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FIGURE 1. Schematic overview of myeloid lineage development
Hematopoietic stem cells (HSC) differentiate into multipotent, and subsequently common myeloid 
progenitors (CMP), towards cells from the granulocyte/macrophage lineage (GM), including neu-
trophils, eosinophils, monocytes, and macrophages, and cells from the megakryocyte/erythroid line-
age (ME), including erythrocytes, megakaryocytes, and platelets. 

Transcriptional control of myeloid development
Myelopoiesis is a complex, dynamic, and carefully organized series of events 
involving self-renewal and differentiation hematopoietic stem cells (HSC) into 
multi-potent progenitor cells, common myeloid progenitors (CMP), towards cells 
of both the granulocyte/macrophage lineage (GM), including neutrophils, eosi-
nophils, monocytes, and macrophages, as well as the megakaryocyte/erythroid 
(ME) lineage including erythrocytes, megakaryocytes, and platelets 1 (Figure 1). 
The regulation of lineage commitment and differentiation has historically been 
explained by two models: signaling by lineage-specific hematopoietic cytokines 
(deterministic model), and a stochastic model, based on the activity of lineage-
specific transcription factors 2-6. 
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While recent studies, utilizing continuous long-term single cell analysis have 
pointed out the importance of lineage specific cytokines, including granulocyte 
colony-stimulating factor (G-CSF), and macrophage colony-stimulating factor 
(M-CSF) in directing lineage development 7,8, here we will focus on the role of 
transcription factors in the regulation of myeloid differentiation.

Granulopoiesis and monopoiesis
Transcriptional regulation of GM-lineage progression and determination, is or-
chestrated by a relatively small number of transcription factors, including PU.1, 
the CCAAT-enhancer-binding protein (C/EBP) family of transcription factors (in 
particular C/EBPα, C/EBPε and C/EBPß), growth-factor independent 1 (Gfi-1), 
and interferon-regulatory factor 8 (IRF8). Other important factors for myeloid 
development, including Runt-related transcription factor 1 (RUNX1, or acute 
myeloid leukemia protein 1 (AML1)), GATA-2, and c-Myb, predominantly regu-
late genes in immature myeloid cells, and play a broader role in HSC biology 
9-11 (Figure 2). While PU.1 expression is required to generate CMP from HSC, the 
activity of C/EBP proteins is crucial for normal neutrophil development. C/EBPα 
is essential for instruction of the GMP towards differentiation of the granulo-
cyte, and the monocyte/macrophage lineage, and induces cell cycle arrest in dif-
ferentiating myeloid cells 12-15. Whereas neutrophil and monocyte/macrophage 
cell fates largely depend on C/EBPα, and PU.1 activity levels, and the presence 
of G-CSF, increased C/EBPα:PU.1 ratio favors neutrophil differentiation over mo-
nocyte differentiation 13,14,16,17. 

FIGURE 2. Transcriptional regulation of GM-lineage
GM-lineage development is regulated by a relatively small number of genes, including RUNX1, 
GATA-2, CBF, and c-Myb at the myeloid progenitor level, and PU.1, and C/EBPα at the GMP level. 
Further lineage specification is predominantly regulated by Gfi-1, and C/EBPε for the granulocytic 
lineage, and IRF-8, and AP-1 for the monocyte/macrophage lineage
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FIGURE 3. The role of C/EBP proteins during neutrophil development 
Neutrophil development evolves through distinct stages, from myeloblasts, promyelocytes, my-
elocytes and metamyelocytes towards banded, and segmented neutrophils. C/EBPα, C/EBPε, and 
C/EBPß are differentially expressed, and have distinct roles during neutrophil development, invol-
ving differentiation of neutrophil precursors (C/EBPα), terminal neutrophil differentiation, and the 
formation of neutrophilic granules (C/EBPε), and stress granulopoiesis (C/EBPß).

C/EBPα is highly expressed in immature neutrophil precursors, while expression 
levels decrease from the promyelocytic stage of differentiation 14,18. C/EBPε is 
primarily involved in terminal neutrophil differentiation, regulates transition 
from the promyelocytic stage into the myelocytic stage of differentiation, and is 
essential for secondary (lactoferrin) and tertiary (gelatinase) granule formation, 
the hallmark of granulocytes 12,19,20 (Figure 3). 
While C/EBPα, and C/EBPε are predominantly involved in “steady state” gra-
nulopoiesis, the expression and activity levels of C/EBPß are increased during 
physical stress, or infections, leading to “emergency” granulopoiesis, resulting 
in both proliferation, and differentiation of neutrophil precursors 21.  Monocyte/
macrophage differentiation is dependent on increasing PU.1 levels beyond the 
GMP stage, and activation of IRF8. Illustrative for the complexity of myeloid 
differentiation, PU.1 levels can be increased by C/EBPα-mediated transcriptio-
nal activation directly, or by interaction with lineage specific factors, including 
c-Jun/activator protein 1 (AP-1), which determines terminal monocyte/macro-
phage differentiation 11,22,23.

Erythropoiesis and megakaryopoiesis
Similar to GM-lineage development, transcriptional regulation of erythroid and 
megakaryocyte differentiation is regulated by relatively small number of ge-
nes. Differentiation of CMP towards either the ME-lineage or the GM-lineage 
is determined by the cross-antagonizing actions of PU.1, directing GM-lineage 
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progression, and GATA-1, the key-regulator of both erythrocyte and megaka-
ryocyte development 24-26. While GATA-1, a zinc finger transcription factor is es-
sential for both erythroid development and megakaryocyte development, the 
functional role of GATA-1 during the different stages of megakaryocyte dif-
ferentiation remains unclear. Other factors include friend of GATA-1 (FOG-1), 
which is co-expressed with GATA-1 throughout ME-lineage development, stem 
cell leukemia (SCL, or T-cell acute lymphocytic leukemia protein 1 (TAL1), and 
LIM domain only 2 (LMO2) 27. At the MEP stage, Myb regulates commitment to 
the erythroid lineage, and progression to erythroblasts 28. Other erythroid spe-
cific genes include Erythroid Kruppel-like factor (EKLF, or KLF1), involved in the 
switch from fetal to adult globin expression 29,30, and cAMP response element-
binding (CREB)-binding protein (CBP), a lysine acetyltransferase (KAT), which 
regulates acetylation of GATA-1, resulting in transcriptional activation 31. Con-
cerning megakaryocyte development, progression from the MEP involves the 
activity of RUNX1, and Friend leukemia integration 1 (Fli-1), which regulates the 
expression of late stage megakaryocyte markers 32,33 (Figure 4). The heterodime-
ric transcription factor nuclear factor, eryhtroid-derived 2 (NF-E2), consisting of 
p45, associated with small Maf proteins 34, plays an important role in megakary-
ocyte progenitor proliferation as well as terminal differentiation of megakaryo-
cytes and the subsequent regulation of platelet release 35-37. The role of NF-E2 in 
erythroid development is less clear, yet involves both proliferation of eryhtroid 
precursors, and terminal erythrocyte differentiation 36,38-40.

FIGURE 4. Transcriptional regulation of ME-lineage development
ME-lineage development is regulated by a relatively small number of genes, including RUNX1, 
GATA-1, and GATA-2 at the myeloid progenitor level, and GATA-1/FOG-1, LMO2, and NF-E2 at the 
MEP level. Further lineage specification is predominantly regulated by RUNX1, and Fli-1 for the 
megakaryocytic lineage, and CBP/p300, and KLF1 for the erythroid lineage.
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Aberrant myeloid differentiation: MDS and AML
HSC functional defects, resulting in aberrant myeloid development, can be the 
result of intrinsic HSC abnormalities, or originate from an ineffective bone mar-
row microenvironment, resulting in reduced HSC functionality 41. Myelodysplas-
tic syndrome (MDS) is a (potentially) clonal disorder, characterized by increased 
stem cell proliferation, aberrant differentiation, and increased levels of apopto-
sis, resulting in clinical signs of bone marrow failure. MDS can arise de novo, in 
patients with inherited bone marrow failure syndromes (IBMFS), or secondary 
to chemo- or radiotherapy. While the biology, and underlying genetic abnor-
malities are still largely unclear, there is increasing evidence that the mecha-
nisms underlying aberrant myeloid differentiation in MDS concern disordered 
stem cell epigenetics 42-44. Recent studies in MDS and AML in adults demonstra-
ted distinct DNA methylation profiles, and mutations in epigenetic regulators, 
including histone-lysine N-methyltransferase EZH2, DNA methyltransferase 3a 
(DNMT3a), and isocitrate dehydrogenase1/2 (IDH1/2) 45-47. Recently, based on 
whole-genome sequencing, or whole-exome sequencing, together with RNA se-
quencing, microRNA sequencing, and DNA methylation analysis, genomic, and 
epigenomic profiles of two hundred de novo AML samples, suggested an impor-
tant role for epigenetic modifications in AML biology and revealed mutations 
in DNA-methylation-related genes, and chromatin-modifying genes in 44% and 
30% respectively 48. 
While the studies concerning the genetic, epigenetic, and molecular characteris-
tics of MDS and AML have increased our understanding of the sequential events 
in the pathogenesis of MDS, and AML, the functional differences of MDS and 
de novo AML leukemic stem cells (LSC), are still unclear. Based on clinical and 
hematological parameters, MDS/AML can be distinguished from de novo AML, 
through the suppression of normal hematopoiesis, dysplasia in one or more 
lineages (versus a lineage restricted differentiation block), worse response to 
chemotherapy, and specific cytogenetic abnormalities 49. Since the only poten-
tially curative treatment for MDS/AML is allogeneic bone marrow transplanta-
tion, and the conventional treatment for AML is associated with considerable 
toxicity, many studies focus on the development of novel drug strategies.  
The use of chromatin-modulating drugs, including lysine deacetylase inhibitors 
(KDACi) for the treatment of myeloid malignancies has increased dramatically 
in recent years. In combination with demethylating compounds, such as 5-aza-
cytidine, proteasomal inhibitors, including bortezomib, or conventional chemo-
therapeutic modalities, these agents have shown to improve hematological out-
come in patients with myelodysplastic syndromes and acute myeloid leukemia 
50-57. While there is an increasing understanding concerning the cellular effects 
of these novel treatments, the specific mechanisms underlying the effectiveness 
of KDACi and their molecular targets remain unclear. Since KDACi inhibit deace-
tylation of histone and non-histone protein substrates, this suggests that the re-
gulation of protein acetylation plays an important role in the cellular effects of 
KDACi in malignant cells, and is involved in aberrant cellular differentiation in 
(myeloid) malignancies more generally. Since KDACi are specifically effective in 
myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML), this raises 
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questions as to the role of protein acetylation in normal myeloid development.   

Regulation of protein acetylation by KAT and KDAC
Acetylation is a reversible post-translational modification (PTM) that takes place 
exclusively on lysine residues and results in the neutralization of the positive 
charge of this amino acid 58,59. Acetylation of histone, and non-histone proteins 
regulates a wide variety of molecular functions, including protein-protein inter-
actions, protein stability, and DNA binding 58. 
While histone H2A and H2B are thought to play primarily a structural role, his-
tone H3 and H4 are key integrators of a variety of signals that regulate trans-
cription. Acetylation of specific lysine residues, on histone H3 and H4, including 
H3K9, H3K8, H3K27, and H4K16, is associated with transcriptional activation, 
through regulation of chromatin assembly. Histones are characterized by a ly-
sine rich, positively charged N-terminal tail. Charge-neutralizing effects of ly-
sine acetylation induce an open chromatin structure, allowing the interaction of 
DNA with transcription-regulator protein complexes, while deacetylation con-
versely results in compaction of the chromatin structure (Figure 5) 60-64. While 
our knowledge concerning histone acetylation has originated from more than 
thirty years of studies, understanding the role of acetylation of non-histone pro-
teins is relatively new. Utilizing a mass-spectrometry approach, Choudary et al. 
have identified >1700 (non-histone) acetylated proteins with distinct biological 
functions, including transcription factors, protein kinases, adaptor proteins, and 
proteins involved in DNA damage, nuclear transport, RNA splicing (Figure 5) 65. 
While the functional role of protein acetylation is both substrate, and lysine 

FIGURE 5. Regulation of histone and non-histone protein acetylation
Reversible acetylation of histone and non-histone proteins is catalized by opposing activities of 
KAT, and KDAC. Histone acetylation results in an open chromatin structure, allowing the interaction 
of DNA with transcription-regulator protein complexes, whereas deacetylation results in compac-
tion of the chromatin structure. Acetylation, and deacetylation of non-histone proteins regulates 
protein interactions, and protein function. The functional effects of protein acetylation have been 
implicated in a large variety of biological processes.    
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HDAC and sirtuins (and KAT) in normal hematopoiesis

1

residue specific, this includes DNA recognition, DNA binding, protein-protein 
interactions and protein stability, based on the cross-talk between lysine ace-
tylation and poly-ubiquitination, which targets proteins for proteasomal degra-
dation 58,66.
Reversible acetylation of histone and non-histone proteins is catalized by op-
posing activities of lysine acetyl transferases (KAT, or histone acetyltransfera-
ses (HAT)) and lysine deacetylases (KDAC, or histone deacetylases (HDAC)). KAT 
can be divided into several families, including the GNAT family (Gcn5-related 
N-acetyl transferase); the MYST group (MOZ, YBF2/SAS3 SAS2 and Tip60), and 
the CBP/p300-family. KAT preferentially acetylate specific lysine substrates, and 
function in association with protein complexes that can include an array of other 
KAT, transcription co-activators and co-repressors 59,67-69. Mammalian KDAC have 
been grouped into four classes: class I (HDAC 1, 2, 3 and 8), class II (HDAC 4, 5, 
6, 7, 9 and 10), class IV (HDAC11) and the structurally and functionally distinct 
class III, or sirtuins (SIRT 1-7) 70,71. Class I KDAC are found almost exclusively in the 
nucleus, whereas class II KDAC shuttle between the nucleus and cytoplasm upon 
certain cellular signals (Table 1) 70. 
Biochemically, sirtuins can be subdivided in nicotinamide adenine dinucleotide 
(NAD+)-dependent lysine deacetylases (SIRT1, SIRT2, SIRT3, SIRT5, SIRT6, and 
SIRT7) and monoribosyltransferases (SIRT4, and SIRT6) 72. SIRT1 is predominantly 
expressed in the nucleus, SIRT2 resides in the cytoplasm, while SIRT3-5 are pre-
dominantly expressed in the mitochondria, regulating a large variety of meta-
bolic processes (Table 1) 73. 

HDAC and sirtuins (and KAT) in normal hematopoiesis
There remains surprisingly little known concerning the function of specific 
HDAC and sirtuins in regulating hematopoiesis. Although the high sequence 
similarity between class I HDAC suggest a significant overlap in function, ge-
netic studies in mice have revealed redundant as well as specific functions 74. 
Wilting et al. demonstrated that the combined conditional deletion of HDAC1, 
and HDAC2 in human hematopoietic cells, induced cell cycle arrest in hemato-
poietic progenitors. In addition, inactivation of HDAC1 and HDAC2 resulted in 
anemia and thrombocytopenia, accompanied by apoptosis of megakaryocytes. 
Since deletion of a single HDAC resulted in no haematological phenotype, this 
suggests that HDAC1 and HDAC2 have redundant functions during normal ME-
lineage development 75.  In fetal erythropoiesis, it has been demonstrated that 
HDAC2 plays a specific role in chromatin condensation, and subsequent enu-
cleation of fetal erythroblasts 76. Wada et al. demonstrated that the expression 
levels of class I HDAC are relatively low in normal hematopoietic progenitor cells 
compared to cells from AML patients. In addition, they suggested that HDAC1 
expression levels play a role in myeloid lineage progression towards the ME-
lineage (favoured by high HDAC1 expression levels), or the GM-lineage (favou-
red by low HDAC1 expression levels) 77. Recently, it has been demonstrated that 
HDAC3, another class I HDAC, is required for cell cycle progression of HSC/HPC, 
and development of the lymphoid lineage 78, and that HDAC5, a class IIa HDAC, 
is involved in ME-lineage development through deacetylation of GATA-1. 79,80 
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While studies in leukemia models suggest a functional role for other class I/II 
HDAC, in the regulation of myeloid, and lymphoid differentiation, their role has 
not been studied in normal hematopoiesis yet (Table 1) 81-87. 
Evaluation of the role of SIRT1 in hematopoiesis, and other biological processes, 
has been hampered by high perinatal mortality of SIRT1 knockout mice, and 
postnatal development defects 88-90. Recently, utilizing SIRT1 deficient mouse 
embryonic stem cells (ESC) differentiated towards the erythroid, and GM-line-
age, it has been demonstrated that SIRT1 deficiency compromises ESC hemato-
poietic differentiation. Functional defects in ECS-derived hematopoietic cells in-
cluded reduced numbers of hematopoietic progenitor cells (HPC), inhibition of 
HSC cycling, and ex vivo survival of HSC, and were also observed in HPC of SIRT1 
deficient adult mice 91. Narala et al. demonstated that HSC from SIRT1 deficient 
mice have increased growth capacity, accompanied by decreased dependency 
on growth factors, and increased telomerase activity, suggesting that SIRT1 is 
a nutrient-dependent growth suppressor 92. Interestingly, Leko et al. suggested 
that SIRT1 is dispensable for HPC function. In conditional SIRT1 knockout adult 
mice, they observed no significant effects on the production of mature blood 
cells, lineage distribution and frequencies of HSC populations 93. 
Taken together these data suggest that SIRT1 plays a role in HSC maintenance, 
and differentiation, predominantly in the transition from fetal to definitive he-
matopoiesis (Table 1). While SIRT2 activity has recently linked to the regulation 
of proliferation, and survival of AML cells, the role of SIRT2, as well as SIRT3-7 in 
normal hematopoiesis is unknown 94. 
In addition to the role of HDAC, and sirtuins, the role of KAT, predominant-
ly CBP/p300, and MOZ, in the regulation of normal hematopoiesis has been 
studied quite extensively. In summary, CBP/p300, multidomain transcriptional 
coactivators with intrinsic KAT activity, play distinct roles in HSC function, and 
CBP, and p300 nullizygosity is independently associated with the development 
of haematological malignancies 95,96. While it has been demonstrated that CBP 
activity is involved in HSC renewal, p300 predominantly regulates HSC differen-
tiation, and interacts with Myb to control the proliferation, and differentiation 
of erythroid progenitors  95-99. Interestingly, Kimbrel et al. have suggested that 
the role of p300 in hematopoiesis involve the enzyme-independent functions 
of p300, and do not involve HAT activity 98. Concerning the MYST family of KAT, 
studies in murine, and human hematopoietic cells, have suggested that MOZ is 
essential for the generation, maintenance, and differentiation of HSC towards 
the myeloid (including erythroid), and lymphoid lineages 100-102. 

