3 leidde. Wanneer de
werking van IL-6 teniet gedaan werd door toevoeging van bepaalde stoffen die de
binding van IL-6 aan de cellen blokkeren, was de activatie van STAT3 ook
verdwenen, wat bewees dat dit de oorzaak was van de activatie van STAT3.
Normaal gesproken wordt dit IL-6 alleen geproduceerd als het echt nodig is in een
bepaalde situatie, maar in deze leukemische cellen werd het voortdurend
aangemaakt. Wellicht is dit een mechanisme voor de leukemische cellen om te
overleven en te blijven groeien.
In het beenmerg bevinden zich allerlei stoffen die de groei van bloedcellen kunnen
stimuleren of afremmen. Een van deze groei-remmende stoffen is Transforming
Growth Factor (TGF)-β. De mogelijke invloed van deze stof op de activatie van
STAT3 door IL-6 werd onderzocht in hoofdstuk 3. Het bleek dat in bloedcellen van
10% van de onderzochte AML patiënten STAT3 activatie verstoord was nadat de
cellen blootgesteld waren aan TGF-β. Dit werd veroorzaakt doordat bepaalde
eiwitten die nodig zijn voor de activatie van STAT3, afgebroken werden onder
invloed van TGF-β. Nader onderzoek wees uit dat deze afbraak samen ging met
een bepaalde vorm van celdood, apoptose genaamd.
STAT3 wordt geactiveerd doordat bepaalde aminozuren (dit zijn de bouwstenen
waaruit eiwitten zijn opgebouwd) van STAT3 gefosforyleerd kunnen worden. Een
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van die aminozuren van STAT3 die gefosforyleerd kan worden is een serine
(serine 727), maar de functie hiervan was onduidelijk. In hoofdstuk 4 werd nader
onderzocht waardoor deze fosforylatie kan optreden en welke consequenties dit
heeft voor de cel. Door gebruik te maken van verschillende remmers van
specifieke signaleringroutes in de cel werd aangetoond dat een bepaalde route, de
ERK route, verantwoordelijk was voor de serine fosforylatie. Ook werd aangetoond
dat niet alleen het eiwit ERK betrokken was, maar ook een ander eiwit, genaamd
MSK1, welke door ERK geactiveerd werd. Uiteindelijk leidde de serine fosforylatie
tot meer STAT3 activiteit, waardoor de genen sterker geactiveerd werden die
onder controle staan van STAT3. Waarschijnlijk is de functie van serine 727
fosforylatie dus een soort van extra “finetuning” van de mate van genactivatie door
STAT3.
Eerder onderzoek heeft aangetoond dat wanneer STAT5A actief is in normale
bloed stamcellen (uit navelstrengbloed), dit leidt tot een aantal opmerkelijke
effecten. Ten eerste gaan de stamcellen meer delen met actief STAT5A en ten
tweede wordt ook het differentiatie proces beïnvloed in de zin dat de cellen meer
richting de rode bloedcelreeks differentiëren ten koste van de witte bloedcellen.
Hierbij werd gevonden dat het eiwit C/EBPα minder aanwezig was. In hoofdstuk 5
wordt onderzoek beschreven naar de rol van dit eiwit, bij de effecten van STAT5A
op de bloedcel vorming. Het bleek dat wanneer in de aanwezigheid van actief
STAT5A, ook C/EBPα in de cel gebracht werd, de effecten van STAT5A teniet
gedaan werden. Zowel de proliferatie die eerst verhoogd was, en de differentiatie
die meer richting de rode bloedcelreeks ging, werden tegengegaan. Dit zou er op
kunnen duiden dat de effecten die voor STAT5A beschreven zijn, voor een deel
veroorzaakt worden doordat C/EBPα verminderd aanwezig is als gevolg van actief
STAT5A.