Aberrant protein acetylation profiles in MDS/AML biology
In MDS and AML, several distinct epigenetic regulatory networks that affect 
DNA methylation, post-translational histone modifications and alterations in 
microRNA expression, have been identified 103-105. Many malignancies are cha-
racterized by such epigenetic modifications, which include alterations in cellular 
acetylation 44,106. Studies in AML blasts have demonstrated general histone H3 
and H4  hypoacetylation and distinctive HDAC expression profiles compared to 
normal hematopoietic progenitor cells, including overexpression of HDAC6 and 
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SIRT1, and decreased expression of HDAC4 and SIRT5 77,107,108. Aberrant expres-
sion of HDAC3, HDAC7, HDAC8, and HDAC9 has predominantly been associated 
with acute lympoblastic leukemia, yet the functional role of these HDAC, and 
significance of these findings is largely unknown 81,84. Recently, Dan et al. demon-
strated in primary AML cells that SIRT2 upregulation is associated with aberrant 
proliferation and survival of AML cells 94. In addition, Agrawal-Singh et al. have 
demonstrated decreased histone H3 acetylation levels at >1000 genomic loci, in-
cluding core-promoter regions in AML blasts compared to CD34+ hematopoietic 
progenitor cells, suggesting that a large number of genes are epigenetically si-
lenced in AML 109. In addition, several KAT and KDAC are directly involved in my-
eloid transformation. The best-known example is acute promyelocytic leukemia 
(APL), in which abnormal recruitment of HDAC, predominantly HDAC1, by the 
oncogenic fusion product promyelocytic leukemia protein (PML)- retinoic acid 
receptor (RAR) is a key pathogenic mechanism, resulting in KDAC-induced re-
pression of RA target-gene 110-112. Other examples include mutations of the KAT 
CBP/p300, the oncogenic MOZ- transcriptional mediators/intermediary factor 2 
(TIF2) fusion, and the relatively frequent involvement of KAT in other leukemic 
fusion products in AML 113-117. Intruigingly, Fraga et al., have demonstrated in 
a variety of tumor cells, that distinct histone modifications, specifically loss of 
monoacetylation of histone H4K16 and H4K20 represent early events in tumo-
rigenesis 106.  
While the role of sirtuins in the regulation of ageing and lifespan is well under-
stood, the role of sirtuins in malignancies is complex, and depends on the cellu-
lar and molecular context 118. All mammalian sirtuins, excluding SIRT5 have been 
implicated in cancer development, both as oncoproteins and tumor suppressor 
proteins, and sirtuin (over)expression has been associated with both increased, 
and decreased survival 72,118. The dual roles for sirtuins in cancer biology can be 
illustrated by SIRT1, which regulates activation of the oncogene Myc, inhibition 
of the tumorsuppressors p53 and retinoblastoma (Rb), as well as genomic stabi-
lity, and inhibition of cell growth through inhibition of the ß-catenin activity 72.

The effects of KDACi treatment in MDS and AML cells
Over the past decade, there has been a dramatic increase in the number of stu-
dies focusing on the use of KDACi for the treatment of myeloid malignancies 
as illustrated by more than twenty clinical trials currently being performed to-
day (www.clinicaltrials.gov). These include a phase II trial studying azacytidine 
treatment with or without treatment with class I KDACi entinostat (SNDX-275/
MS-275) in patients with MDS, chronic myelomonocytic leukemia (CMML), or 
AML; a phase I trial studying the treatment with the pan-KDACi panbinostat 
(LBH-589), in combination with standard chemotherapy in older (> 60years of 
age) patients with MDS or AML; and a phase II trial studying treatment with 
azacitidine with or without treatment with lenalidomide, or the class I/II KDACi 
vorinostat (suberanilohydroxamic acid, SAHA) in patients with high-risk MDS, 
or CMML.
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KDACi can be categorized based on both differential structural properties, inclu-
ding hydroximates (SAHA, LBH-589), cyclic peptides and benzamides (MS-275), 
and their specificity for HDAC 119-121. Various studies have revealed that broad 
specificity KDACi can modulate the expression levels of 7-10% of all genes 122-124. 
The functional effects of KDACi in myeloid malignancies, as a single agent or in 
combination with other treatment modalities, includes the induction of growth 
arrest, differentiation and apoptosis both in vitro and in vivo, by modulation of 
both transcription-dependent and transcription-independent mechanisms. In 
murine models of AML, AML cell lines and primary AML cells, induction of apop-
tosis by KDACi treatment involves activation of the death receptor pathway 
(TRAIL, Fas signaling pathways), and through upregulation of p21, and down-
regulation of the anti-apoptotic proteins BcL-2 and XIAP, together resulting in 
activation of caspases 51,57,125-127. Furthermore, recent studies have demonstrated 
that the induction of apoptosis by KDACi treatment is a consequence of the 
inhibition of autophagy 128,129. The role of autophagy, a cell self-protective ba-
sic catabolic mechanism, involving degradation of unnecessary or dysfunctional 
cellular components by lysosomes (phagosomes), in cancer is still under debate 
130-132. While in AML, the role of autophagy has mainly been implicated in the-
rapy resistance of AML cells, other studies have demonstrated that activation of 
autophagy results in the degradation of oncogenic fusion proteins 133-136.
In addition to apoptosis, and autophagy of AML blast cells, several studies have 
demonstrated that treatment with KDACi induces growth arrest and myeloid 
differentiation of blast cells accompanied by increased acetylation of histones 
H3 and H4 and more specifically acetylation of H3K27 and H4K16 137-141. While 
studies in murine models suggest that KDACi inhibit the proliferation and self-
renewal of leukemic progenitor cells (LPC), data in primary AML cells suggest 
that treatment with the KDACi valproic acid potentially stimulates the expan-
sion of LPC 57,142. Finally, Golay et al. have demonstrated that the induction of 
apoptosis in primary AML cells was accompanied by inhibition of expression of 
the pro-angiogenic factors IL-6 and VEGF by mesenchymal stromal cells (MSC) 
126. 
There is still sparse knowledge concerning the role of sirtuins in myeloid malig-
nancies 143, and the potential effects of pharmacological compounds regulating 
sirtuin activity in this group of disorders 72.  In recent studies with AML cell lines 
and primary cells, distinct SIRT inhibitors induced apoptosis and differentiation 
in AML cells, which involved acetylation of protein kinase B (PBK/c-AKT), fol-
lowed by dephosphorylation, and inhibition of PKB, and subsequent activation 
of glycogen synthase kinase 3ß (GSK3ß) axis, ultimately resulting in inhibition 
of ß-catenin 94,144. Interestingly, synergistic interactions between classical KDACi, 
including the class I/IIa KDACi valproic acid (VPA), and the pan-KDACi subera-
nilohydroxamic acid (SAHA, or vorinostat), and SIRT inhibitors, including EX527 
(SIRT1), and cambinol (SIRT1-3), have been described in AML cells, involving 
upregulation of the pro-apoptotic protein Bax by classical KDACi, followed by 
Bax-mediated apoptosis, which is inhibited by SIRT1 145. In chronic myeloid leu-
kemia (CML) it has been demonstrated that SIRT1 activity is involved in acquired 
drug resistance, through the induction of error-prone DNA damage repair, and 
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subsequent acquisition of novel genetic mutations, whereas treatment of CML 
blasts with the SIRT1 inhibitor nicotinamide in combination with the (BCR-ABL) 
tyrosine kinase inhibitor (TKI) imatinib, revealed that SIRT1 inhibition increased 
p53 acetylation and transcriptional activity, resulting in increased apoptosis of 
blasts 146,147 . 
Clinically, overall response rates in preclinical studies in patients suffering from 
AML or hig-risk MDS are generally poor when patients are treated with a single 
KDACi compound, while combinational therapy with chemotherapeutic agents, 
demethylating agents, proteosomal inhibitors, or ATRA, results in overall res-
ponse rates up to 85% 50,52,56,141,148-150. 

The effects of KDACi  treatment in normal hematopoietic cells
Results of phase I and phase II clinical trials with KDACi suggest no unfavourable 
effects on the normal progenitor compartment, yet hypergranulocytosis and 
prolonged thrombocytopenia in patients have been described 50,148-151. Previous 
studies in CD34+ HSC/HPC, and mesenchymal stromal cells (MSC) from the bone 
marrow microenvironment, have demonstrated that VPA, class I/II KDACi, silmu-
lates the expansion of myeloid progenitor cells at the expense of myeloid dif-
ferentiation, while treatment of bone marrow MSC induces cell-cycle arrest, and 
inhibits MSC-mulltilineage differentiation 152-154. The effects in CD34+ cells were 
accompanied by increased histone H3 acetylation, acceleration of the cell cycle 
through down-regulation of p21, inhibition of GSK3ß and activation of Wnt 
signalling 152,153. In addition, Walasek et al. demonstrated that the combination 
of VPA with lithium delays HSC differentiation, illustrated by preserved expres-
sion of stem cell-related genes, including GATA2, and Gfi-1, at the expense of 
myeloid differentiation-related genes 155.
Interestingly, while a recent micro-array based study in myeloid cell lines and 
CD34+ cells suggest inhibitory effects of VPA treatment on erythropoiesis, il-
lustrated by down-regulation of GATA1/FOG1 expression 156, others suggest 
a stimulatory effect of VPA on interleukin 3 (IL-3) mediated megakaryocyte/
erythroid lineage development, illustrated by increased numbers of megaka-
ryocyte and erythroid precursors 157. Intruigingly, most of the effects described 
in normal hematopoietic cells are in contrast to the effects described in AML 
cells.  Moreover, treatment with VPA, a commonly used anti-epileptic drug, is 
associated with a large variety of haematological side effects, including throm-
bocytopenia, leukopenia, and pancytopenia, in patients with no previous hae-
matological disorder 158-161. 
In addition to studies in SIRT1 deficient mice, in human umbilical cord blood 
derived cells, SIRT inhibition with nicotinamide or the specific SIRT1 inhibitior 
EX-527 increased the expansion, engraftment, and homing of HSC, at the ex-
pense of myeloid differentiation, suggesting that SIRT1 also plays a role in HSC 
differentiation 162. The NAD+ - SIRT1 pathway has also been implicated in the 
regulation of myeloid differentiation, illustrated by increased neutrophil num-
bers in healthy individuals treated with the nicotinamide 163.
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Scope and aims of this thesis
In recent years, epigenetic changes have been identified in as important factors 
in the pathogenesis of MDS and AML, which has resulted in a rapid increase in 
the use of chromatin modulating drugs, including KDACi. The effects of KDACi 
in myeloid (blast) cells include the induction of apoptosis, cell cycle arrest, dif-
ferentiation towards the granulocytic lineage and inhibition of autophagy. In 
addition to the well-described effects of KDACi on histone acetylation resulting 
in chromatin remodelling and subsequent activation of the transcriptional ma-
chinery, the regulation of acetylation of non-histone proteins, in the context of 
disease, is not well understood. Since the clinical use of KDACi for the treatment 
of myeloid malignancies is increasing, it is important to define the effects of this 
family of compounds on the normal hematopoietic compartment. Normal my-
eloid development is tightly regulated by lineage-specific cytokines (and their 
receptors), transcription factors and transcriptional co-regulators, and involves 
functional regulation by epigenetic changes and post-translational modificati-
ons. 
Work in this thesis is aimed to increase our understanding of the effects of 
KDACi on normal hematopoiesis, specifically myeloid differentiation, in order 
to identify novel cellular and molecular targets of these compounds. Moreover, 
the functional role of protein acetylation on cell fate decisions during myeloid 
differentiation, focusing on neutrophil development is investigated in detail. 
Together, this will provide novel insights in the potential role of KDACi for the 
treatment of myeloid disorders, general mechanisms underlying normal and 
aberrant myeloid development, and the role of protein acetylation in myelo-
poiesis more specifically. 
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ABSTRACT

Background
The clinical use of chromatin modulating drugs, such as histone deacetylase 
(HDAC) inhibitors, for the treatment of bone marrow failure and hematopoie-
tic malignancies has increased dramatically over the last few years. Nonetheless, 
little is currently known concerning their effects on myelopoiesis. 

Design and methods
We utilized an ex vivo differentiation system in which umbilical cord blood de-
rived CD34+ cells were treated with trichostatin A (TSA), sodium butyrate (SB) 
and valproic acid (VPA) to evaluate the effect of HDAC inhibitor treatment on 
myeloid lineage development, colony-forming potential, proliferation, and ter-
minal neutrophil differentiation. 

Results
TSA treatment modestly reduced progenitor proliferation, while SB and VPA 
resulted in concentration dependent effects on proliferation and apoptosis. 
Addition of VPA uniquely stimulated CD34+ proliferation. SB treatment both 
quantitatively and qualitatively inhibited terminal neutrophil differentiation. 
Addition of 100 μM VPA resulted in increased numbers of mature neutrophils 
with a block in differentiation at increasing concentrations. SB and VPA treat-
ment resulted in increased histone (H)-3- and H4-acetylation and TSA, SB and 
VPA have differential effects on the acetylation of non-histone proteins.  

Conclusions  
Individual HDAC inihibitor treatment has specific effects on cell fate decisions 
during myeloid development. These data provide novel insights in the effects of 
HDAC inhibitors on regulation of normal hematopoiesis, which is of importance 
when considering utilizing these compounds for the treatment of myeloid ma-
lignancies and bone marrow failure syndromes. 
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INTRODUCTION

Hematopoiesis is a complex, dynamic, and carefully orchestrated series of events 
involving self renewal and differentiation of primitive pluripotent stem cells 1.  
Differentiation of Common Myeloid Progenitors (CMP) generates cells of both 
the granulocyte/macrophage lineage, leading to the formation of granulocy-
tes, monocytes and macrophages, as well as the megakaryocyte/erythroid line-
age, leading to the formation of megakaryocytes, platelets and erythrocytes 
2,3. Dysregulation of hematopoietic differentiation can result in the develop-
ment of a variety of pathological conditions ranging from aplasia of the bone 
marrow to aberrant differentiation of myeloid progenitors in diseases such as 
myelodysplastic syndromes and leukemia 4. This process is tightly regulated by 
signal transduction pathways and transcriptional networks regulating gene ex-
pression. In recent years several distinct epigenetic regulatory networks that 
affect DNA methylation, post-translational histone modifications and alterati-
ons in microRNA expression, have been identified 5,6. Many malignancies are 
characterized by such epigenetic modifications, which include alterations in 
cellular acetylation and methylation profiles 7-9. Abnormal activity of histone 
acetyltransferases (HAT) and histone deacetylases (HDAC), leads to transcrip-
tional dysregulation of key genes involved in the control of cell-cycle progres-
sion, differentiation and apoptosis 10. For acute promyelocytic leukemia (APL), 
abnormal recruitment of HDAC by PML-RAR is a key pathogenetic mechanism, 
and differentiation therapy for APL disrupts HDAC induced repression of RA 
target-genes 11-13. Moreover, distinct histone modifications, such as the loss of 
monoacetylated and trimethylated forms of histone 4 have been found in a 
large number of tumors 7. These findings have led to a dramatic increase in the 
number of studies focusing on the use of chromatin modulating drugs, inclu-
ding histone deacetylase (HDAC) inhibitors for the treatment of malignancies 
14-15. Treatment of cells with HDAC inhibitors can, to a variable extent, induce 
growth arrest, differentiation and apoptosis both in vitro and in vivo by modu-
lation of both transcription-dependent and transcription-independent mecha-
nisms. cDNA microarray studies have revealed that broad specificity HDAC inhi-
bitors can alter the expression levels of 7-10% of all genes 16-20. However recent 
studies have also suggested that the primary activity of HDAC may also be direc-
ted towards non-histone substrates, of which to date more than 1700 proteins 
have been identified 21-22. These include transcription factors, such as GATA-1, 
p53 and STAT-3, but also structural and chaperone proteins such as HSP90 23.  
Valproic acid (VPA), a short chain fatty acid and potent class I/IIa HDAC inhibitor, 
has been extensively studied in preclinical and clinical trials involving hemato-
logical malignancies 24-25. Studies in patients with advanced myeloid leukemia 
and myelodysplastic syndromes have shown that treatment with VPA, as mono-
therapy or in combination with retinoic acid, results in a reduction of malignant 
blast cells and hematological improvement 26-28. In addition, in an ex vivo acute 
leukemia model, it has been demonstrated that VPA has the potential to relieve 
transcriptional repression resulting in cellular differentiation of leukemic blast 
cells 29. 
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While the clinical use of HDAC inhibitors for treatment of hematological malig-
nancies is rapidly increasing, surprisingly little is known concerning the specific 
effects of different HDAC inhibitors and their molecular targets in normal he-
matopoietic cells. 
In this study, we have investigated the effects of three different HDAC inhibitors 
on myeloid development. Utilizing an ex vivo primary human CD34+ culture 
system, we show that specific HDAC inhibitors have differential effects on my-
elopoiesis. Despite the variability in half-life, we observed sustained effects of 
all three inhibitors, often in a concentration dependent manner. These HDAC 
inhibitor specific phenotypic changes observed in myeloid differentiation do 
not coincide with differences in histone (H)3- and H4-acetylation. This suggests 
that the differential effects of HDAC inhibitors on CD34+ progenitor cells may 
be due to regulation of non-histone targets. These data provide novel insights 
in the effects of HDAC inhibitors on regulation of normal hematopoiesis, which 
is of importance when considering utilizing these inhibitors for the treatment 
of myeloid malignancies and bone marrow failure syndromes.    
 
DESIGN AND METHODS

Isolation and culture of human CD34+ cells 
The procedures used to isolate and culture human CD34+ cells are described in 
the Supplementary Appendix. 

Measurement of apoptosis
Cells were harvested at the indicated time points and washed with PBS. Sam-
ples were subsequently incubated for 15 minutes with AnnexinV-FITC (Bender 
MedSystems, Vienna, Austria) in binding buffer (10 mmol/L HEPES-NaOH (pH 
7.4), 150 mmol/L NaCl, 2.5 mmol/L CaCl2). Cells were washed and resuspended 
in binding buffer containing 1 μg/mL propidium iodide (Bender MedSystems, 
Vienna, Austria). Percentages of early apoptotic (Annexin V-positive, propidium 
iodide-negative) and late apoptotic (Annexin V- and propidium iodide-positive) 
cells were determined by FACS analysis (FACS Canto, Becton Dickinson, Alphen 
a/d Rijn, The Netherlands).

Histochemical staining of hematopoietic cells
May-Grunwald Giemsa staining was used to analyze myeloid differentiation. 
Cytospins were prepared from 5.0 x 104 differentiating granulocytes and were 
fixed in methanol for 3 minutes. After fixation, cytospins were stained in a 50% 
eosin methylene blue solution according to May-Grunwald (Sigma Aldrich, Seel-
ze, Germany) for 15 minutes, rinsed in water for 5 seconds, and nuclei were 
counterstained with 10% Giemsa solution (Merck kGaA, Darmstadt, Germany) 
for 20 minutes. Neutrophil differentiation can be characterized by distinct sta-
ges from myeloblast, promyelocyte I, promyelocyte II, myelocyte and metamye-
locyte towards neutrophils with banded or segmented nuclei. Mature neutrop-
hils were characterized as cells containing either banded or segmented nuclei. 
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Micrographs were acquired, after staining with May-Grunwald Giemsa solution, 
with an Axiostar plus microscope (Carl Zeiss, Sliedrecht, the Netherlands) fitted 
with an 100x/1.3 NA EC Plan Neofluor oil objective using Immersol 518F oil (Carl 
Zeiss), a Canon Powershot G5 camera (Canon Nederland, Hoofddorp, the Ne-
therlands), and Canon Zoombrowser EX image acquisition software. Photoshop 
CS3 was used for image processing (Adobe Systems Benelux, Amsterdam, The 
Netherlands).

Lactoferrin staining
CD34+ cells were cultured in presence of G-CSF to induce neutrophil differenti-
ation. After 17 days of differentiation, cells were fixed in 100μL 0.5% formalde-
hyde for 15 minutes at 37°C, after which the cells were permeabilised in 900μL 
of ice-cold methanol for 30 minutes on ice. Cells were subsequently washed 
with PBS, resuspended in phycoerythrin (PE)-conjugated lactoferrin antibody 
(Immunotech, Marseille, France) and incubated for 25 minutes. Cells were again 
washed and FACS analysis was performed (FACS Canto, Becton Dickinson, Alp-
hen a/d Rijn, The Netherlands)  

Western blot analysis
Western blot analysis was performed using standard techniques. In brief, diffe-
rentiating CD34+ progenitors were lysed in Laemmli buffer [0.12 mol/L Tris-HCl 
(pH 6.8), 4% SDS, 20% glycerol, 0.05 μg/μL bromophenol blue, and 35 mmol/L 
ß-mercaptoethanol], sonicated, and boiled for 5 min. Equal amounts of total 
lysate were analyzed by 15% SDS-PAGE. Proteins were transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Millipore, Bedford, MA), incubated with 
blocking buffer (Tris buffered saline/Tween 20) containing 5% low-fat milk for 
1 hour at room temperature before incubating with antibodies against either 
acetyl-histone 4 (lysine 16), acetyl-histone 3 (lysine 9) (Millipore, Billerica, MA), 
acetyl-lysine (Cell Signaling Technology, Danvers, MA), histone 3 (Millipore, Bil-
lerica, MA) or an antibody against tubulin (Sigma-Aldrich, Zwijndrecht, the Ne-
therlands) overnight at 4 °C in a buffer containing Tris buffered saline/Tween 
20 with 5% bovine serum albumine (BSA) (Sigma-Aldrich, Zwijndrecht, The Ne-
therlands). Blots were subsequently incubated with peroxidase-conjugated se-
condary antibodies (Dako, Glostrup, Denmark) for 1 hour at room temperature. 
Chemiluminescence was used as a detection method according to the protocol 
of the manufacturer (Amersham Pharmacia, Amersham, United Kingdom).

Flowcytometric analysis of myeloid progenitor cells
CD34+ cells, isolated from umbilical cord blood, were cultured in presence of 
G-CSF to induce neutrophil differentiation as described above. After 3, 7 and 
10 days of differentiation, cells were washed and resuspended in PBS/5% FCS 
(Hyclone, South Logan, Utah, USA), and subsequently incubated for 30 min on 
ice with a phycoerythrin conjugated CD34 antibody (Becton Dickinson, Alphen 
a/d Rijn, the Netherlands). After incubation, cells were again washed and the 
percentage of CD34-positive cells was determined by FACS analysis (FACS Canto, 
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Becton Dickinson, Alphen a/d Rijn, The Netherlands). Hematopoietic progenitor 
populations were characterised as described by Manz et al. 30, briefly described 
in the Supplementary Appendix. 

Colony-forming unit (CFU) assay
Five hundred CD34+ cells were plated in Iscove’s modified Dulbecco’s medium 
(Gibco, Paisley, United Kingdom) supplemented with 35.3% FCS (Hyclone, Sou-
th Logan, Utah, USA), 44.4% methylcellulose-based medium called Methocult 
(StemCell Technologies, Vancouver, Canada), 11.1 μmol/L of ß-mercaptoethanol, 
2.2 units/mL of penicillin, 2.2 μg/mL of streptomycin, and 0.44 mmol/L of gluta-
mine. CFU assays were performed in the presence of SCF (50 ng/mL), FLT-3 ligand 
(50 ng/mL), GM-CSF (0.1 nmol/L), IL-3 (0.1 nmol/L), G-CSF (60 ng/mL) and erythro-
poietin (EPO) (6IE/mL). TSA, SB and VPA were added to the medium in a single 
dose. CFU-GM (granulocyte/macrophage) and CFU-E (erythrocyte) colonies were 
scored after 11 days of culture.  

Statistics
A one-way ANOVA followed by a Dunnett’s Multiple Comparison test was per-
formed to compare the differences between the control and HDAC inhibitor-
treated cells in all experiments. A P-value of 0.05 or less was considered signifi-
cant (*). 

RESULTS

HDAC inhibitors have differential effects on CD34+ progenitor proliferation 
and viability 
As previously discussed, little is currently known concerning the effects of HDAC 
inhibition on the normal hematopoietic compartment. In particular, the effects 
of HDAC inhibitor treatment on myeloid progenitor cell functionality have not 
been well characterized. To determine the effect of HDAC inhibition on human 
CD34+ hematopoietic progenitor functionality, umbilical cord blood (UCB) de-
rived CD34+ hematopoietic progenitors were cultured in the presence of G-CSF 
to induce neutrophil differentiation. Cells were cultured in the absence or pre-
sence of increasing concentrations of trichostatin A (TSA), sodium butyrate (SB) 
and valproic acid (VPA), and proliferation and survival were analysed. TSA treat-
ment modestly reduced progenitor proliferation in a concentration dependent 
manner (Figure 1A), and this was not accompanied by decreased cell survival 
(Figure 1B). Moreover these effects were not associated with an up-regulation 
of p21cip1 expression (Figure S1). Addition of SB to CD34+ cultures resulted in a 
significant reduction of progenitor expansion, which was accompanied by incre-
ased apoptosis (Figure 1C-D). While 100 μM VPA significantly increased proge-
nitor proliferation, addition of 500 μM VPA resulted in decreased proliferation 
and a significant increase in the percentage of apoptotic cells (Figure 1E-F). 
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2

FIGURE 1. HDAC inhibitors differentially modulate myeloid progenitor proliferation and viability 
CD34+ cells were cultured in presence of G-CSF to induce neutrophil differentiation during 17 days. 
Cells were cultured either in absence or presence of TSA (5-25nM) (A-B), SB (100-500μM) (C-D) or 
VPA (100-500μM) (E-F). Proliferation was determined by counting the tryphan blue negative cell 
population and data were expressed as fold expansion (A, C, E) (n=4). Apoptosis was determined by 
Annexin-V/PI staining at day 3, 7 and 10 of differentiation. Data were expressed as percentages of 
apoptotic cells (B, D, F) (n=3) Error bars represent SEM (between experiments) * p<0.05, ** p <0.01.

These data demonstrate concentration-dependent HDAC inhibitor specific ef-
fects on CD34+ progenitor expansion during neutrophil development. To further 
analyse the effects of HDAC inhibition on CD34+ progenitors specifically, cells 
were cultured as previously described and both the percentage and absolute 
number of CD34+ cells was analysed. Addition of 25 nM TSA resulted in a small 
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FIGURE 2. VPA treatment results in increased numbers of CD34+ hematopoietic progenitors 
CD34+ cells were cultured in presence of G-CSF to induce neutrophil differentiation. Cells were 
cultured either in the absence or presence of TSA (5-25 nM), SB (100-500 μM) or VPA (100-500 μM). 
At day 3, 7 and 10, FACS using a PE-labelled human-CD34 antibody measured CD34+ expression. 
Proliferation was determined by counting the tryphan blue negative cell population. Data were 
expressed as percentage (A) and absolute numbers (x 103) (B) of CD34+ cells. Error bars represent 
SEM (between experiments, n=3) * p<0.05, ** p<0.01.
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but significant increase in the percentage of CD34+ cells at day 3, which was no 
longer apparent at day 7 (p=0.063) (Figure 2A), and that was not accompanied 
by an increase in absolute cell numbers (Figure 2B). Addition of SB to cultures 
resulted in no significant changes in the percentage or absolute numbers of 
CD34+ progenitors at all time points (Figure 2A-B). Since we previously observed 
a significant increase in apoptosis after SB treatment of differentiating proge-
nitors (Figure 1D), this suggests that the CD34-negative cell population is more 
susceptible to SB-induced apoptosis than CD34-positive cells. To investigate this, 
we analysed apoptosis at day 7 in CD34-positive and CD34-negative cells tre-
ated with SB, and found that, while the basal level of apoptosis is higher in 
CD34-negative cells (Figure S2A), the fold increase in the percentage of apop-
totic cells was similar in both populations (Figure S2B). In contrast, treatment 
with 200-500 µM VPA resulted in a significant increase in the percentage (Figure 
2A) and absolute number (Figure 2B) of CD34+ progenitors in a concentration 
dependent manner. This effect was particularly clear at the later time points 
suggesting that VPA is capable of inducing expansion of CD34+ progenitors 
that then retain their undifferentiated phenotype. Taken together, these data 
demonstrate that TSA, SB and VPA differentially affect CD34+ progenitors, and 
that VPA can uniquely induce CD34+ progenitor proliferation in a concentration 
dependent manner. 

SB and VPA inhibit the transition from common myeloid progenitor to gra-
nulocyte/macrophage progenitor
To determine the effect of HDAC inhibition on distinct myeloid progenitor po-
pulations within the CD34+ compartment, we analysed progenitor populations 
as previously described by Manz et al. 30. Based on the expression of CD123 and 
CD45RA, myeloid progenitors can be divided in common myeloid progenitors 
(CMP, CD123+/CD45RA–), granulocyte/macrophage progenitors (GMP, CD123+/
CD45RA+) and megakaryocyte/erythroid progenitors (MEP, CD123–/CD45RA–). 
In addition to the effect on the percentage of CD34+ progenitors early in neu-
trophil development (Figure 2A), we observed no effects of treatment with TSA 
on the percentage of CMP (Figure 3A, B). However, at day 3, the percentage of 
GMP was decreased, which was accompanied by an increase in the percentage 
of MEP. This effect was not observed at day 7, suggesting a temporary block of 
CMP differentiation into GMP (Figure 3C-F).  Treatment with SB significantly in-
creased the percentage of CMP at day 7 (Figure 3B), which was accompanied by 
a corresponding decrease in the percentage of GMP (Figure 3D). This suggests 
that SB inhibits the differentiation of CMP towards the GMP lineage. Finally, in 
addition to the effects on CD34+ progenitor expansion (Figure 2), addition of 
VPA resulted in a concentration dependent increase in the percentage of CMP 
at day 7 (Figure 3B), accompanied by a significant and concentration dependent 
inhibition of the percentage of GMP (Figure 3D). At day 10 we observed no dif-
ferences in the percentage of CMP and GMP (Figure S3A) after treatment with 
all three HDAC inhibitors. This suggests that, progenitor cells treated with SB or 
VPA had either differentiated or, alternatively, became apoptotic. 
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FIGURE 3. SB and VPA treatment results in inhibition of CMP differentiation 
CD34+ cells were cultured in the presence of G-CSF to induce neutrophil differentiation. Cells were 
cultured either in the absence or presence of TSA (5-25 nM), SB (100-500 μM) or VPA 100-500 μM). 
At day 3 and 7, a progenitor staining was performed. CD34+CD38+ cells were characterized by FACS 
based on CD123 and CD45RA expression as CMP (CD123+/CD45RA-), GMP (CD123+/CD45RA-) or MEP 
(CD123-/CD45RA-). Data were expressed as the percentage of CMP (A-B), percentage of GMP (C-D) 
and percentage of MEP (E-F) at day 3 (A, C, E) and day 7 (B, D, F). CMP, GMP and MEP represent a 
percentage of total CD34+ cells. Error bars represent SEM (between experiments, n=3) * p<0.05,  
** p<0.01. 



Results

41

2

In addition, we observed a significant increase in the percentage of Lin-CD34- 
cells treated with 500 μM SB (Figure S3B), suggesting that part of the CD34+ 
progenitor population differentiated. Unexpectedly, in the absence of EPO and 
TPO, all HDAC inhibitors increased the percentage of CD123–/CD45RA– proge-
nitors at day 3 (Figure 3E). Since we observed no significant differences in the 
numbers of CD34+ cells at day 3 (Figure 2B), this suggest that HDAC inhibi-
tion increases the number of MEP, which was most prominent after addition of 
25nM TSA and 500 μM VPA. With the exception of treatment with 500 μM VPA, 
this effect was absent at day 7 (Figure 3F), suggesting a limited effect on im-
mature non-committed progenitors. In addition we observed no effect of HDAC 
inhibitor treatment on the percentage of MEP within the CD34+ cell population 
at day 10, indicating that the effect of VPA treatment on CMP differentiation 
towards MEP was limited (Figure S3C) Taken together, our data demonstrate 
that specific HDAC inhibitors differentially modulate both the composition and 
differentiation mode of the CD34+ progenitor compartment. 

SB and VPA treatment inhibits GM-colony formation
To investigate the effect of HDAC inhibition on colony forming potential and 
lineage commitment of CD34+ progenitors, we utilised a semisolid culture sys-
tem. CD34+ cells were cultured in the presence of a cytokine cocktail including 
G-CSF and EPO to stimulate production of both granulocyte/macrophage and 
erythroid colonies. Addition of all HDAC inhibitors resulted in a concentration 
dependent reduction in the total number of colonies (Figure 4A). In agreement 
with the progenitor analysis (Figure 3), this suggests that in the presence of 
HDAC inhibitors, the differentiation of CD34+ progenitors is inhibited. In con-
trast to the addition of TSA and VPA, SB-treated progenitor colonies appeared 
less differentiated and smaller (Figure 4B). This is in agreement with our previ-
ous data showing inhibition of proliferation in liquid culture (Figure 1). Treat-
ment with all three HDAC inhibitors resulted in an increase in the percentage 
of GM-colonies (Figure 4C) and concentration dependent decrease in the per-
centage of erythroid colonies (Figure 4D), which was primarily responsible for 
the decrease in the total number of CFU (data not shown). Taken together with 
the data from the progenitor analysis (Figure 3), this suggests that after HDAC 
inhibition, CMP and GMP still have the potential to differentiate towards the 
GM-lineage, while further differentiation of MEP towards the erythroid lineage 
is inhibited. 

HDAC inhibitors have differential effects on terminal neutrophil differentia-
tion
To determine the effect of HDAC inhibition on terminal neutrophil differenti-
ation, CD34+ progenitors were cultured for 17 days in the presence of G-CSF. 
Neutrophil differentiation was determined based on both cytospin analysis 
and lactoferrin staining, a protein expressed in secondary granules from the 
myelocytic stage of neutrophil development. Terminally differentiated neutro-
phils were characterised as cells containing either banded or segmented nuclei  
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FIGURE 4. HDAC inhibition affects CD34+ progenitor differentiation and lineage commitment
CD34+ cells were cultured in the presence of G-CSF and EPO to induce CFU-GM and CFU-E for 11 
days. Cells were cultured either in the absence or presence of TSA (5-25 nM), SB (100-500 μM) or 
VPA (100-500 μM). Each plate was scored for granulocyte/macrophage colony-forming unit and 
erythroid burst/colony forming unit growth. Data were expressed as the number of total colonies 
(A) (n=5), photos were taken to demonstrate GM-colony size and data were expressed as the  per-
centage of granulocyte/macrophage colonies (C) and erythroid colonies (D) (n=4). (B). Error bars 
represent SEM (between experiments) * p<0.05, ** p<0.01. 

(Figure 5A, see also Design and Methods). Treatment with 5 nM TSA had no 
effect on the percentage and absolute number of mature neutrophils (Figure 
5B), but we observed increased segmentation at day 17 (Figure 5A left panel, 
indicated by arrow). Addition of 25 nM TSA resulted in modest decrease in the 
number of mature neutrophils (Figure 5B), which can be explained by reduced 
progenitor proliferation (Figure 1A). Analysis of lactoferrin expression revealed 
no effect of TSA treatment (Figure 5C), suggesting that neutrophil differentia-
tion was not inhibited. Treatment with SB impaired neutrophil differentiation 
in a concentration dependent manner, resulting in neutrophils with dysplastic 
features (Figure 5A, indicated by arrows), increased numbers of morphologi-
cally apoptotic cells, a relative increase in monocytic cells (data not shown) and 
a significant decrease in lactoferrin expression in cells treated with 500 μM SB  
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FIGURE 5. Differential effects of HDAC inhibitors on terminal neutrophil differentiation
CD34+ cells were cultured in the presence of G-CSF to induce neutrophil differentiation during 17 
days. Cells were cultured either in the absence or presence of TSA (5-25 nM), SB (100-500 μM) or VPA 
(100-500 μM). Cytospins were made and stained with May-Grunwald Giemsa solution (A). Arrows 
indicate hypersegmentation (5nM TSA), hypergranulation and a ring shaped nucleus (100 μM SB). 
The right panel represents dysplastic neutrophil precursors (500 μM SB). Data were expressed as the 
percentage and absolute number (x106) of mature neutrophils (banded or segmented nuclei) (n=4) 
(B), lactoferrin expression (C) (n=2) and percentage and absolute number (x106) of metamyelocytes 
(D) (n=4). Error bars represent SEM (between experiments) * p<0.05, ** p<0.01.    
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(Figure 5C). Addition of 100 μM SB resulted in a slight decrease in the percen-
tage of mature neutrophils (Figure 5B), which was accompanied by an increased 
percentage of metamyelocytes (Figure 5D) and no effect on lactoferrin expres-
sion (Figure 5C), suggesting that terminal neutrophil differentiation was unaf-
fected. However, mature neutrophils showed delicate dysplastic features such 
as hypergranulation and ringshaped nuclei (Figure 5A left panel, indicated by 
arrows). Taken together, this suggests that treatment with SB impairs neutro-
phil differentiation both quantitatively and qualitatively. Addition of 100 μM 
VPA resulted in a modest decrease in the percentage of mature neutrophils 
(Figure 5B). This effect was accompanied by a slight increase in the absolute 
number of mature neutrophils, but significant increase in the absolute number 
of metamyelocytes (Figure 5D). However, after addition of 500 μM VPA, we 
observed a significant decrease in both the percentage and absolute number of 
mature neutrophils (Figure 5B), which was accompanied by an increase in imma-
ture precursors (data not shown) and a modest decrease in lactoferrin expres-
sion (Figure 5C). Since lactoferrin arises from the myelocytic stage of neutrohil 
differentiation 31, this suggests a differentiation block at the (pro)myelocytic 
stage. In contrast to treatment with SB these cells appeared morphologically 
normal (Figure 5A, left panel). 