Hoewel het duidelijk is dat STAT5A bepaalde genen activeert, kan de mate waarin
dit gebeurt verschillend zijn. Blijkbaar zijn er niveauverschillen in genactivatie om te
komen tot een zekere “finetuning”. Om te onderzoeken of verschillende niveaus
van STAT5A activiteit ook verschillende effecten hebben op een cel, zijn in
hoofdstuk 6 experimenten gedaan met een speciale vorm van STAT5A die naar
believen hard of minder hard aangezet kan worden. Hierbij bleek dat wanneer
STAT5A maar een klein beetje geactiveerd werd in de cel, de cellen minder snel
differentiëerden naar rode bloedcellen, maar dat ze nog steeds wel veel proliferatie
(celgroei) vertoonden. Als STAT5A maximaal aangezet werd, had de differentiatie
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naar rode bloedcellen de overhand en was uiteindelijk de groei van de cellen
minder. Door ook te kijken naar de mate waarin genen geactiveerd werden door
verschillende niveaus van STAT5A activiteit, kon een verband gelegd worden
tussen deze biologische effecten (differentiatie en celgroei) en de genexpressie.
Uit het onderzoek is naar voren gekomen dat er een sterke mate van finetuning
bestaat waardoor de stamcellen verschillende functies kunnen uitoefenen.
Activatie van STAT5A in bloed stamcellen heeft twee belangrijke biologische
effecten. De cellen gaan meer richting rode bloedcellen differentiëren en meer
groeien. Omdat het niet bekend is welke genen betrokken zijn bij welke van deze
twee effecten, is het interessant om deze twee fenomenen los van elkaar te
kunnen bestuderen. Hiervoor werd in hoofdstuk 7 een speciale techniek gebruikt,
genaamd RNA interference. Met deze techniek werd een eiwit dat essentieel is
voor de differentiatie naar de rode bloedcellen (genaamd GATA1) uit de cellen
gehaald, terwijl STAT5A toch actief bleef. Het gevolg van de uitschakeling van
GATA1 was dat de cellen niet meer naar de rode bloedcelreeks differentieerden,
maar dat ze nog wel het groeivoordeel hadden door de activiteit van STAT5A. Het
bleek zelfs dat de celgroei versterkt was zonder de rode differentiatie. Vervolgens
is toen gekeken welke genen nog steeds aangezet werden terwijl er geen GATA1
meer aanwezig was. Op deze manier is inzicht verkregen over de genen die
mogelijk verantwoordelijk zijn voor het door STAT5A veroorzaakte groeivoordeel.
Samenvattend wijzen deze gegevens op een belangrijke rol voor STAT3 en STAT5
in de regulatie van de proliferatie en differentiatie van bloedcellen. In het geval van
Acute Myeloïde Leukemie is de proliferatie en differentiatie verstoord, en het is dan
ook gebleken dat activatie van STAT3 vaak voorkomt in de bloedcellen van
mensen met deze ziekte. Bovendien is aangetoond dat activatie van STAT5 in
normale (navelstreng) stamcellen leidt tot een verhoogde proliferatie van deze
cellen, wat ook suggereert dat actief STAT5 een belangrijke oorzaak kan zijn van
het ontstaan en/of het behoud van leukemie. Met de opgedane kennis van de
functies van STAT3 en STAT5 kan wellicht meer gericht gezocht worden naar een
eventuele behandeling van patiënten met leukemie.