Treatment with SB and VPA leads to hyperacetylation of H3 and H4
To determine whether the observed differential effects of HDAC inhibitors on 
CD34+ progenitor expansion and neutrophil development were accompanied 
by differences in histone acetylation, we analysed protein lysates prepared af-
ter 3 and 7 days of neutrophil differentiation. Treatment with TSA resulted in 
modest changes in total H3-acetylation (Figure 6). In contrast, addition of SB or 
VPA resulted in a concentration dependent hyperacetylation of both total H3 
and total H4. We further analysed the effects of HDAC inhibition on histone 3 
lysine 9 (H3K9) and histone 4 lysine 16, whose acetylation has been implicated 
in the regulation of neutrophil development 32,33. While addition of TSA had no 
substantial effect on H3K9 or H4K16 acetylation, treatment with SB or VPA re-
sulted in a concentration dependent increase in acetylation of H3K9 and H4K16. 
These data demonstrate that SB and VPA have similar, concentration dependent 
effects on histone acetylation in early neutrophil development, while these ef-
fects are not observed after addition of TSA. While SB and VPA demonstrate 
similar effects in terms of histone acetylation, their effects on CD34+ progenitor 
expansion are distinct (Figure 1 and 2), suggesting that these effects may be due 
to acetylation of non-histone proteins. To investigate this, we analysed total 
protein acetylation of HDAC inhibitor-treated lysates after 7 days of differenti-
ation. Our data demonstrate that HDAC inhibitor treatment results in differen-
tial effects on non-histone protein acetylation (Figure S4, indicated by arrows). 
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2FIGURE 6. Differential effects of HDAC inhi-
bitor treatment on H3- and H4- acetylation 
CD34+ cells were cultured in the presence 
of G-CSF to induce neutrophil differenti-
ation. Cells were treated overnight with 
TSA (5-25 nM), SB (100-500 μM) or VPA 
(100-500 μM) at day 3 and day 7. Lysates 
were made and Western Blot analysis was 
performed with antibodies against ace-
tylated lysines, acetylated H3K9 and ace-
tylated H4K16. As a control for equal loa-
ding an antibody against total H3 and an 
antibody against tubulin was used (n=2)  
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DISCUSSION

The use of chromatin-modulating drugs, such as HDAC inhibitors, for the treat-
ment of hematological malignancies has increased dramatically in recent years 
15,34. Although these agents have shown to improve hematological outcome in 
patients with myelodysplastic syndromes and acute myeloid leukemia 35-38, lit-
tle is known concerning their specific effects and molecular targets. In order to 
investigate this we utilized an ex vivo hematopoiesis culture system to study the 
effects of specific HDAC inhibitors on the proliferation and differentiation of 
human myeloid progenitors focusing on neutrophil development. Our data de-
monstrate that TSA, SB and VPA, despite the large overlap in HDAC specificity, 
have differential effects on neutrophil progenitor proliferation. Moreover our 
data show distinct concentration dependent effects.  This is most clearly demon-
strated by cells treated with VPA in which 100 μM significantly increases prolife-
ration while 500 μM induces apoptosis of differentiating CD34+ progenitor cells 
(Figure 1E, F). In agreement with recent papers, we have demonstrated that 
VPA stimulates expansion of CD34+ progenitor cells (Figure 2) 39,40. In addition, 
we show that HDAC inhibitors have the potential to induce apoptosis in neu-
trophil progenitors (Figure 1). This is perhaps surprising since it has been previ-
ously suggested that untransformed cells are generally more resistant to HDAC 
inhibitor-induced cell death than transformed cells 41,42. Together, our data  sug-
gest specific effects of HDAC inhibition on distinctive progenitor subsets. Sup-
porting this hypothesis, Wada et al. recently demonstrated differential expressi-
on of HDAC1-3 in distinct myeloid progenitor populations 43. Importantly, while 
treatment of leukemic blast cells with HDAC inhibitors generally results in the 
induction of apoptosis 44-46, Bug et al. demonstrated that numbers of a distinct 
CD34+CD38- leukemic progenitor population increased after VPA treatment, 
resulting in stabilization of the leukemic stem cell compartment 47. Mahlknecht 
et al. have, also recently, demonstrated that treatment with VPA mobilizes leu-
kemic blast cells from the bone marrow compartment due to reduced VLA-4 
expression 48. We further investigated the effect of HDAC inhibition on proge-
nitor differentiation using colony-forming assays and by analysing progenitor 
populations during neutrophil development. In agreement with De Felice et al. 
40, we demonstrated that VPA, and also SB have the potential to inhibit myeloid 
differentiation towards the granulocyte/macrophage lineage, illustrated by an 
increased percentage of CMP and corresponding decrease in the percentage of 
GMP (Figure 3). Since we observed no significant effects on the composition of 
the progenitor compartment after day 7 of neutrophil differentiation (Figure 
S3), this suggests that this effect of SB and VPA treatment is limited. 
In addition to the data on neutrophil progenitor differentiation, we have de-
monstrated that specific HDAC inhibitors differentially affect terminal neu-
trophil differentiation. Interestingly, Skokowa et al. recently published that ni-
cotinamide, a functionally different, specific class III (sirtuin) HDAC inhibitor, 
stimulates neutrophil development in congenital neutropenia patients and 
healthy individuals 49. Our data show that, while TSA-treatment had no signifi-
cant effects on neutrophil differentiation, addition of SB impaired differentia-
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tion both qualitatively and quantitatively. Treatment with VPA resulted in speci-
fic concentration dependent effects, suggesting that treatment with increasing 
concentrations finally leads to a differentiation block, in which precursors loose 
their potential to terminally differentiate (Figure 5). Intriguingly, this inhibitory 
effect is in contrast to the effect on differentiation of leukemic precursors 29,36, 
and together with other signs of dysmyelopoiesis, has also been described in pa-
tients who received long-term treatment with VPA for epilepsy 50,51. In general, 
the differential effects of HDAC inhibition described in normal hematopoietic 
progenitors and leukemic precursors may be partially due to distinctive HDAC 
expression profiles 43,52. The phenotypic effects on proliferation and differentia-
tion observed after HDAC treatment cannot be explained by changes in histone 
acetylation alone (Figure 6). For example, while both VPA and SB exhibit almost 
identical changes in histone acetylation, VPA-treatment, unlike SB, results in 
CD34+ expansion. This suggests that these differential effects may be explained 
by effects on non-histone protein targets (Figure S4) of which to date more than 
1700 have been defined 21,22. Myeloid development is tightly regulated by key 
transcription factors including PU.1, GATA-1 and C/EBPα 53,54, and in recent years 
it has become clear that the expression and function of these key transcription 
factors is regulated by post-translational modifications, including acetylation 5. 
 It is tempting to speculate that the differential effects of HDAC inhibi-
tors observed during CD34+ cultures are the direct effect of the acetylation of 
key regulators of myeloid differentiation. In summary we describe differential 
effects of HDAC inhibitors on myeloid progenitors during neutrophil develop-
ment. Despite the published overlap in HDAC inhibitor specificity, we clearly 
demonstrate that these inhibitors have specific effects on CD34+ progenitor ex-
pansion and neutrophil development. Since the clinical use of HDAC inhibitors 
is increasing, it is important to define the effects of this family of compounds on 
the normal hematopoietic compartment. While results of phase I clinical trials 
with HDAC inhibitors suggest no unfavourable effects on the normal progenitor 
compartment 24,35,37,38, our data clearly show that both the choice and concentra-
tion of HDAC inhibitor can greatly affect the proliferative and differentiation 
capacity of CD34+ hematopoietic progenitor cells. Furthermore, our results sug-
gest that these effects may be mediated by non-histone targets. Identification 
of these acetylated proteins may lead to the development of novel, more tar-
geted therapies for the treatment of bone marrow failure and hematological 
malignancies.
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SUPPLEMENTARy MATERIAL

SUPPLEMENTARy FIGURES

FIGURE S1. TSA treatment of neutrophil progenitors is not associated with increased p21cip1 expres-
sion. CD34+ cells were cultured in the presence of G-CSF to induce neutrophil differentiation. At day 
7 of differentiation, protein lysates were prepared and Western Blot analysis was performed with an 
antibody against p21. As a control for equal loading, an antibody against tubulin was used (n=2).

FIGURE S2. CD34-negative cells and CD34-positive cells are both susceptible to SB-induced apoptosis
CD34+ cells were cultured in the presence of G-CSF to induce neutrophil differentiation. At day 7 of 
differentiation, apoptosis was measured by annexin-V staining and CD34+ expression was analysed 
by FACS. Data were expressed as the percentage of Annexin V-positive/CD34-positive and Annexin 
V-positive/CD34-negative cells (A) and as the fold induction in apoptosis in CD34-positive and CD34-
negative cells (B) (n=2). Error bars represent SEM (between experiments) * p<0.05, ** p<0.01.    
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FIGURE S3. SB and VPA treatment has a 
limited effect on CMP differentiation 
CD34+ cells were cultured in the pre-
sence of G-CSF to induce neutrophil 
differentiation. At day 10 of differen-
tiation, a progenitor staining was per-
formed. Progenitor cells were characte-
rised by FACS based on the absence of 
lineage markers and positive for CD34 
and CD38 expression. CD34+CD38+ 
cells were discriminated based on 
CD123 and CD45RA expression as CMP 
(CD123+/CD45RA-), GMP (CD123+/
CD45RA-) or MEP (CD123-/CD45RA-). 
Data were expressed as the percentage 
of CMP, GMP (A), Lin-CD34- cells (B) and 
percentage of MEP (C). The percenta-
ges of CMP, GMP and MEP represent 
the CD38+CD34+ progenitor popula-
tion (n=3). Error bars represent SEM 
(between experiments) * p<0.05.

FIGURE S4. Differential effects of HDAC inhibitor tre-
atment on non-histone protein acetylation
CD34+ cells were cultured in the presence of G-
CSF to induce neutrophil differentiation. At day 7, 
cells were treated for 8 hours with TSA (25nM), SB 
(500μM) or VPA (500μM) Protein lysates were pre-
pared and Western Blot analysis was performed 
utilizing an antibody against acetylated lysines. Ar-
rows indicate HDAC inhibitor-specific effects. As a 
control for equal loading an antibody against total 
H3 was used (n=2)  
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SUPPLEMENTARy APPENDIx

Isolation and culture of human CD34+ cells
Mononuclear cells were isolated from human umbilical cord blood by density 
centrifugation over a Ficoll-Paque solution (density 1.077 g/mL). MACS immuno-
magnetic cell separation (Miltenyi Biotech, Auburn, CA) using a hapten-conju-
gated antibody against CD34, which was coupled to beads, was used to isolate 
CD34+ cells. 5.0-6.0 x 104 CD34+ cells were cultured in Iscove’s modified Dul-
becco’s medium (Gibco, Paisley, United Kingdom) supplemented with 8% fetal 
calf serum (FCS) (Hyclone, South Logan, Utah, USA), 50 μmol/L of ß-mercaptoet-
hanol, 10 units/mL of penicillin, 10 μg/mL of streptomycin, and 2 mM glutamine 
at a density of 0.3 x 106 cells/mL. Cells were differentiated towards neutrophils 
in 17 days upon addition of stem cell factor (SCF) (50 ng/mL), FLT-3 ligand (50 ng/
mL), granulocyte macrophage colony-stimulating factor (GM-CSF) (0.1 nmol/L), 
interleukin 3 (IL-3) (0.1 nmol/L), and granulocyte colony-stimulating factor (G-
CSF) (30 ng/mL). Every 3 days, cells were counted with trypan blue, and fresh 
medium was added to a density of 5.0 x 105 cells/mL. After 3 days of differentia-
tion only G-CSF was added to the cells. The HDAC inhibitors trichostatin A (TSA), 
sodium butyrate (SB) and valproic acid (VPA) (Alexis chemicals, Lausen, Switzer-
land) were added to the fresh medium every 3 days. Umbilical cord blood was 
collected after informed consent was provided according to the Declaration of 
Helsinki. Protocols were approved by the ethics committee of the University 
Medical Center Utrecht.  

Flowcytometric analysis of the myeloid progenitor compartment 
CD34+ cells were isolated and cultured to induce neutrophil differentiation as 
described in the Design and Methods section. At day 3, 7 and 10 of differentia-
tion, cells were subsequently washed and resuspended in PBS/5% FCS (Hyclone, 
South Logan, Utah, USA) and incubated for 30 min on ice with a mixture of an-
tibodies (all from Becton Dickinson, Alphen a/d Rijn, The Netherlands). Lineage 
markers included CD2, CD3, CD4, CD7, CD8, CD14, and CD235a and myeloid pro-
genitors are negative for these markers. The lineage negative (Lin-), CD34+, and 
CD38- population consist of hematopoietic stem cells (HSC). Lin-, CD34+, CD38+, 
CD123+, and CD45RA- cells are common myeloid progenitors (CMP), whereas 
Lin-, CD34+, CD38+, CD123+, and CD45RA+ cells are granulocyte-macrophage 
progenitors (GMP). The Lin- CD34+, CD38+ CD123- and CD45RA- cell popula-
tion contains the megakaryocyte-erythroid progenitors (MEP). Cell populations 
containing HSC, CMP, GMP and MEP were characterised by FACS analysis (FACS 
Canto, Becton Dickinson, Alphen a/d Rijn, The Netherlands). Isotype antibody 
staining was used to ensure gating of the correct population.
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ABSTRACT

Valproic acid (VPA) has been used for decades in the treatment of epilepsy and 
psychiatric disorders and the long-term use of VPA is regularly accompanied by 
hematological toxicity, including neutropenia. More recently, it has been de-
monstrated that VPA can be used as a histone deacetylase inhibitor (HDACi) for 
the treatment of hematological malignancies. In order to determine the specific 
effects of VPA in both hematological malignancies and normal hematopoiesis, 
recent studies have demonstrated that VPA treatment affects the differentia-
tion of normal myeloid progenitors in vitro. In this study, we demonstrate that in 
a large patient population treated for neurological or psychiatric disorders, VPA 
treatment affects neutrophil as well as lymphocyte subset counts.
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INTRODUCTION

While the use of valproic acid (VPA) as an HDACi is relatively new 1-3, it has been 
used for decades on a large scale in the treatment of epilepsy and psychiatric 
disorders. In those patients, long-term use is regularly accompanied by hemato-
logical toxicity, including concentration dependent thrombocytopenia, and leu-
copenia/neutropenia in respectively 5-40% and 5-26% of patients 4-7.  In addi-
tion, comparable to other anti-epileptic drugs, such as carbamazepine (CBZ) and 
phenytoin (PHT), VPA treatment has been associated with toxicity of all three 
myeloid lineages as well as an increased risk (odds ratio = 18.2) of aplastic ane-
mia 4,8-10. This suggests that VPA treatment induces general myelosuppression in 
susceptible patients and that this toxicity is directed towards the hematopoietic 
stem cells or myeloid progenitor cells. Together with the increased clinical use 
of VPA as an HDACi, the knowledge concerning the effects of this compound in 
patients treated for hematological malignancies increases rapidly. Nonetheless, 
the effects of VPA on the normal hematopoietic compartment are still largely 
unknown. Recently, we have demonstrated in vitro that VPA treatment of he-
matopoietic progenitor cells affects the composition of the myeloid progenitor 
compartment resulting in a significant, and concentration dependent inhibition 
of neutrophil differentiation 11. In order to investigate whether the in vitro ef-
fects of VPA treatment are also observed in a non-hematological patient po-
pulation treated with VPA, we conducted a retrospective study within a cohort 
of outpatients treated with VPA for neurological or psychiatric disorders, to 
investigate the effects on the composition of the total leukocyte compartment.   

MATERIAL AND METHODS

For this study, data were obtained from the Utrecht Patient Oriented Data-
base (UPOD). UPOD is an infrastructure of relational databases comprising co-
ded electronic data on patient characteristics, laboratory test results, hospital 
discharge diagnoses, medical procedures and medication orders for all patients 
treated at the University Medical Center Utrecht (UMC Utrecht) since 2004. The 
content of UPOD and its setting have been described in detail elsewhere 12. 
From UPOD, all outpatients, both adults and children, were identified who were 
treated with VPA (N=221) and had at least one hematological blood test to-
gether with a VPA plasma level test on the same day from January 2005 until 
December 2009. Patients treated with carbamazepine (CBZ) or phenytoin (PHT) 
was used as reference. For all patient groups (VPA, CBZ, PHT), the mean and 
standard deviation of total leukocyte count, absolute neutrophil, lymphocyte, 
monocyte and eosinophil count were determined. A one-way ANOVA followed 
by a Bonferroni multiple comparison test was performed to compare the dif-
ferences between the groups. Within VPA, the correlation between VPA plasma 
concentration and the absolute number and percentage of neutrophils or lymp-
hocytes was evaluated using lineair regression analysis.
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Data analysis was performed using SPSS 17.0 (SPSS Inc. Chigago, IL). A p-value of 
less than 0.05 was considered as statistically significant.

RESULTS

Mean total leukocyte count in patients treated with VPA (7.94 x109/L, SD=3.00) 
was comparable to patients treated with PHT (7.85 x109/L, SD=3.32) but was 
significantly lower in patients treated with CBZ (7.02 x109/L, SD= 2.63, p=0.006). 
While there was no difference in mean absolute leukocyte numbers between 
VPA-treated patients and PHT-treated patients, the absolute neutrophil number 
was significantly lower in patients treated with VPA (4.36x109/L, SD=2.67 versus 
5.23 x109/L, SD=3.06, p=0.008) and the absolute lymphocyte number was signi-
ficantly higher in VPA-treated patients (2.63 x109/L, SD=1.21 versus 1.82 x109/L, 
SD=0.92, p<0.001), suggesting that VPA differentially affects the development 
of leukocyte subsets. Therefore, we further investigated the effect of VPA plas-
ma concentration on distinct leukocyte subsets. Four patients with extremely 
high VPA levels due to autointoxication were excluded from this analysis. Linear 
regression analysis in 217 patients treated with VPA, revealed a significant cor-
relation between VPA plasma concentration and the absolute number of neu-
trophils (rp= -.26, p<0.001) and lymphocytes (rp= -.21, p=0.002) (Figure 2), which 
was not accompanied by a significant negative correlation concerning the total 
leukocyte number (rp= -.11, p=0.095; data not shown) in the peripheral blood. 
Plasma VPA levels also significantly correlated to the percentage of neutrop-
hils (rp = -.32, p<0.001) and percentage of lymphocytes (rp= .26, p<0.001) (data 
not shown). In patients treated with VPA together with CBZ, PHT, or both, we 
observed a specific correlation between VPA and the absolute number and per-
centage of neutrophils and lymphocytes (data not shown). Together these data 
suggest that VPA treatment modulates leukocyte subset development, which 
could be the result of VPA-induced inhibition of neutrophil development, VPA-
induced increased lymphocyte development, or both.
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FIGURE 1. The effects of antiepileptic drugs (AED) on peripheral blood leucocyte numbers
Peripheral blood leucocyte measurements were analyzed in patients treated with VPA (n=221), CBZ 
(n=193), or PHT (n=142). Data represent the mean total leukocyte number (x109/L), subdivided in 
mean absolute neutrophil number, mean absolute lymphocyte number, mean absolute monocyte 
number and mean absolute eosinophil number. Error bars represent the standard deviation of the 
total leukocyte number.

FIGURE 2. The absolute number of peripheral blood neutrophils and lymphocytes is significantly cor-
related with plasma VPA concentration
Within the peripheral blood leucocyte measurements, the absolute number of neutrophils and 
lymphocytes was analyzed in patients treated with VPA (n=217) together with plasma VPA concen-
tration, measured at the same day. Data represent linear regression analysis of the absolute number 
of neutrophils and lymphocytes (dependent variable) and plasma VPA concentration (independent 
variable).
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DISCUSSION

Taking in consideration that neutrophil and lymphocyte development is a dyna-
mic process modulated by a variety of factors, including (latent) infections, our 
data suggest that VPA treatment affects the development of both leukocyte 
subsets. Consequently, since neutrophils and lymphocytes are derived from a 
different (lineage) committed progenitor, this suggests that the effects of VPA 
concern differentiation of the hematopoietic stem cell or multi-potent proge-
nitor cell subsets. Previously it has been demonstrated that VPA treatment in-
duces the expansion and self-renewal of hematopoietic stem cells in vitro 13,14. In 
addition, Maës et al. demonstrated that in human HSC, lymphoid-affiliated ge-
nes, and more restricted, myeloid-affiliated genes are associated with acetyla-
ted histone 3 (H3) and histone 4 (H4), and related histone acetylation profiles in 
hematopoetic progenitors to progenitor function 15. 
We have recently demonstrated that VPA treatment of CD34+ myeloid proge-
nitor cells derived from umbilical cord blood, modulates the development of 
neutrophils in a concentration dependent manner. In this study we demonstra-
ted that upon continuous exposure of neutrophil progenitors to 500µM VPA 
(72.1mg/L), terminal differentiation was reduced dramatically 11. While the ef-
fects of VPA treatment on lymphocyte development are largely unknown, it has 
been recently demonstrated that treatment with HDACi, including VPA, incre-
ases the number and function of regulatory T cells (FOXP3+ Tregs) in vitro and 
in vivo 16,17. Finally, it has been recently demonstrated that VPA treatment inhi-
bits the proliferation and differentiation capacity of mesenchymal stromal cells 
(MSC) 18, and thereby potentially affects hematopoeitic progenitor cell function.   
 VPA treatment is regularly accompanied by hematological toxicity, in-
cluding leukopenia and neutropenia. Hematological manifestations can be en-
countered directly after initiation of therapy, or after prolonged use and occur 
more frequently when serum VPA level exceeds 100 µg/mL 1,2,6. Together with 
the increased usage of VPA as an HDACi for the treatment of hematological ma-
lignancies, the knowledge concerning the effects of VPA on hematopoietic cells, 
including myeloid progenitor cells, is increasing rapidly. In this study we demon-
strate for the first time that VPA treatment significantly affects the proportional 
and absolute size of distinct leukocyte subsets in a large patient population. 
Together with our previous findings, these data suggest that VPA treatment 
affects the differentiation of normal multi-potent hematopoietic progenitors.  
These data contribute to a better understanding of VPA-induced cytopenias 
and can be of clinical importance for interpreting clinical findings and consi-
dering treatment decisions. While in the majority of patients, hematological 
toxicity is generally mild, these data can be of great importance for specific 
patients groups, including patients with epilepsy as a part of systemic disease 
(e.g. metabolic diseases and genetic syndromes), elderly patients who generally 
suffer from increased drug-induced toxicity 19, and patients with hematological 
diseases, characterized by disrupted or aberrant myeloid differentiation (e.g. 
hematological malignancies and bone marrow failure syndromes).
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ABSTRACT

C/EBPε, a member of the C/EBP family of transcription factors, is exclusively ex-
pressed in myeloid cells and regulates transition from the promyelocytic stage 
to the myelocytic stage of neutrophil development, being indispensable for  
secondary and tertiary granule formation. Knowledge concerning the functio-
nal role of C/EBPε post-translational modifications is limited to studies con-
cerning phosphorylation and sumoylation. In the current study, utilizing ectopic 
expression and ex vivo differentiation of CD34+ hematopoietic progenitor cells, 
we demonstrate that C/EBPε is acetylated, which was confirmed by mass spec-
trometry analysis, identifying four acetylated lysines in three distinct functional 
domains. Regulation of C/EBPε acetylation levels by the p300 acetyltransferase 
and the SIRT1 deacetylase controls transcriptional activity, which can at least in 
part be explained by modulation of DNA binding. During neutrophil develop-
ment, acetylation of lysines 121 and 198 is found to be crucial for terminal neu-
trophil differentiation and the expression of neutrophil specific granule pro-
teins, including lactoferrin and collagenase. Taken together our data illustrate 
a significant role for acetylation in the functional regulation of C/EBPε activity 
during terminal neutrophil development. 



Introduction

65

4

INTRODUCTION

Myeloid differentiation is a closely regulated process, involving differentiation 
of Common Myeloid Progenitors (CMP) towards cells of both the granulocyte/
macrophage lineage (GM), as well as the megakaryocyte/erythroid (ME) line-
age 1,2. The regulation of lineage commitment and differentiation has histori-
cally been explained by two models: signaling by lineage-specific hematopoietic 
cytokines (deterministic model), and a stochastic model, based on the activity 
of lineage-specific transcription factors 3-7. With regard to GM-lineage progres-
sion and determination, CCAAT/enhancer binding protein (C/EBP) factors play 
an essential role. This is best illustrated in C/EBPε deficient mice, by reduced 
formation of neutrophils due to a defect at the level of the granulocyte/macro-
phage progenitor GMP 8. Whereas C/EBPε is essential for instruction of the GMP 
towards differentiation of the granulocyte and the monocyte/macrophage line-
age, C/EBPε is primarily involved in terminal granulocyte differentiation, both 
neutrophils and eosinophils 9-12. C/EBPε is the most recently identified member 
of the C/EBP family of transcription factors and exclusively expressed in mye-
loid cells 13,14. During neutrophil development, C/EBPε regulates transition from 
the promyelocytic stage to the myelocytic stage of differentiation, and is es-
sential for secondary and tertiary granule formation 14-16. C/EBPε deficiency, de-
monstrated in knockout murine models, resembles the clinical phenotype of 
patients with neutrophil-specific granule deficiency, characterized by an incre-
ase in circulating immature neutrophils and recurrent pyogenic infections 12,17-19. 
As a result of differential RNA splicing and alternative translational start sites, 
human-C/EBPε is expressed as four protein isoforms (32 kDa, 30kDa, 27kDa, 
and 14kDa) that represent functionally different roles during myeloid differen-
tiation. These functional differences; transcriptional activation by C/EBPε32/30, 
transcriptional repression by C/EBPε27 and dominant negative regulation by C/
EBPε14 can, at least partly, be explained by analysis of the functional domains of 
human-C/EBPε 20-23. 
In addition to utilizing activation and repression domains to regulate transcrip-
tional activity, the expression and function of transcription factors is regula-
ted by post-translational modifications. Concerning C/EBP transcription factors, 
several post-translational modification sites have been characterized, primarily 
on C/EBPε and C/EBPε 24. Acetylation of C/EBPε on multiple lysines has been 
linked functionally to transcriptional activity in previous studies 25-27. Until re-
cently, knowledge of C/EBPε post-translational modifications was limited to stu-
dies concerning phosphorylation and sumoylation. Phosphorylation of C/EBPε 
on threonine 75, located in the transactivation domain, is associated with in-
creased DNA binding and transcriptional activation by C/EBPε 28,29. Sumoylation 
of lysine residues within the repression domain has been linked to a conserved 
repression motif of C/EBPε, similar to other C/EBP family members 30,31. 
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Recently, Kyme et al. have demonstrated that C/EBPε can be acetylated in ma-
ture peripheral blood neutrophils 32. Here we demonstrate that C/EBPε acetyla-
tion is required for neutrophil development. Moreover, we demonstrate that 
acetylation at lysine 121 is important for C/EBPε DNA binding, and acetylation 
of both lysines 121 and 198 is indispensable for C/EBPε transcriptional activity 
during neutrophil development. Taken together our data provide novel insights 
in the functional regulation of C/EBPε activity during normal and aberrant neu-
trophil development, and increase the knowledge concerning the functional 
effects of lysine acetylation on protein function more generally.  
 
METHODS

Ethics statement
Umbilical cord blood (UCB) was collected after written informed consent was 
provided according to the principles expressed in the Declaration of Helsinki. 
Protocols were approved by the Institutional Review Board of the University 
Medical Center Utrecht.  

Patient samples
Bone marrow specimens were collected during a yearly control visit and bone 
marrow examination. Written informed consent was obtained from all parents. 

Cell lines
COS, HL60, and NB4 cells were maintained according to standard protocols as 
described in the Supplementary Appendix. 

Antibodies, DNA constructs and reagents
The antibodies and reagents used are listed in the Supplementary Appendix. 
C/EBPε WT and C/EBPε K15xR were cloned into pMT2 that already contained 
a Flag-tag or an HA-tag, generating pMT2-Flag-C/EBPε, pMT2-Flag-C/EBPε 
K15xR, pMT2-HA-C/EBPε and pMT2-HA-C/EBPε K15xR. Using site directed mu-
tagenesis, pMT2-Flag-C/EBPε K121R, pMT2-Flag-C/EBPε K198R, pMT2-Flag-C/
EBPε K121/198R and pMT2-Flag-C/EBPε R121/198K were generated. pcDNA3-
HA-p300 (kindly provided by Dr D. Trouche) and Myc-SIRT1 (kindly provided by 
Dr B.M.T. Burgering) have been described earlier 33. 

Isolation, culture and transduction of human CD34+ cells
The procedures used to isolate and differentiate human CD34+ cells have been 
described previously 34. Bicistronic retroviral DNA constructs were utilized, ex-
pressing the gene of interest (C/EBPε, C/EBPε K121/198R, C/EBPε R121/198K and 
C/EBPε K15xR) and an Internal Ribosomal Entry Site (IRES) followed by the gene 
encoding for green fluorescent protein (eGFP). Retroviral transductions were 
performed as previously described 35.
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Transfection of cells and luciferase assays
Cells were cultered to 60% confluence in a 24-well plate (Nunc, Thermo Fisher 
Scientific, Roskilde, Denmark) and transfected with a mixture of 0.4 μg DNA 
and 2 μl PEI overnight. Cells were transfected with 0.05 μg luciferase reporter 
plasmid containing three C/EBPε binding sites (3x-C/EBPε) or 0.1 μg macrophage 
colony stimulating factor (M-CSF) promoter luciferase reporter, 0.05-0.2 μg of 
pMT2-Flag-C/EBPε (or HA-C/EBPε) or C/EBPε mutants, 0.05-0.1 μg pcDNA3-HA-
p300 or Myc-SIRT1 and 0.01 μg pRLTK Renilla (Promega, Leiden, the Nether-
lands) to normalize for transfection. pMT2 empty vector was added to achieve 
equal amounts of DNA. After 48 hours, cells were washed twice with PBS and 
lysed in 50 μL passive lysis buffer for 30 minutes. The supernatant fraction was 
analysed for luciferase activity using Dual-Luciferase Reporter Assay System 
(Promega, Leiden, the Netherlands). 

Immunoprecipitation and Western blotting
COS cells were cultured and transfected, followed by Flag-or HA-immunopre-
cipitation as described previously 36. For immunoprecipitation of endogenous 
C/EBPε, CD34+ cells were differentiated towards neutrophils during 10 days. 
Cells were lysed in RIPA lysis buffer and incubated with anti-C/EBPε antibody 
overnight at 4ºC. and incubated with protein A agarose beads (Invitrogen, Life 
Technologies, Bleiswijk, the Netherlands) the next day. Equal amounts of sam-
ple were analyzed by Western Blot, probed with the respective antibodies. Im-
munocomplexes were detected using enhanced chemiluminescence (GE Heal-
thcare, Zeist, the Netherlands), or with quantitative fluorescence technology 
(Odessey, LI-COR technology)

Confocal studies and proximity ligation assay (PLA)
The procedures used for confocal analysis have been described previously 36. For 
PLA, COS cells or UCB-derived neutrophils were fixed, blocked and incubated 
with primary anti-rabbit and anti-mouse antibody overnight. According to the 
manufacturer’s protocol (Olink Bioscience, Uppsala, Sweden), cells were subse-
quently incubated with the secondary mouse PLUS and rabbit MINUS probe for 
1 hours at 37 ºC in a dark humidity chamber. Cells were washed 3 times in PLA 
buffer A (10 mM Tris- HCl pH 7.5, 150mM NaCl, 0.05% Tween in ddH20) follo-
wed by ligation for 30 minutes. Again cells were washed, followed by amplifi-
cation and detection for 100 minutes at 37 ºC in a dark humidity chamber. After 
this, cells were washed 3 times in PLA buffer B (200 mM Tris-HCl pH 7.5, 100mM 
NaCl in ddH20) and 3 times in 1% buffer B. Dry cells were mounted in Mowiol 
4-88 containing DAPI. Cells were analyzed with a 63x objective on a Zeiss LSM 
710 fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

Mass spectrometry analysis
Mass spectrometry was performed according to standard protocols as described 
in the Supplementary Appendix. 
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Histochemical and lactoferrin staining of hematopoietic cells
The procedures used to analyze myeloid differention have been described pre-
viously 34. 

DNA binding assay
The used procedures for nuclear fractionation are described in the Supplemen-
tary Appendix. Double stranded biotinylated oligo’s encoding a CEBPε specific 
or control DNA binding sequence were coupled to streptavidin agarose beads. 
Subsequently, oligo-coupled beads were incubated with nuclear fractions isola-
ted from HEK293 cells expressing mutant Flag-CEBPε constructs in binding buf-
fer (10 mM Hepes, 10 mM KCl, 0,1 mM EGTA, 80 mM NaCl, 1% NP40, 2 mM DTT, 
1% HALT protease inhibitor cocktail). After incubation, beads were washed 5 
times with PBS containing 1% HALT protease inhibitor cocktail and denatured 
in SDS-sample buffer before being run on an SDS-acrylamide gel. Separated 
proteins were then analyzed by Western blotting utilizing Flag-M2 antibody. 

Quantitative PCR
Q-PCR experiments were performed as previously described 37. Primers are listed 
in Table S1. To quantify the data, the comparative threshold cycle method was 
used. Relative quantity was defined as 2-ΔΔCt. ß2M was used as reference gene.

Statistical analysis
Statistical analysis was performed using a one-way ANOVA test followed by a 
Bonferroni multiple comparison test (comparison between all conditions) or a 
Dunnet multiple comparison test (comparison with the control) (Prism Graph-
Pad Software). P-values of 0.05 or less were considered significant (* p <0.05,  
** p<0.01).

RESULTS

C/EBPε is acetylated in neutrophils
To investigate whether C/EBPε is acetylated, cells were transfected with an epi-
tope tagged C/EBPε construct and acetylation was analyzed by immunopreci-
pitation and immunoblotting using an anti-acetyl lysine antibody (anti-AcK). 
A high basal level of C/EBPε acetylation was observed (Figure 1A). To validate 
the specificity of the anti-acetyl lysine antibody, we constructed a lysine dead 
mutant of C/EBPε, in which all 15 lysines of C/EBPε were mutated into arginine 
residues. No acetylation of the lysine dead mutant was observed; the small band 
was considered non-specific (Figure 1A). To determine whether endogenously 
expressed C/EBPε was also acetylated, we analyzed the myeloid cell lines HL60 
and NB4. NB4 cells were pre-treated with retinoic acid (RA) for 4 days to in-
crease C/EBPε expression 38. Protein lysates were prepared, followed by acetyl 
lysine-immunoprecipitation, and immunoblotting using a C/EBPε antibody. 
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FIGURE 1. C/EBPε is acetylated in neutrophils 
(A) COS cells were transfected with Flag-C/EBPε, or Flag-C/EBPε K15xR, followed by Flag-immunop-
recipitation. Cell lysates were analyzed by WB utilizing an anti-acetylated lysines (AcK), and anti-
Flag antibodies. (B) NB4 cells were treated with RA during 4 days. HL60 cells and NB4 cells were trea-
ted with KDACi during 3 hours, followed by AcK immunoprecipitation. Cell lysates were analyzed by 
WB utilizing anti-C/EBPε, and AcK antibodies. (C) PLA was performed in CD34+ derived neutrophil 
progenitors, probed for C/EBPε and AcK. The PLA signal (red dots) represent acetylation of C/EBPε.  
Data are respresentative of at least three independent experiments. IP indicates immunoprecipita-
tion, WB indicates Western blot, WCL indicates whole cell lysate.

Compared to isotype control, we observed C/EBPε acetylation of the 32/30kD 
isoforms (Figure 1B), suggesting that C/EBPε is acetylated in neutrophil precur-
sor cells. In addition, CD34+ cells from umbilical cord blood (UCB) were diffe-
rentiated towards neutrophils for 10 days, followed by proximity ligation assay 
(PLA, see methods). Given that a PLA signal can only be obtained when detec-
tion antibodies are in extremely close proximity, this technique enables the de-
tection of post-translational modifications in their cellular context. At day 10 of 
neutrophil differentiation, cytospins were prepared, and cells were incubated 
with an anti-acetyl lysine antibody and anti-C/EBPε antibody. Following PLA, we 
observed a specific nuclear signal upon incubation with both antibodies, sug-
gesting that C/EBPε is acetylated in neutrophils (Figure 1C).
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Acetylation of C/EBPε is regulated by SIRT1 and p300
Acetylation is regulated by lysine acetyltransferases (KAT) and lysine deacetyla-
ses (KDAC).  To investigate the specific regulators of C/EBPε acetylation, we first 
investigated the effects of the class I/II KDAC inhibitor valproic acid (VPA), and 
the SIRT1 inhibitor nicotinamide (NAM) on C/EBPε acetylation. Cells were trans-
fected with epitope-tagged C/EBPε and treated overnight with increasing con-
centrations of VPA or NAM.  C/EBPε was immunoprecipitated, followed by ace-
tyl lysine-immunoblotting. While upon treatment with VPA (upper panel) we 
observed no reproducible effects on C/EBPε acetylation, treatment with NAM 
(lower panel) resulted in a concentration dependent increase in C/EBPε acetyla-
tion (Figure 2A). This suggests that SIRT1 may regulate C/EBPε deacetylation. 
To further investigate the role of SIRT1 as a regulator of C/EBPε acetylation, 
we co-transfected SIRT1 with C/EBPε and again performed immunoprecipita-
tion, followed by anti-acetyl lysine immunoblotting. Co-transfection with SIRT1 
decreased the levels of C/EBPε acetylation, suggesting that SIRT1 deacetylates       
C/EBPε (Figure 2B). 
Next, we investigated whether the ubiquitously expressed KAT p300 could 
acetylate C/EBPε. p300 was transfected together with C/EBPε, followed by im-
munoprecipitation, and immunoblotting as described before. A concentration 
dependent increase of C/EBPε acetylation upon co-transfection of p300 was ob-
served, suggesting that p300 can mediate C/EBPε acetylation (Figure 2C). To 
determine whether C/EBPε also interacts with SIRT1 and p300, we investiga-
ted association of these proteins utilizing PLA. We observed specific PLA signal 
upon co-transfection of C/EBPε together with either SIRT1 or p300, but not in 
single transfection controls, demonstrating that SIRT1 and p300 both interact 
with C/EBPε. To investigate the role of SIRT1 in the regulation of endogenously 
expressed C/EBPε, CD34+ cells were differentiated towards neutrophils ex vivo. 
Cells were treated overnight with nicotinamide, followed by immunoprecipita-
tion and PLA. Compared to control cells, treatment with NAM resulted in incre-
ased levels of acetylated C/EBPε, observed by immunoblotting (Figure 2E) and 
PLA (Figure 2F), suggesting that SIRT1 can regulate C/EBPε acetylation in human 
neutrophil precursors. Taken together, these data indicate that C/EBPε can be 
acetylated by p300 and deacetylated by SIRT1.