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List of abbreviations
ALL
AMkL
AML
APL
ATP
BCL
C/EBP
CB
CBF
CDK
CLP
CML
CMP
CSF
CXCR
DNA
Epo
ES cells
ET
ETO
FGFR
FLT-3
FOG1
G-CSF
GFP
GM-CSF
GMP
HSC
ICAM
IL-3
IMF
ITD
Jak
LFA

Acute Lymphoblastic Leukemia
Acute Megakaryoblastic Leukemia
Acute Myeloid Leukemia
Acute Promyelocytic Leukemia
Adenosine Tri Phosphate
B-Cell Lymphoma
CCAAT/Enhancer Binding Protein
Cord Blood
Core Binding Factor
Cyclin Dependent Kinase
Common Lymphoid Progenitor
Chronic Myeloid Leukemia
Common Myeloid Progenitor
Colony Stimulating Factor
CXC Chemokine Receptor
Deoxy Ribonucleic Acid
Erythropoietin
Embryonic Stem cells
Essential Thrombocytopenia
Eight Twenty One
Fibroblast Growth Factor Receptor
Fms-Like Tyrosine kinase-3
Friend Of GATA-1
Granulocyte-Colony Stimulating Factor
Green Fluorescent Protein
Granulocyte-Macrophage-Colony Stimulating Factor
Granulocyte-Macrophage Progenitor
Hematopoietic Stem Cell
Inter Cellular Adhesion Molecule
Interleukine-3
Idiopatic Myelofibrosis
Internal Tandem Duplication
Janus Kinase
Lymphocyte Function associated Antigen
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LIC
LSK-cells
LT-HSC
M-CSF
MDS
MEP
MPD
MYH
PML
PV
RAR
RNA
RNAi
SCF
SDF
shRNA
STAT
ST-HSC
TGFß
TK
TMD
TPO
Tyk2
VLA

204

Leukemia Initiating Cell
Lin-, Sca-1+, c-Kit+ cells
Long Term-Hematopoietic Stem Cell
Monocyte-Colony Stimulating Factor
Myelo Dysplastic Syndrome
Megakaryocyte-Erythrocyte Progenitor
Myelo Proliferative Syndrome
Myosin Heavy Chain
Promyelocytic Leukemia
Polycytemia Vera
Retinoic Acid Receptor
Ribonucleic Acid
RNA interference
Stem Cell Factor
Stromal Derived Factor
short hairpin RNA
Signal Transducer and Activator of Transcription
Short Term- Hematopoietic Stem Cell
Transforming Growth Factor ß
Tyrosine Kinase
Transient Myeloproliferative Disorder
Thrombopoietin
Tyrosine Kinase 2
Very Late Antigen
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Na 13 jaar bij de Hematologie Research gewerkt te hebben komt het er dan toch
van, het proefschrift is af en ik ga promoveren! Het heeft dus wel even geduurd
maar nu is het dan toch zo ver. In deze tijd heb ik veel mensen leren kennen, bij
ons eigen lab maar ook bij verschillende andere labs. Het zal niet meevallen om
iedereen te bedanken voor de goede adviezen, hulp, reagentia en gezelligheid.
Toch vind ik het belangrijk om wel een poging te doen, want zonder deze mensen
zou het nooit gelukt zijn.
Als eerste wil ik mijn promotor graag bedanken. Edo, ik ben je ontzettend dankbaar
dat je altijd achter mij staat als het gaat om wetenschappelijke, maar ook
persoonlijke zaken. Zonder jouw enthousiasme over de wetenschap en kennis van
de literatuur zou het me nooit gelukt zijn om te komen waar ik nu sta. Ik waardeer
het in het bijzonder dat je altijd open staat voor ideeën met betrekking tot de
wetenschap, maar ook dat ik altijd bij je binnen kan lopen voor advies of een
luisterend oor over zaken die niet altijd met het werk te maken hebben.
Mijn copromotor JJ, we kennen elkaar nu al een lange tijd, en het blijft bijzonder
om met elkaar te brainstormen over dingen die ons beide interesseren. Er zijn niet
veel mensen met wie ik gemakkelijker kan praten over de wetenschap dan met jou.
Ik denk dat we vaak maar een half woord nodig hebben om elkaar te begrijpen. Ik
vind het erg leuk dat we, nadat we jaren geleden samen hebben gewerkt op een
KWF project en ik jouw paranimf mocht zijn bij jouw promotie, nu weer samen iets
bereikt hebben en dat we weer (maar nu in een andere rol) beide in het
Academiegebouw staan.
Leden van de leescommissie, heel erg bedankt dat jullie mijn proefschrift hebben
willen beoordelen. Anke, we kennen elkaar ook al een hele tijd en hoewel ik je niet
zo veel meer spreek tegenwoordig, zal ik je altijd weten te vinden voor advies over
het één of ander. Gerald, ik waardeer je kennis van zaken en je opbouwende
kritiek tijdens onze maandagochtend besprekingen! Paul, ik vind het erg leuk dat je
lid van mijn beoordelingscommissie wil zijn, we hebben bij tijd en wijle veel met
elkaar gemaild en gesproken en dat was altijd erg leuk. De keren dat we samen in
de USA zaten bij de ASH meetings zal ik niet licht vergeten (ook niet het hotel in
New York, waar de bedden niet al te breed waren…).