Acetylation of C/EBPε regulates transcriptional activity
To investigate the role of acetylation on C/EBPε functionality, luciferase assays 
were performed utilizing a reporter plasmid containing the M-CSF receptor pro-
moter; a direct transcriptional target of C/EBPs 39. Cells were transfected with 
epitope-tagged C/EBPε or lysine “dead” C/EBPε K15xR in the absence or pres-
ence of p300 or SIRT1. Transfection of C/EBPε induced reporter activity, which 
was further increased upon co-transfection of p300, and decreased upon co-
transfection of SIRT1. Moreover, transfection of C/EBPε K15xR resulted in no 
transcriptional activation (Figure 3A). In addition C/EBPε was transfected toge-
ther with an increasing concentration of the lysine-dead variant (K15xR), which 
resulted in a concentration-dependent inhibition of reporter activity (Figure 
3B). This suggests that C/EBPε K15xR acts as a dominant-negative transcriptional 
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FIGURE 2. C/EBPε acetylation is regulated by SIRT1 
and p300
(A) COS cells were transfected with HA-C/EBPε and 
treated overnight in the absence or presence of 
500μM (+), 1mM (++) VPA, 1mM (+), 5mM (++) NAM, 
followed by HA-immunoprecipitation. Cell lysates 
were analyzed by WB utilizing anti-acetyl lysines 
(AcK), and anti-HA antibodies. (B) COS cells were co-
transfected with HA-C/EBPε  and Myc-SIRT1, follo-
wed by HA-immunoprecipitation. Cell lysates were 
analyzed by WB utilizing anti-AcK, anti-HA, and an-
ti-Myc antibodies. (C) COS cells were co-transfected 
with Flag-C/EBPε  and HA-p300, followed by Flag-
immunoprecipitation. Cell lysates were analyzed by 
WB utilizing anti-AcK, anti-Flag, and anti-HA anti-
bodies. (D) COS cells transfected with FLAG-C/EBPε , and HA-p300 or Myc-SIRT1, followed by PLA. 
Cells were probed for Flag, HA or Myc. Single transfections and pMT2 empty vector were used as 
controls. PLA signal (red dots) represent co-localization of C/EBPε  with p300 and SIRT1. (E) CD34+ 
cells were differentiated towards neutrophils. At day 10, cells were treated overnight with 5mM 
NAM, followed by AcK-immunoprecipitation. Cell lysates were analyzed by WB utilizing anti-C/
EBPε, and AcK antibodies. (F) Day 10 neutrophil precursors were isolated and treated overnight 
with NAM, followed by PLA. Cells were probed with anti-AcK, and anti-C/EBPε  antibodies. PLA 
signal (red dots) represents C/EBPε acetylation. VPA indicates valproic acid, NAM indicates nico-
tinamide, IP indicates immunoprecipitation, WB indicates Western blot, WCL indicates whole cell 
lysate. Data are representative of three or more independent experiments.
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FIGURE 3. Acetylation of C/EBPε regulates transcriptional activity
(A) M-CSF promoter luciferase reporter activity was analyzed in COS cells by co-transfection of C/
EBPε or C/EBPε K15xR with p300 or SIRT1. An empty vector plasmid was used as control. All values 
were normalized for co-transfected renilla. (B) COS cells were co-transfected with C/EBPε and incre-
asing concentrations of K15xR, followed by analysis of C/EBPε specific luciferase reporter activity. 
All values were normalized for co-transfected renilla. (C) COS cells were transfected with Flag-C/
EBPε, or Flag-C/EBPε K15xR, followed by followed by confocal microscopy imaging utilizing by anti-
Flag antibody, and DAPI nuclear staining. Untransfected cells were used as control. (D) COS cells 
were co-transfected with Flag- or HA-tagged C/EBPε, and Flag- or HA-tagged C/EBPε K15xR, fol-
lowed by FLAG immunoprecipitation. Cell lysates were analyzed by WB utilizing anti-HA-antibody. 
IP indicates immunoprecipitation, WB indicates Western Blot, WCL indicates whole cell lysate. Data 
are representative of three or more independent experiments, error bars represent SEM (between 
experiments). * p<0.05, ** p<0.01.
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regulator or blocks binding of C/EBPε to the M-CSFR promotor. Taken together, 
these data suggest that C/EBPε acetylation is essential for transcriptional activa-
tion and that acetylation levels regulate transcriptional activity. 
CEBPε is exclusively expressed in the nucleus. To investigate whether acetylation 
can regulate nuclear localization of C/EBPε, a confocal analysis in cells co-trans-
fected with C/EBPε and C/EBPε K15xR was performed. C/EBPε and C/EBPε K15xR 
both localized in the nucleus, indicating that C/EBPε acetylation is not critical 
for nuclear localization (Figure 3C). 
C/EBP proteins are characterized by a highly conserved basic-leucine zipper 
(bZIP) domain, which is in involved in homodimerization and heterodimeriza-
tion of C/EBPs and essential for DNA binding. To determine whether acetylation 
is important for the dimerization potential of C/EBPε, co-immunoprecipitations 
were performed with epitope-tagged C/EBPε, and C/EBPε K15xR. We observed 
no differences in co-immunoprecipitation whether C/EBPε was co-transfected 
with either C/EBPε, or C/EBPε K15xR, and no effect on co-immunoprecipitation 
of C/EBPε K15xR with C/EBPε K15xR suggesting that acetylation of C/EBPε is 
also not important for dimerization capacity (Figure 3D). In summary these data 
suggest that C/EBPε acetylation modulates transcriptional activity, and is not 
specifically involved in homo- and heterodimerization capacity or nuclear loca-
lization.  

C/EBPε acetylation levels depend on acetylation of lysine 121 and 198  
Acetylation is a post-translational modification that is restricted to lysine resi-
dues. C/EBPε (32/30kDa) contains fifteen lysine residues, located in all six functi-
onal domains. To define which lysines are acetylated, a mass spectrometry ana-
lysis was performed. Briefly, C/EBPε was transfected together with p300, and 
cells were treated with NAM to increase acetylation levels. Lysates were pre-
pared, followed by immunoprecipitation and SDS-PAGE. C/EBPε protein bands 
were isolated and processed for mass spectrometry analysis. We identified four 
acetylated lysines, including two lysines in the repression domain (RD) I (K100 
and K121), 1 lysine between RD II and the basic region (BR) (K198), and 1 lysine 
(K202) in the BR, containing the DNA binding domain (Figure 4A). 
To investigate the functional role of these specific lysines, we constructed single 
lysine mutants and “addback” mutants in both the wild-type and lysine-dead 
background respectively. Next, to determine the role of these lysines in C/EBPε 
acetylation we transfected the various mutant C/EBPε proteins together with 
p300 and performed immunoprecipitation followed by immunoblotting with 
the anti-acetyl lysine antibody. Compared to C/EBPε, we observed a clear decre-
ase in total C/EBPε acetylation in the C/EBPε K121R and C/EBPε K198R mutants 
(Figure 4B). To confirm these findings, C/EBPε, C/EBPε K15xR or the add-back 
mutants C/EBPε R100K, C/EBPε R121K, C/EBPε R198K, and C/EBPε R202K were 
transfected  together with p300, followed by immunoprecipitation and im-
munoblotting. Compared to C/EBPε K15xR, a clear increase in acetylation was 
observed for C/EBPε R121K, and less pronounced effect for the C/EBPε R198K 
mutant (Figure 4C). Taken together these data suggest that K121 and K198 are 
important for C/EBPε acetylation. 
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To investigate whether acetylation of these specifc lysines is also functionally 
relevant, a luciferase assay was performed utilizing the M-CSFR reporter.  Com-
pared to reporter activity induced by C/EBPε, a significant decrease in trans-
criptional activity upon transfection of the C/EBPε K121R, C/EBPε K198R, and 
C/EBPε K121/198R double mutant (Figure 4D) was observed, suggesting that 
acetylation of K121 and K198 are important for C/EBPε function. Since we de-
monstrate that preventing C/EBPε acetylation by mutating lysine residues (into 
arginine residues) did not affect nuclear localization, or dimerization capacity, 
we next investigated whether C/EBPε acetyation is important for DNA binding. 
We transfected cells with C/EBPε, C/EBPε K121R, C/EBPε K198R and C/EBPεK15xR 
and prepared nuclear lysates. Next, a DNA binding assay was performed utili-
zing pull-down of biotinylated oligonucleotides representing a specific C/EBPε 
binding site or control DNA. A decrease in DNA binding was observed for the  
C/EBPε K121R mutant, and K15xR mutant, suggesting that acetylation of 
C/EBPε, and more specifically, K121 is important for DNA binding (Figure 4E and 
Figure S1).  

Acetylation of C/EBPε K121 and K198 is functionally important during termi-
nal neutrophil differentiation
C/EBPε regulates the transition from the promyelocytic stage into the myelocytic 
stage of neutrophil development, and is essential for the formation of seconda-
ry and tertiary granules, including lactoferrin, and collagenase 15,19. We have de-
monstrated that C/EBPε is acetylated in neutrophils and that acetylation levels 
can be increased by treatment with the SIRT1 inhibitor NAM. To investigate the 
functional role of C/EBPε acetylation during neutrophil development, we first 
investigated the effects of NAM on terminal neutrophil differentiation. While 
no increase in the percentage of mature neutrophils was observed, treatment 
with NAM induced a clear increase in lactoferrin expression (Figure 5A) and 
the percentage of metamyelocytes (Figure S2A). Severe congenital neutropenia 
(SCN) is characterized by the absence of mature neutrophils accompanied by 
a differentiation block at the promyelocytic stage of differentiation 3. In bone 
marrow-derived myeloid progenitors from patients with SCN, an increase in the 
percentage of mature neutrophils, and metamyelocytes was observed upon 
NAM treatment (Figure 5B). In addition, the effects in UCB and BM-derived cells 
were accompanied by a significant decrease in the percentage of monocytes 
(Figure S2B). Since these effects were accompanied by increased lactoferrin ex-
pression, with no increase in C/EBPε protein expression (Figure 5C), this suggests 
that the effects of NAM treatment on neutrophil maturation could at least be 
partially explained by increased C/EBPε activity. To demonstrate the functional 
role of C/EBPε acetylation specifically, UCB CD34+ cells were retrovirally trans-
duced with C/EBPε, C/EBPε K121/198R, C/EBPε K15xR, or C/EBPε R121/198K, and 
differentiated towards neutrophils. As a control CD34+ cells transduced with 
an empty vector were used. Upon transduction with the K121/198 knockout 
mutant, we observed a reduction in the percentage of mature neutrophils and 
intracellular lactoferrin expression (Figure 5D). These effects were enhanced af-
ter transduction with the C/EBPε K15xR (lysine dead) mutant. 
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FIGURE 4. Acetylation of lysine 121 and 
198 regulates C/EBPε activity
(A) COS cells were transfected with Flag-
C/EBPε together with HA-p300 and tre-
ated with NAM. C/EBPε protein bands 
were isolated from the lysates and pro-
cessed for mass spectrometry analysis. 
Data represent the identified lysines and 

functional domain location. (B-C) COS cells were transfected with Flag-C/EBPε single lysine knock-
out (from WT) and “addback” (from lysine dead) together with HA-p300, followed Flag-immunop-
recipitation. Cell lysates were analyzed by WB utilizing anti-acetylated lysines (AcK) and anti-Flag 
antibody. (D) M-CSF promoter luciferase activity was analyzed in COS cells transfected with Flag-C/
EBPε, Flag-C/EBPε K121R, Flag-C/EBPε K198R, Flag-C/EBPε K121/198R, and C/EBPε K15xR. An empty 
vector plasmid was used as control. All values were normalized for co-transfected renilla.  (E) Nu-
clear lysates were prepared from COS cells transfected Flag-C/EBPε, Flag-C/EBPε K121R, Flag-C/EBPε 
K198R and Flag-C/EBPε K15xR, followed by pull-down of biotinylated oligonucleotides. Cell lysates 
were analyzed by WB utilizing anti-Flag antibody. As controls, oligonucleotides respresenting a 
mutated binding site were used. IP indicates immunoprecipitation, WB indicates Western Blot, WCL 
indicates whole cell lysate. Data (B-E) are representative of three or more independent experiments, 
error bars represent SEM (between experiments).  * p<0.05, ** p<0.01.
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FIGURE 5. Acetylation of C/EBPε K121 and K198 is functionally important during neutrophil differen-
tiation. CD34+ cells were differentiated towards neutrophils in the absence or presence of 5mM 
nicotinamide (NAM). (A) In UCB-derived cells, neutrophil differentiation was determined by cyto-
spin analysis of neutrophil morphology and FACS analysis of intracellular lactoferrin expression 
(mean fluorescence intensity (MFI)). (B) In SCN patient BM-derived cells, neutrophil development 
was determined by cytospin analysis of the percentage mature neutrophils, metamyelocytes and 
intracellular lactoferrin expression (MFI). (C) At day 7 of differentiation, protein lysates were pre-
pared of SCN patient cells, followed by Western Blot analysis of C/EBPε expression. (D) CD34+ cells 
from UCB were retrovirally transduced with eGFP-PMX-C/EBPε, eGFP-PMX-C/EBPε eGFP-PMX-C/EBPε 
K121/198R, eGFP-PMX-C/EBPε K15xR, and C/EBPε R121/198K and differentiated towards neutrop-
hils. As control an empty vector was used. Sorted cells were analysed after 14 days. Neutrophil 
differentiation was determined by cytospin analysis of morphology and FACS analysis of lactofer-
rin expression (MFI). (E) mRNA expression of lactoferrin and collagenase was analysed by real time 
qPCR (RT-qPCR). Data represent the expression of lactoferrin and collagenase relative to the empty 
vector. Data are representative of three or more UCB donors or patient samples, error bars represent 
SEM (between donors). * p<0.05, ** p<0.01.
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Strikingly, these effects could be almost completely reversed after add-back 
of lysines 121 and 198, illustrated by an increase in the percentage of mature 
neutrophils and intracellular lactoferrrin expression (Figure 5D). Together, these 
data suggest that acetylation of K121 and K198 of C/EBPε, is important for neu-
trophil differentiation. 
To confirm that these effects were C/EBPε specific, we analyzed the effects of the 
C/EBPε mutants on the expression of specific transcriptional targets, including 
lactoferrin, and collagenase. Compared to the cells transfected with the empty 
vector, transduction with the lysine dead mutant abrogated lactoferrin and col-
lagenase expression, while the K121 and K198 add-back mutant (R121/198K) 
rescued expression to approximately baseline levels (Figure 5E). 
Summarized in a model, these data suggest that during neutrophil develop-
ment, the regulation of C/EBPε acetylation, predominantly K121 and K198, is 
important for C/EBPε transcriptional activity, at least partially through regula-
tion of DNA binding capacity (Figure 6). 

Figure 6. The role of C/EBPε acetylation for C/EBPε transcriptional activity during neutrophil differenti-
ation. Regulation of C/EBPε acetylation, most importantly lysines 121 and 198, by the lysine acetyl-
transferase p300 and the lysine deacetylase SIRT1, is involved in the regulation of DNA binding, and 
determines C/EBPε transcriptional activity, and the subsequent expression of C/EBPε target genes 
during neutrophil development. In the absence of C/EBPε acetylation, represented by the lysine 
dead mutant, C/EBPε activity is abrogated, resulting in a block in neutrophil differentiation.
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DISCUSSION

In the present study we have investigated the functional relevance of C/EBPε  
acetylation. Our data demonstrate that C/EBPε is acetylated, and that this modi-
fication is important for neutrophil maturation. We have previously demonstra-
ted that modulating protein acetylation in CD34+ hematopoietic progenitors, 
by KDACi, affects cell fate decisions during myeloid development 34. These data 
suggested that the effects were the result of regulation of both histone and 
non-histone proteins. Recently, Kyme et al. demonstrated in a murine model, 
that the antibacterial function of neutrophils could be increased by treatment 
with NAM, modulating the expression of C/EBPε, and downstream effectors 32. 
In addition, and in agreement with our data, they demonstrate that C/EBPε 
acetylation levels can be increased by treatment with NAM. In contrast to this 
study, we observed no increase in C/EBPε protein expression, which can be ex-
plained by differential C/EBPε expression in immature neutrophil precursors 
compared to activated neutrophils in the peripheral blood. Furthermore, in our 
study we demonstrate for the first time the specific functional role of C/EBPε 
acetylation. We demonstrate that modulation of C/EBPε acetylation levels by 
p300 and SIRT1, regulates transcriptional activation by C/EBPε. By mass spectro-
metry analysis we identified four acetylated lysines, and the functional effects 
we observed, could at least be partly allocated to acetylation of two specific lysi-
nes; K121 and K198. K121 is located in the repression domain I of C/EBPε, which 
has previously been identified as a key element of the conserved repression mo-
tif (RDM) of various C/EBP family members, including C/EBPε 21,31. The regulation 
of C/EBPε transcriptional activity has previously been associated with levels of 
K121 sumoylation, suggesting a delicate balance between repression, and the 
recruitment of coactivators, resulting in increased C/EBPε transcriptional acti-
vity 30,31. Based on our data, acetylation of K121 is important for transcriptional 
activity. This was confirmed by increased C/EBPε activity in luciferase reporter 
assays utilizing a C/EBPε mutant in which lysine 121 was replaced by a glutamine 
residue (K121Q), mimicking acetylation (Figure S3). The balance between K121 
acetylation, involved in DNA binding of C/EBPε (Figure 4), and K121 sumoyla-
tion, involved in active repression, and recruitment of cofactors, could regulate 
RDM and RDI function and thereby modulate C/EBPε transcriptional activity.  
While mutating lysine 198 to arginine, mimicking deacetylation, resulted in a 
clear decrease in total C/EBPε acetylation and transcriptional activity (Figure 4), 
the specific functional role of K198 acetylation still requires further investiga-
tion. K198 is located in close proximity to the DNA binding region, and a highly 
conserved residue between species and C/EBP family members, including C/EBPε 
and C/EBPε. Potentially, modifications of this residue might regulate protein-
protein interactions.  
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Interestingly, while C/EBPε is indispensable for neutrophil maturation, overex-
pression of C/EBPε in CD34+ cells did not increase the percentage of mature 
neutrophils and expression of C/EBPε transcriptional targets (Figure 5). Bedi et 
al. previously demonstrated that enforced expression of the transcriptional acti-
vator isoforms C/EBPε32/30 in hematopoietic progenitor cells stimulated eosinop-
hil differentiation, at the expense of granulocyte/macrophage differentiation, 
while overexpression of the C/EBPε27, or C/EBPε14 isoforms, inhibited eosinophil 
differentiation 20. In agreement with these data, we observed disturbed neu-
trophil maturation accompanied by an increase in eosinophil precursors in some, 
but not all donors, suggesting that this is dependent on C/EBPε32/30 expression 
levels. Intriguingly, compared to the lysine dead mutant, enforced expression of 
C/EBPε R121/198K rescued neutrophil differentiation, yet induced no increase in 
eosinophil precursors or aberrant neutrophil maturation, suggesting that these 
lysines are selectively important for terminal neutrophil differentiation (Figure 
S4). In this study we have only investigated the functional role of acetylation 
of full length C/EBPε during neutrophil differentiaton. Whether acetylation of 
K121 and K198R, located in domains that are identical in all four isoforms of 
C/EBPε (32, 30, 27 and 14kDa) differentially regulates these C/EBPε isoforms 
functionally during myeloid differentiation, requires further investigation. 
 Terminal neutrophil differentiation is the result of a complex interplay 
between transcription factors and modulators, including PU.1, CCAAT displace-
ment protein (CDP), the retinoic acid receptor, and C/EBPε 9,40,41. Studies in C/
EBPε deficient mice have demonstrated that this transcription factor is indispen-
sible for neutrophil maturation and function 12,42. Moreover, loss of C/EBPε func-
tion abrogates the production of specific neutrophil granule proteins, resulting 
in disrupted neutrophil function 11,15,19. Importantly, in cells from patients suffe-
ring from SCN, characterized by complete lack of mature neutrophils, treatment 
with NAM, increased the number of neutrophils, at least partially by increasing 
C/EBPε function (Figure 5B). Together, the data presented in this study increase 
the knowledge of the functional regulation of C/EBPε activity and provide novel 
insights into mechanisms underlying aberrant neutrophil development. Modu-
lating acetylation by NAM, or other KDACi, could therefore be of importance 
for the treatment of neutropenia, or functional neutrophil defects 32,34,43. 
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FIGURE S1. Mutated C/EBPε binding sites prevent binding of C/EBPε or specific mutants
Nuclear lysates were prepared from COS cells transfected Flag-C/EBPε, Flag-C/EBPε K121R, Flag-
C/EBPε K198R and Flag-C/EBPε K15xR, followed by pull-down of biotinylated oligonucleotides. 
As controls, oligonucleotides respresenting a mutated binding site were used. Cell lysates were 
analyzed by WB utilizing anti-Flag antibody). WB indicates Western Blot, WCL indicates whole 
cell lysate.

FIGURE S2. NAM treatment stimulates neutrophil differentiation at the expense of monocyte diffe-
rentiation. CD34+ cells were differentiated towards neutrophils in the absence or presence of 5mM 
nicotinamide (NAM). Neutrophil differentiation was determined by cytospin analysis of neutrophil 
morphology (A) Data represent the percentage of metamyelocytes in UCB-derived cells (B) Data 
represent the percentage of monocytes in SCN patient BM-derived cells. Data are representative of 
three independent donors (or patient samples). * p<0.05.
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FIGURE S4. Ectopic expression of C/EBPε in CD34+ myeloid progenitors can induce eosinophil differen-
tiation at the expense of neutrophil differentiation.
CD34+ cells from UCB were retrovirally transduced with eGFP-PMX-C/EBPε, eGFP-PMX-C/EBPε eGFP-
PMX-C/EBPε K121/198R, eGFP-PMX-C/EBPε K15xR, and C/EBPε R121/198K and differentiated to-
wards neutrophils. As control an empty vector was used. Sorted cells were analysed after 14 days. 
Neutrophil differentiation was determined by cytospin analysis of morphology. Data represent neu-
trophil and eosinophil precursor morphology in 2 donors.

Gene Forward primer Reverse primer

Lactoferrin 5’-TCGGGGCCCTCGGACTGTGTC-3’ 5’-GGTCACAGCATCGGCCCTGTTT-3’

Collagenase 5’-TGGACCAACACCTCCGCAAATTACA-3’ 5’- TCAAGGCACCAGGGTCAGAGGA-3’

ß2M 5’-CCAGCAGAGAATGGAAAGTC-3’ 5’-GATGCTGCTTACATGTCTCG-3’

TABLE S1. Q-PCR primers transcriptional targets C/EBPε

FIGURE S3. C/EBPε K121Q acetylation “mimic” 
rescues C/EBPε transcriptional activity. COS 
cells were transfected with C/EBPε, C/EBPε 
K15xR, C/EBPε K121R, or C/EBPε K121Q, fol-
lowed by analysis of C/EBPε specific luciferase 
reporter activity. All values were normali-
zed for co-transfected renilla. As a control, 
an empty vector plasmid was used. Data are 
representatibe of two independent experi-
ments, ** p<0.01.
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SUPPLEMENTARy APPENDIx

Cell lines
COS and HEK293 cells were maintained in Dulbecco modified Eagle medium 
(DMEM) supplemented with 8% heat-inactivated fetal calf serum (FCS), 10 U/
mL penicillin, and 10μg/mL streptomycin (all from Invitrogen, Life technologies, 
Bleiswijk, the Netherlands) at 37°C and 5% CO2. HL60 cells were maintained in 
Isocove’s modified Dulbecco’s medium (Invitrogen, Life technologies, Bleiswijk, 
the Netherlands), supplemented with 8% fetal calf serum (FCS) (Hyclone, South 
Logan, UT, USA), 50μmol/L of ß-mercaptoethanol, penicillin, streptomycin, and 
2mM glutamine. NB4 cells were maintained in Roswell Park Memorial Institute 
(RPMI) (Invitrogen, Life technologies, Bleiswijk, the Netherlands medium), sup-
plemented with 8% FCS, ß-mercaptoethanol, penicillin and streptomycin

Nuclear fractionation (for DNA binding assay)
HEK293 cells transiently transfected with Flag-CEBPε constructs and lysed in ly-
sis buffer (0.025 M HEPES, 20 mM KCl, 5 mM MgCl2, 1 mM DTT and 1% HALT 
protease inhibitor cocktail). Lysates were mixed in a 1:1 ratio with lysis buffer 
supplemented with 2% NP40. Nuclei were pelleted by low speed centrifugation 
and pellets were subsequently lysed in nuclear lysis buffer containing 0.025 M 
HEPES, 10% sucrose, 350 mM NaCl, 1 mM DTT and 1% HALT protease inhibitor 
cocktail. After 10 minutes incubation, lysates were cleared by high-speed centri-
fugation and supernatant was used as nuclear fraction.

Mass spectrometry analysis 
Proteins were separated utilizing 4-12% polyacrylamide gels and SDS-PAGE and 
stained with Biosafe (Bio-Rad Laboratories B.V, Veenendaal, the Netherlands). 
Protein bands were excised from gel, reduced with dithiothreitol, alkylated 
with iodoacetamide, and digested with trypsin (Roche, Almere, the Nether-
lands) as described 36. Samples were subjected to nanoflow LC using C18 reverse 
trap columns (Phenomenex, Utrecht, the Netherlands; column dimensions 2cm x 
100um, packed in-house) and subsequently separated on C18 analytical columns 
(column dimensions 20cm x 50um; packed in-house) using a linear gradient 
from 0 to 40% B (A = 0.1M acetic acid; B = 95% (v/v) acetonitrile, 0.1M acetic 
acid) in 60 min at a constant flow rate of 150nl/min. Column eluate was directly 
coupled to a LTQ-Orbitrap-XL mass spectrometer (Thermo Fisher Scientific, New 
York, USA) operating in positive mode, using Lock spray international calibra-
tion. Data were processed and subjected to database searches using MASCOT 
software (Matrixscience, London, UK) against Swiss Prot and non-redundant 
NCBI database, with a 10ppm mass tolerance of precursor and 0.8Da for the 
fragment ion. 
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ABSTRACT

Treatment with KDACi for hematological malignancies, is accompanied by he-
matological side effects including thrombocytopenia, suggesting that modulati-
on of protein acetylation affects normal myeloid development, and specifically 
megakaryocyte development. In the current study, utilizing ex vivo differenti-
ation of CD34+ hematopoietic progenitor cells, we investigated the effects of 
two functionally distinct KDACi, VPA, and NAM, on megaryocyte differentiati-
on, and ME-lineage lineage choices. Treatment with VPA increased the number 
of MEP, accompanied by inhibition of  megakaryocyte differrentiation, whereas 
treatment with NAM accelerated megakaryocyte development, and stimulated 
polyploidization. Treatment with both KDACi resulted in no significant effects 
on erythrocyte differentiation, suggesting that the effects of KDACi primarily 
affect megakaryocyte lineage development. H3K27Ac ChIP sequencing analysis 
revealed that genes involved in myeloid development, as well as ME-lineage 
differentiation are modulated by KDACi treatment. These include LMO2, and 
MYB, involved in megakaryocyte and erythrocyte differentiation respectively, 
which are modulated by VPA treatment, and RAB27b, involved in megakaryo-
cyte maturation, which is modulated by NAM. Taken together, our data reveal 
distinct effects of KDACi on megakaryocyte development, and ME-lineage deci-
sions, which can be partially explained by direct effects on promoter acetylation 
of genes involved in myeloid differentiation.
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INTRODUCTION

Transcriptional regulation of the megakaryocyte/erythroid (ME) lineage is re-
gulated by relatively small number of master regulators. Differentiation of the 
common myeloid progenitor (CMP) towards the ME-lineage is mainly regulated 
by GATA-1, the key-regulator of both megakaryocyte, and erythrocyte develop-
ment 1-3. Progression from the megakaryocyte/erythroid progenitor (MEP) to-
wards megakaryocyte differentiation involves the activity of Runt-related trans-
cription factor 1 (RUNX1, or AML1), LIM domain only 2 (LMO2), nuclear factor, 
erythroid-derived 2 (NF-E2), and Friend leukemia integration 1 (Fli-1), which re-
gulates the expression of late stage megakaryocyte markers 4-7. Megakaryocyte 
maturation coincides with endomitosis, resulting in large, polyploid cells, the 
hallmark of megakaryocyte development. While previous studies have sugge-
sted a role for genes involved in cell cycle regulation and cytokinesis, including 
survivin and Aurora B, the regulation of polyploidization remains unclear 8-11. 
 In addition to transcriptional regulation of normal and aberrant mye-
loid differentiation, the role of epigenetic regulatory networks, and post-trans-
lational modifications has been identified in recent years 12-16. This has resulted 
in an increased use of chromatin modulating drugs, including lysine deacetylase 
inhibitors (KDACi) for the treatment of hematological malignancies 17-19. KDACi 
inhibit deacetylation of histone and non-histone protein substrates, suggesting 
that the regulation of protein acetylation plays an important role in the cellular 
effects of KDACi in malignant cells. Since KDACi are particularly effective in my-
eloid disorders, including myelodysplastic syndrome (MDS), and acute myeloid 
leukemia (AML), this raises questions as to the role of protein acetylation in 
normal myeloid development 20-27. 
Results of phase I/II clinical trials with KDACi suggest no unfavorable effects on 
the normal hematopoietic progenitor cell (HPC) compartment, yet hypergranu-
locytosis, and prolonged thrombocytopenia has been described 20, 28-31. Previous 
studies in normal HPC have demonstrated that valproic acid (VPA), a class I/IIa 
KDACi, stimulates the expansion of myeloid progenitor cells at the expense of 
myeloid differentiation 32-35. With respect to ME-lineage development, a recent 
microarray based study in myeloid cell lines and CD34+ cells, suggested inhibi-
tory effects of VPA treatment on erythropoiesis, illustrated by down-regulation 
of GATA1/FOG1 expression 36. Others have suggested a stimulatory effect of VPA 
on ME-lineage development, illustrated by increased numbers of megakaryo-
cyte, and erythroid precursors 37. Moreover, treatment with VPA, a commonly 
used anti-epileptic drug, is associated with a large variety of hematological side 
effects, including thrombocytopenia, in patients with no previous hematolo-
gical condition 38-41. Previous studies utlizing the class III KDAC/sirtuin inhibitor 
nicotinamide (NAM) have suggested a role for SIRT1 in megakaryocyte matura-
tion, involving the regulation of polyploidization, yet the underlying molecular 
mechanisms remain unclear 42,43. 
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In this study we compared the effects of VPA treatment with NAM treatment 
on ME-lineage development, and further progression into the megakaryocytic 
lineage. Our data demonstrate for the first time that KDAC, and SIRT inhibition 
differentially modulates the expansion, and differentiation of MEP. Treatment 
with VPA increases the MEP compartment, yet inhibits megakaryocyte deve-
lopment, while erythroid development is normal. NAM treatment stimulates 
megakaryocyte differentiaton at the expense of proliferation, while the effects 
on erythroid development resemble the effects of VPA treatment. Utilizing an 
histone 3 lysine 27 acetylation (H3K27ac) ChIP-sequencing approach, we identi-
fied key regulatory genes implicated in myeloid progenitor function, and ME-
lineage differentiation, directly regulated by VPA, and NAM treatment. Taken 
together, our study provides novel insights into the effects of KDACi on ME-
lineage development, and increases our knowledge of the role of HDAC, and 
sirtuins in normal hematopoiesis. 

MATERIAL AND METHODS

UPOD analysis of patient data
Data were obtained from the Utrecht Patient Oriented Database (UPOD). The 
content of UPOD and its setting have been described in detail elsewhere 44,45. 
From UPOD, all outpatients, both adults and children, were identified who were 
treated with VPA (N=217), and had at least one hematological blood test to-
gether with a VPA plasma level test on the same day from January 2005 until 
December 2009. For all patients, total thrombocyte counts were determined. 

Isolation and culture of human CD34+ cells
CD34+ cells were isolated from human umbilical cord blood as previously descri-
bed (32). CD34+ (3.0 x 105) cells were cultured in Stemspan Serum Free  Expan-
sion Medium (SFEM) (Stemcell technologies SARL, Grenoble, France). Cells were 
differentiated towards megakaryocytes for 11 days upon addition of stem cell 
factor (SCF) (50 ng/mL), thrombopoietin (TPO) (20 ng/mL), and interleukin 6 (IL-
6) (10 ng/mL). Cells were differentiated towards erythrocytes for 11 days upon 
addition of SCF (50 ng/mL) interleukin-3 (IL-3) (0.1 nmol/L), and eryhtropoietin 
(EPO) (5IE/mL). Every 3 days, cells were counted with tryphan blue, and fresh 
medium was added to a density of 5.0 x 105 cells/mL for megakaryocytes, and 
2.0 x 105 for erythrocytes. After 7 days of differentiation only TPO and IL-6 were 
added to the megakaryocyte cultures. The KDAC inhibitor valproic acid (VPA) 
(Alexis chemicals, Lausen, Switzerland) and SIRT inhibitor nicotinamide (NAM, 
Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands) were added to the 
fresh medium every 3 days. Umbilical cord blood was collected after written 
informed consent was provided according to the Declaration of Helsinki. Pro-
tocols were approved by the ethics committee of the University Medical Center 
Utrecht. 
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Measurement of apoptosis 
Cells were isolated at day 4, 7 and 11, and the percentage of apoptotic cells was 
analyzed by FACS as previously described 32.

FACS analysis of megakaryocyte and erythrocyte differentiation
Mature megakaryocytes can be characterized by cell surface expression of inte-
grin ß3  (CD61), and glycoprotein 1B (CD42b), and by polyploidy (DNA content 
>4N). Mature erythrocytes can be characterized by transferrin receptor protein 
1 (CD71), and glycophorin A (CD235a) expression. Megakaryocyte precursor 
cells were isolated at day 7, and 11 of differentiation, washed with PBS, fol-
lowed by incubation phyoerythrin (PE)-labeled anti-CD61 antibody, and a flu-
orescein isothiocyanate (FITC)-labeled anti-CD42b antibody (Becton Dickinson, 
Alphen a/d Rijn, the Netherlands) in PBS/5% FCS on ice, for 30 minutes in the 
dark. Next, cells were washed in PBS, resuspended in PBS/5% FCS, and analyzed 
by FACS. Erythrocyte precursor cells were isolated after 11 days, and incubated 
with PE-labeled anti-CD71 antibody, and FITC-labeled anti-CD235a antibody, 
and prepared for FACS analysis as described above. Isotype antibody staining 
was used for gating. Analysis of polyploidy was performed after 7, and 11 days 
of differentiation. Cells were stained with FITC-labeled conjugated CD42b anti-
body as described before. After that, cells were fixed and permeabilised in ice-
cold ethanol for 30 minutes on ice. Cells were washed with PBS, resuspended 
in PBS/5mM EDTA and incubated with 40μg/mL RNAse for 30 minutes at RT. 
Subsequently the cellular DNA content was stained with 0.1 mg/mL propidium 
iodide (Bender MedSystems, Vienna, Austria) for 5 minutes and analyzed in the 
CD42b-positive cell population by FACS (FACS Canto, Becton Dickinson, Alphen 
a/d Rijn, The Netherlands). 
 
Histochemical staining of hematopoietic cells
May-Grunwald Giemsa staining was used to analyze megakaryocyte differenti-
ation, and erythrocyte differentiation. Cytospins were prepared from 5.0 x 104 

differentiating megakaryocytes and were fixed in methanol for 3 minutes. After 
fixation, cytospins were stained in a 50% eosin methylene blue solution accor-
ding to May-Grunwald (Sigma Aldrich, Seelze, Germany) for 15 minutes, rinsed 
in water for 5 seconds, and nuclei were counterstained with 10% Giemsa solu-
tion (Merck kGaA, Darmstadt, Germany) for 20 minutes. Megakaryocyte ma-
turation can be characterized by polyploidization. Erythrocyte differentiation 
can be characterized by enucleation to produce reticulocytes. Micrographs were 
acquired, after staining with May-Grunwald Giemsa solution, with an Axiostar 
plus microscope (Carl Zeiss, Sliedrecht, the Netherlands) fitted with an 100x/1.3 
NA EC Plan Neofluor oil objective using Immersol 518F oil (Carl Zeiss), a Canon 
Powershot G5 camera (Canon Nederland, Hoofddorp, the Netherlands), and Ca-
non Zoombrowser EX image acquisition software. Photoshop CS5 was used for 
image processing (Adobe Systems Benelux, Amsterdam, The Netherlands)  



CHAPTER 5 | KDAC and SIRT inhibition modulates megakaryopoiesis

92

5

Myeloid progenitor staining
Hematopoietic progenitor populations were characterized as described by Manz 
et al. 46. Briefly, CD34+ cells were isolated and cultured to induce megakaryocyte 
differentiation as described above for 4 days. Cells were subsequently washed 
and resuspended in PBS/5% FCS (Hyclone, South Logan, Utah, USA) and incuba-
ted for 30 min on ice with a mixture of antibodies (all from Becton Dickinson, 
Alphen a/d Rijn, The Netherlands). Lineage markers included CD2, CD3, CD4, 
CD7, CD8, CD14, and CD235a and myeloid progenitors are negative for these 
markers. The lineage negative (Lin-), CD34+, and CD38- population consists of 
hematopoietic stem cells (HSC). Lin-, CD34+, CD38+, CD123+, and CD45RA- cells 
are common myeloid progenitors (CMP), whereas Lin-, CD34+, CD38+, CD123+, 
and CD45RA+ cells are granulocyte-macrophage progenitors (GMP). The Lin- 
CD34+, CD38+ CD123- and CD45RA- cell population contains the megakaryo-
cyte-erythroid progenitors (MEP). Cell populations containing HSC, CMP, GMP 
and MEP were characterized by FACS analysis (FACS Canto, Becton Dickinson, 
Alphen a/d Rijn, The Netherlands). Isotype antibody staining was used to ensure 
gating of the correct population.

Chromatin immunoprecipiation (ChIP) and sequencing
CD34+ cells were differentiated towards megakaryocytes for 4 days, followed 
by overnight treatment with VPA, or NAM. Lysates were prepared, and ChIP was 
performed as described previously 47 utilizing an anti-acetylated H3K27 antibo-
dy (ab4729, Abcam, Cambridge, MA, USA). Next, chromatin was sheared, end-
repaired, followed by ligation of sequencing adaptors, amplification of the li-
brary by ligation–mediated PCR (LMPCR). After LMPCR, the library was purified, 
checked for the proper size range, and the absence of adaptor dimers on a 2% 
agarose gel, followed by sequencing on the SOLiD/AB sequencer (Applied Bio-
systems Life Technologies, Carlsbad, CA, USA). Sequencing reads were mapped 
against the reference genome (hg19,NCBI3) using the BWA package (-c –l 25 –k 
2 –n 10) 48. Non uniquely placed reads were discarded. Cisgenome v2.0 software 
package 49 was used for the peak calling from the ChIP-seq data with settings 
–e 50 –maxgap and further analysis. Cisgenome 2 was used with settings: -e 50, 
-maxgap 200 and -minlen 200. A combination of Cisgenome functions, custom 
PERL and R scripts was used for additional data analysis. 