Hoe kan ik alle mensen van het Hematologie Research lab bedanken? Door de
jaren heen zijn er velen geweest die gekomen en ook weer gegaan zijn. Ik vind het
lastig om al die mensen persoonlijk te noemen, omdat ik niemand wil vergeten. Op
het gevaar af mensen voor het hoofd te stoten doe ik toch een poging in
willekeurige volgorde: Wim (mijn begeleider tijdens mijn stage in 1995, waar het
allemaal begon…sorry dat ik er niet altijd fiducie in had...), Harry (van de
wankelplank en de radio die nog steeds op het lab staat), Sicco (leuk dat we elkaar
nog af en toe spreken) Peter, Sonja, Siep, Ben, Leonore (die snoek van 1.20 meter
hebben we toch maar mooi gespot!), Ramon (altijd goed voor het regelen van een
blind date…), Kim, Dolf, Lianne, Irene en Gwenny (de feesten waren onvergetelijk
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in die tijd, de radio snoeihard, CD’s met alleen maar goeie nummers en heel veel
bier), Arjen-Kars (mede door jou ben ik gaan volleyballen, wat ik nog steeds doe),
Mariet (ik heb veel van jou geleerd, daar ben ik je nog erg dankbaar voor), Dick
(soms wilde ik nog wel dat ik de Eend nog had die ik met jou uitgezocht heb),
Henny, Naomi, Gerlinde, Chantal (onze etentjes met Mariska vond ik altijd erg
leuk), Ingrid, Sandra Olthof, Marcel, Inge, Monica, Niek, Lyndsay, Susan, Kyrion,
Bettie, Wup*, Sandra Rizo en natuurlijk Dorina (ik ben blij dat we elkaar nog steeds
af en toe zien, hopelijk blijft dat zo).
Door de jaren heen heb ik ook een aantal studenten mogen begeleiden en ook die
hebben een (soms grote) bijdrage geleverd aan de totstandkoming van dit boekje:
Mariska, Anna, Kim, René Dijkstra, René Mulder, Irma (hoofdstuk 4 is grotendeels
jouw werk geweest, bedankt!), Annet (of STAT5 moleculen tetrameren vormen is
nog steeds onduidelijk, maar de STAT5-ER constructen worden nu nog door vele
mensen, en niet alleen op ons lab, gebruikt) en Néomi, iedereen bedankt!
Iedereen die nu op het lab hematologie werkt: Annelies (zonder jou hadden we
nooit zo veel navelstreng bloed gekregen), Carolien (je mag altijd iets vragen),
Karen (er zit altijd een kern van waarheid in wat ik zeg...), Szabolcs, Nel, Sarah,
Francesco, Lina, Rikst-Nynke, Marta, Vincent, Gerwin, Matthieu, Patrick (ik vind
het leuk dat je bij ons op de kamer zit), Janny, Djoke (altijd hart voor de zaak!),
Hein (leuk dat je er weer bent!), allemaal bedankt!
Ook het lab Kinderoncologie wil ik niet vergeten omdat we zo veel dingen samen
doen: Frank, Tiny, Berber, Kim, Erik, Mariska, Henk-Marijn, Arja, Alida en Eveline,
bedankt!
Henk en Geert van de flowcytometrie, bedankt voor alle hulp, advies en praatjes
tijdens het sorteren. Collega’s van de Bijzondere Hematologie van de Laboratorium
Geneeskunde, bedankt voor de leuke samenwerking in verband met de
diagnostiek en de drupjes antilichaam. Dorothea, bij jou kan ik altijd terecht en dat
waardeer ik zeer. Mensen van de Stamcel Biologie, Medische Biologie, Pathologie
en Allergologie en Longziekten, bedankt voor alles!
Een aantal jaren geleden zijn het Hematologie Research laboratorium, de
Kinderoncologie en de Oncologie en Gynaecologische Oncologie bij elkaar
ingetrokken waardoor ik er een hoop collega’s bij gekregen heb. Iedereen van die
afdelingen en in het bijzonder de buren Hetty en Coby, bedankt voor de
gezelligheid en de goede samenwerking.
Zonder de broodnodige secretariële ondersteuning was het ook allemaal niet
gelukt, Sylvia, Bianca, Willy en Greta, bedankt!
Mijn paranimfen: Marjan, we kennen elkaar al erg lang en ik ben erg blij dat we
altijd lief en leed bij elkaar kunnen delen. Ik hoop dat we dat nog een tijd kunnen
blijven doen. Annet (word je toch maar mooi twee keer genoemd), ik vond het al
leuk om je als student te mogen begeleiden en ik ben dan ook blij dat je nu weer bij
ons werkt. Je bent één van de weinigen die op Ruben heeft gepast en dat blijft
heel bijzonder. Allebei heel erg bedankt dat jullie mijn paranimfen willen zijn, jullie
steunen me niet alleen met “werk-zaken”, maar ook op het persoonlijke vlak.
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Vrienden, zonder jullie was het waarschijnlijk allemaal niet gelukt: Carin en Petrick,
Arjen en Anneloes, Jeffrey en José, bedankt! Petrick met jou is het altijd goed
klussen, praten, muziek maken en nog veel meer. Arjen, je bent onnavolgbaar als
we weer met Petrick (en Susan) op een festival zijn, niemand kan volgens mij zo
genieten van een broodje kebab als jij. Jeffrey, bedankt voor alle gesprekken over
de meest uiteenlopende zaken / projectjes. Ik ken niemand die zo geïnteresseerd
is in zoveel verschillende dingen, van wetenschap tot fotografie tot bergbeklimmen
tot deltavliegen. Ik vond het altijd erg leuk om met je op vakantie te gaan naar de
bergen, hopelijk komt dat er in de toekomst weer wat meer van! Jullie staan altijd
klaar voor ons, ook in moeilijke tijden, heel erg bedankt en ik hoop dat we nog vaak
met elkaar oud en nieuw gaan vieren!
Volleybalgenoten, de wekelijkse trainingen en wedstrijden geven altijd veel
ontspanning, iedereen bedankt!
Lieve mama, jij hebt nog net meegemaakt dat ik stage ging lopen bij de
Hematologie Research. Gelukkig heb ik je nog kunnen vertellen dat ik het er erg
naar mijn zin had, maar ik wilde dat je er nog was om deze promotie ook mee te
maken. Lieve papa, ik heb vroeger heel veel met je samen gedaan, uit die tijd komt
ook mijn plezier in het klussen en het zelf maken van dingen. Ik ben je erg
dankbaar voor de vrijheid die jij en mama mij altijd gegeven hebben om de dingen
te doen die ik wilde doen. Carine, lieve zus, jij bent heel bijzonder voor mij. Ik kan
altijd bij je terecht als er iets is. Vooral de laatste jaren ben je van onschatbare
waarde geweest voor ons gezin, daar zal ik je altijd dankbaar voor blijven. Alfred,
lieve broer, ontelbare uren hebben wij samen gevoetbald tussen de
schapendrollen, getafeltennist met zelfgemaakte batjes, muziek gemaakt en met
Lego gespeeld. Dat zijn tijden die ik nooit zal vergeten. We moeten weer eens iets
met z’n tweeën gaan doen..
Waar zou ik zijn zonder mijn gezinnetje... Lieve Ruben, ons eerste kindje, je bent
niet lang op deze wereld geweest maar ik had de tijd die we met je gehad hebben
voor geen goud willen missen. Je hebt ons veel gegeven en daar blijf ik je altijd
dankbaar voor. Ik mis je. Tara, jij bent het liefste meisje wat ik ken, ik hoop dat we
nog vaak gaan knuffelen. Maarten, je bent er net maar ik ben nu al gek op je.
Lieve Susan, we kennen elkaar bijna even lang als mijn “carrière” bij het
Hematologie lab. Ik weet nog goed dat je bij onze buren (de Kinderoncologie)
kwam en dat het binnen een paar weken raak was… Nu zijn we meer dan tien jaar
verder en is er een hoop gebeurd in ons leven samen. Ik vind het nog altijd heel
bijzonder wat we samen hebben en ik hoop dat dat nog lang mag duren. Zonder
jou had ik hier zeker niet gestaan! Heel veel liefs.
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