Statistics
The correlation between VPA plasma concentration and the absolute number 
of thrombocytes was evaluated using linear regression analysis. Data analysis 
was performed using SPSS 17.0 (SPSS Inc. Chigago, IL). For analysis of the other 
experiments, a one-way ANOVA analysis was followed by a Dunnett multiple 
comparison test to compare the differences between the control and KDACi-
treated cells, or a Bonferroni multiple comparison test to compare all treatment 
conditions. A p-value of 0.05 or less was considered significant: * p<0.05, ** 
P<0.01. 
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FIGURE 1. KDACi treatment differentially modu-
lates megakaryocyte development 
(A) From the peripheral blood the absolute num-
ber of thrombocytes was analyzed in patients 
treated with VPA (n=217) together with plasma 
VPA concentration, measured at the same day. 
Data represent linear regression analysis of the 
absolute number of thrombocytes (dependent 
variable), and plasma VPA concentration (inde-
pendent variable). (B) UCB-derived CD34+ cells 
were differentiated towards megakaryocytes in 
the absence or presence of 10nM TSA, 250μM 
SB, 200μM VPA, or 1mM NAM for 11 days. Diffe-
rentiation was determined based on the surface 
expression of CD61 and CD42b (percentage of 
positive cells compared to the control), and (C) 
cytospin analysis. Data are representative for 3 
independent experiments. Error bars represent 
SEM, * p<0.05, ** p< 0.01.
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RESULTS

KDAC inhibitors differentially affect terminal megakaryocyte differentiation
The unique process of megakaryocyte developmental is characterized by line-
age progression from a bipotent progenitor (MEP), followed by endomitosis, 
resulting in highly specialized, polyploid cells (Figure S1). The effects of treat-
ment with valproic (VPA) acid and other class I/II KDAC inhibitors on megakary-
ocyte differentiation and thrombocyte formation are still under debate 36,37,50. 
To initially evaluate the effects of KDAC inhibition on megakaryocyte develop-
ment, we first evaluated the correlation between VPA plasma concentration 
and thrombocyte numbers in the peripheral blood by utilizing data from the 
Utrecht Patient Oriented Database (UPOD). We analyzed 217 non-hematologi-
cal outpatients who were treated with VPA and had at least one hematological 
blood test together with a VPA plasma level. Our data demonstrate that incre-
asing concentrations of VPA are significantly, inversely correlated with absolute 
thrombocyte numbers (Figure 1A). 
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Next, to determine whether we could recapitulate these observations in vitro,  
we differentiated umbilical cord blood (UCB)-derived CD34+ hematopoietic 
progenitor cells towards megakaryocytes in the absence or presence of three 
different class I/II KDAC inhibitors (TSA, VPA, or SB), and compared this with tre-
atment with the class III (sirtuin) inhibitor nicotinamide (NAM). Megakaryocyte 
differentiation was determined based on integrin ß3 (CD61), and glycoprotein 
1B (CD42b) expression, and cytospin analysis of megakaryocyte morphology. 
While we observed no clear effects of TSA on megakaryocyte differentiation, 
VPA and SB treatment resulted in a significantly decreased CD61/42b expression 
(Figure 1B) and morphologically small immature megakaryocyte precursor cells 
(FIgure 1C). In contrast, treatment with nicotinamide resulted in a significant 
increase in CD61/CD42b expression, and morphologically more mature and po-
lyploid megakaryocytes (Figure 1B-C). Together these data suggest that class I/
II KDAC inhibit, while SIRT inhibition stimulates megakaryocyte differentiation.

FIGURE 2. VPA and NAM have opposing effects on megakaryocyte differentiation
UCB-derived CD34+ cells were differentiated towards megakaryocytes for 11 days in the absence or 
presence of 100-200μM VPA, or 1-5 mM NAM. (A) At day 7 and 11 of differentiation surface expres-
sion of CD61 and CD42b was analyzed by FACS. Data represent the percentage of double positive 
cells, compared to the control. (B) At day 11 of differentiation, cellular DNA content was analyzed 
by FACS. Data represent the percentage of polyploid cells (>4N), compared to the control within the 
CD42b positive population (left panel), and FACS histogram plots of DNA profile (right panel). Data 
are representative for 3 independent experiments. Error bars represent SEM, * p<0.05, ** p< 0.01.
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VPA and NAM have differential effects on megakarocyte differentiation
Since megakaryocyte differentiation was most dramatically affected by treat-
ment with VPA and NAM, we investigated the effects of these compounds on 
megakaryocyte development in more detail. UCB derived CD34+ cells were dif-
ferentiated towards megakaryocytes for 11 days and the expression of CD61 
and CD42b was analyzed during differentiation.  Treatment with 100μM VPA 
resulted in a significant decrease in CD61/CD42b expression at day 7 of differen-
tiation, while treatment with NAM 5mM significantly increased the expression 
of these markers (Figure 2A). Since megakaryocyte differentiation, and more 
importantly megakaryocyte function is characterized by polyploidization of me-
gakaryocyte precursors (Figure S1), we also analyzed the effects of VPA and 
NAM treatment on the percentage of polyploid cells. In agreement with the 
effects of these compounds on surface marker expression and megakaryocyte 
morphology, NAM treatment resulted in a significant increase in the percen-
tage of polyploid cells. A small decrease in the percentage of polyploid cells 
upon treatment with VPA was observed, suggesting that the effects of VPA 
on megakaryocyte development predominantly involved maturation, while po-
lyploidization is relatively unaffected (Figure 2B).

VPA and NAM treatment inhibits the expansion of megakaryocyte precursors
To further evaluate the effects of VPA and NAM treatment on megakaryocyte 
development, we analyzed the effects on megakaryocyte progenitor expansion 
and survival. Upon treatment of VPA, and NAM, a concentration dependent 
inhibition of megakaryocyte progenitor expansion was observed as determined 
by counting trypan blue-negative cells during differentiation (Figure 3A). Next, 
the effects of VPA, and NAM treatment on MK-progenitor survival were inves-
tiagated by FACS analysis of early apoptosis markers (Annexin V). While we 
observed a moderate increase in the percentage of apoptotic cells at day 7 for 
NAM, this was not observed at day 11 (Figure 3B), suggesting that the effects of 
VPA and NAM treatment on progenitor expansion are not caused by induction 
of apoptosis. In agreement with these data, analysis of the absolute megakary-
ocyte numbers, demonstrated that treatment with increasing concentrations of 
both VPA and NAM, resulted in a signifcant decrease in absolute megakaryocyte 
numbers (Figure 3C). Taken together, these data suggest that VPA treatment in-
hibits megakaryocyte differentiation, and proliferation, while NAM stimulates 
megakaryocyte differentiation, at the expense of proliferation, in combination 
with a relative increase in apoptosis of immature precursors.  

VPA treatment increases the absolute number of MEP
We have previously demonstrated that VPA treatment of CD34+ myeloid proge-
nitors, differentiated towards the GM-lineage, resulted in an increased percen-
tage of MEP 51. To investigate the differential effects of  VPA and NAM on MK-
progenitors in more detail, we differentiated UCB-derived CD34+ cells towards 
the MK-lineage for 4 days, and performed FACS analysis of progenitor subsets 
according to Manz et al. 46.  Compared to the control, and NAM treatment, VPA 
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FIGURE 3. VPA and NAM treatment inhibits megakaryocyte progenitor proliferation
UCB-derived CD34+ cells were differentiated towards megakaryocytes for 11 days in the absence 
or presence of 50-100uM VPA, or 1-5mM NAM. (A) At all culture time points, trypan blue negative 
cells were counted. Data represent the fold expansion of megakaryocyte precursors during deve-
lopment. (B) At day 7, and 11, the percentage of apoptotic cells was determined by FACS. Data re-
present the percentage of Annexin V-positive cells, compared to the control. (C) Absolute numbers 
of megakaryocytes were calculated after 11 days of differentiation. Data are representative for 4 
independent experiments. Error bars represent SEM, * p<0.05, ** p< 0.01.
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treatment resulted in a significant increase in the absolute number of CD34+ 
cells, and MEP (Figure 4A), suggesting that VPA treatment stimulates the expan-
sion of MEP. NAM treatment resulted in a significant increase in the percentage 
of MEP, while the absolute number was decreased (Figure 4B), suggesting that 
NAM treatment stimulates differentiation towards the ME-lineage, at the ex-
pense of progenitor expansion.   

FIGURE 4. VPA treatment increases the absolute number of MEP
UCB-derived CD34+ cells were differentiated towards megakaryocytes for 4 days in the absence or 
presence of 200μM VPA, or 5mM NAM, Myeloid progenitor staining was performed according to 
Manz et al. 46, and distinct progenitor populations were analyzed by FACS. Data represent (A) the 
percentage of CD34+ cells, and MEP, compared to the control, and (B) the absolute numbers of 
CD34+ cells, and MEP, compared to the control. Data are representative for 3 independent experi-
ments. Error bars represent SEM, * p<0.05, ** p< 0.01.
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Treatment with VPA and NAM does not affect erythroid development
In addition to increased expression, and activity of megakaryocyte lineage-spe-
cifc genes, megakaryocyte development is also dependent on downregulation 
of erythroid lineage specific genes 52, 53. Since our data suggest that VPA treat-
ment stimulates the expansion of MEP, while MK-differentiation is inhibited, we 
next investigated the effects of VPA, and NAM treatment on erythrocyte pro-
genitor expansion and differentiation. UCB-derived CD34+ cells were isolated, 
and differentiated to erythrocytes for 11 days. Erythrocyte differentiation was 
determined based on the expression of the transferrin receptor 1 (CD71), and 
glycophorin (CD235a), as well as cytospin analysis of erythrocyte morphology. 
Treatment with 100μM VPA, and 1mM NAM resulted in a signifcant increase in 
the expansion of erythrocyte progenitor cells (Figure 5A), which was not ob-
served upon treatment with increasing concentrations, suggesting the VPA, and 
NAM have concentration-dependent effect on erythrocyte progenitor expan-
sion. Interestingly, while we observed no significant effects of VPA, and NAM 
treatment on CD71/CD235a expression (Figure 5B), cytospin analysis revealed an 
increase in reticulocytes, illustrated by enucleation (Figure 5C), suggesting that 
treatment with VPA, and NAM both potentially stimulates erythroid develop-
ment.  

VPA and NAM treatment increases H3K27 promoter acetylation of ME-linea-
ge specific genes
While VPA and NAM have both been described to affect lysine deacetylase ac-
tivities, treatment of CD34+ cells resulted in differential effects on MEP expan-
sion, and differentiation towards the megakaryocyte differentiation, effects 
on erythroid differentiation were similar. Therefore, we next investigated the 
potential underlying moleclar mechanisms involved in these effects, by diffe-
rentiating UCB-derived CD34+ cells to megakaryocytes for 4 days, and treating 
cells overnight with VPA, or NAM, before performing H3K27ac chromatin im-
munoprecipitation (ChIP). H3K27 acetylation is a histone modification implica-
ted in chromatin remodeling, and characterizes active enhancers and promoters 
54. H3K27ac ChIP, followed by DNA sequencing (ChIPseq) was performed and 
genes with differentially acetylated promoters or adjacent regions were selec-
ted. Treatment with VPA, or NAM resulted 341, and 85 differentially acetylated 
genes respectively, including 16 overlapping genes (Figure 6B). Next, utilizing 
Metacore software, gene-ontology analysis was performed. While no specific 
regulatory network involved in megakaryocyte development was identified, 
treatment with VPA was linked to hematopoiesis and myelopoiesis, while tre-
atment with NAM was linked to blood coagulation, and HSC migration (Table 
1). Based on further analysis of peak intensity, and promoter proximity, we se-
lected candidate genes with a known functional role in HSC differentiation, 
myeloid development more generally, or megakaryocyte/erythrocyte develop-
ment specifically (Table 2). Treatment with VPA was associated with significant 
upregulation of  AcH3K27 at the megakaryocyte specific genes LIM domain only 
2 (LMO2) (Figure 6C upper left panel), and GA binding protein transcription fac-
tor α (GABPA), as well as MYB, a key-regulator of erythroid development, and 
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FIGURE 5. Treatment with VPA and NAM does not affect erythroid development
UCB-derived CD34+ cells were differentiated to erythrocytes during 11 days in the absence or pres-
ence of 100-200μM, or 1-5mM NAM. (A) At all culture time points, trypan blue negative cells were 
counted. Data represent the fold expansion of erythroid precursors during development. (B) At day 
11 differentiation, surface marker expression of CD71, and CD235a was analyzed by FACS. Data 
represent the percentage of double positive cells, compared to the control. (C) Cytospin analysis 
of erythroid precursor cells. Arrows indicate enucleation. Data are representative for 3 (VPA), or 2 
(NAM) independent experiments. Error bars represent SEM, * p<0.05, ** p< 0.01.

inhibitor of megakaryocyte development 55,56 (Figure S2). Treatment with both 
VPA, and NAM increased H3K27ac levels at the megakaryocyte-related genes 
MEIS1 (Figure 6C upper right panel), CD36 (thrombospondin receptor), integrin 
α 4 (ITGA4, α 4 subunit of VLA4 receptor), and tissue factor pathway inhibitor 
(TFPI) (Figure S2), while NAM treatment specifically increased H3K27ac levels at 
genes related to HSC function and maintenance, including  transcription factor 
4 (TCF4) (Figure S2), the erythroid specific genes hemoglobin ß (HBB) (Figure 
6C middle left panel), the megakaryocyte-related gene RAB27b (middle right 
panel), and  hemoglobin δ (HBD) (Figure S2). Interestingly, treatment with VPA 
was associated with significantly lower H3K27ac levels at the myeloid specific 
genes GATA2 (Figure 6C lower right panel), and CBFB, as well as RUNX1, a key-
regulator of myelopoiesis, and megakaryocyte differentiation specifically (Figu-
re S3). Treatment with NAM was associated with decreased levels of AcH3K27 at 
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FIGURE 6. VPA, and NAM treatment modulates H3K27 acetylation at the promoters of myeloid specific 
genes. UCB-derived CD34+ cells were differentiated towards megakaryocytes. At day 4 of differen-
tiation, cells were treated overnight with 200μM VPA, or 5mM NAM. Next, lysates were prepared, 
followed by ChIP-sequencing (see Methods). (A) Scheme of transcriptional regulation of ME-lineage 
development. (B) Venn diagram comparing genes identified based on >50% fold change in H3K27ac 
levels compared to the control (C) Plots of H3K27ac signal in the vicinity of LMO2, HBB, RAB27b, 
MEIS1, and GATA2 gene loci.
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myeloid specific genes specifically involved in granulocyte/macrophage lineage 
development, including MPO (Figure S3). Taken together these data demon-
strate that VPA and NAM treatment modulates histone acetylation marks, as-
sociated with active transcription at genes involved in cell fate decisions during 
myeloid development, and more specifically ME-lineage differentiation. 

VPA Biological process p-value

Regulation of transcription, DNA dependent 2.402E-13

Positive regulation of transcription from RNA pol II pro-
moter

4.004E-09

Myeloid differentiation 6.810E-07

Gene expression 2.493E-07

Definitive hematopoiesis 1.096E-07

NAM Biological process

Blood coagulation 3.718E-11

Regulation of blood pressure 4.606E-07

Positive regulation of hematopoietic stem cell migration 4.609E-06

Cellular homeostasis 8.023E-06

Regulation of tumor necrosis factor biosynthetic process 1.114E-05

TABLE 1. Gene ontology analysis of regulated genes
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DISCUSSION

For the treatment of hematological malignancies, lysine deacetylase inhibitors 
(KDACi), in combination with conventional chemotherapy, or other epigenetic 
agents, have shown to improve hematological outcome 20-27. Since KDACi are 
particularly effective in myelodysplastic syndrome (MDS) and acute myeloid leu-
kemia (AML), this suggests that the regulation of protein acetylation is involved 
in aberrant cellular differentiation in (myeloid) malignancies, as well as normal 
myeloid differentiation. Treatment with KDACi has been associated with pro-
longed thrombocytopenia in patients 57, yet the underlying pathophysiologi-
cal mechanisms are unclear. Recently, it has been demonstrated that treatment 
with the pan-KDACi abexinostat is associated with p53-dependent apoptosis of 
megakaryocyte progenitors, and inhibition of the formation of pro-platelets 58. 
A study in mice treated with the pan-KDACi panbinostat suggested that throm-
bocytopenia is the result of defective platelet release for megakaryocytes, while 
megakaryocyte progenitor development and survival was not affected 59. In this 
study, utilizing an ex vivo human CD34+ differentiation system, we investigated 
the effects of VPA, a widely used class I, and to a lesser extent, class IIa KDACi 
60, 61, and the SIRT1/2 inhibitor NAM on normal megakaryocyte development. 
VPA treatment stimulated expansion of MEP, while terminal differentiation was 
inhibited (Figure 2 and Figure 4), suggesting that class I (and IIa) HDAC activity 
is important for normal megakaryocyte development. Wilting et al. demonstra-
ted that the combined conditional deletion of the HDAC1, and HDAC2, both 
class I HDAC, in human hematopoietic cells, resulted in anemia and thrombo-
cytopenia, accompanied by apoptosis of megakaryocytes, while single deleti-
ons resulted in no hematological phenotype. In addition it was suggested that 
high HDAC1 expression levels are required for ME-lineage development, while 
HDAC1 overexpression has been demonstrated in AML cell lines, and primary 
AML cells 62, 63. Studies utilizing the myeloid cell line K562 have demonstrated 
that VPA treatment induces proteosomal degradation of HDAC2 specifically, 
and inhibits erythroid differentiation 36, 61. Taken together, this suggests that the 
activity of HDAC1, or HDAC2 (based on functional redundancy) is required for 
megakaryocyte and erythrocyte, and that these HDAC play a role in normal, and 
aberrant myeloid differentiation 64. Taken into account that class II HDACs are 
predominantly expressed in non-hematological tissues 65, our data suggest that 
the effects of VPA treatment on megakaryocyte development are the result of 
HDAC1/2 inhibition predominantly. In contrast with these studies, we observed 
no effects on erythroid development upon treatment with VPA, suggesting that 
the remaining levels of HDAC1 (and HDAC2) are sufficient for erythroid deve-
lopment, or that VPA treatment results in increased activity of other HDAC, 
including HDAC9, which has been demonstrated in AML cells, and has been 
functionally linked to erythroid development, as well as the pathogenesis of 
myeloproliferative disorders 66, 67. 
ChIP-sequencing analysis demonstrated that VPA treatment of megakaryocyte 
progenitors was associated with increased acetylation of H3K27 at the promo-
ters of genes involved in HSC differentiation, and ME-lineage development (Fi-
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Peak size (after normalization)

Gene  Control VPA NAM

LMO 2,63 4,72 3,91

RUNX2 1,95 3,24 2,38

MYB 6,97 10,94 9,41

GABPA 2,10 3,75 2,43

HBB 2,14 2,11 3,70

GAB2 2,26 2,63 3,48

RAB27a 2,19 2,54 3,40

MEIS1 3,10 5,25 4,78

ITGA4 4,96 10,14 9,31

CD36 2,30 3,99 4,23

GATA2 5,19 3,00 4,97

RUNX1 4,49 2,41 3,49

KLF1 3,23 1,85 3,46

CBFB 3,36 1,82 2,76

LIF 3,40 1,68 3,50

MPO 13,60 12,77 8,52

EZH2 4,46 2,71 2,82

TABLE 2. Relative peak size of candidate genes

gure 6, Figure S2-3, and Table 2). H3K27ac is associated with active transcription, 
suggesting that genes marked with this epigenetic modification are being ac-
tively transcribed 54.  These include LMO2, a gene involved in both megakary-
ocyte, and erythrocyte differentiation, and MYB, a lineage-directing gene for 
erythroid development. Combined with the effects of VPA treatment on GATA-
2 (lost H3K27ac signal), and MEIS1 (gained H3K27ac signal), involved in MEP 
formation, this could explain the effects we observed upon VPA treatment on 
the expansion of MEP, and disrupted megakaryocyte lineage development 7, 52, 

56, 68-70. Confirming this hypothesis requires further investigation.  
Treatment with the SIRT1/2 inhibitor NAM resulted in accelerated differentiati-
on, and increased polyploidization of megakaryocyte precursors at the expense 
of proliferation (Figure 2-3). There is little known concerning the role of sirtuins 
in normal hematopoiesis, and investigations focusing on SIRT1 have been ham-
pered by high perinatal mortality of SIRT1 knockout mice 71-73. In addition to the 
effects of SIRT1 on histone deacetylation, the functional effects of SIRT1 pre-
dominantly involve deacetylation of non-histone proteins, including p53, and 
the forkhead family of transcription factors (FOXO) 74, 75, implicating a role in a 
large variety of biological processes, including stress responses, and control of 
lifespan, including for HSC 76. 
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Our data suggest that SIRT1/2 inhibition accelerates megakaryocyte develop-
ment, and thereby reduces the lifespan of megakaryocyte precursors. Normal 
megakaryocyte development includes three succesive steps: proliferation, po-
lyploidization, and cytoplasmic maturation, involving distinct transcriptional 
regulators 6, 77.  While it has been previously demonstrated that SIRT1 inhibition 
stimulates polyploidization, the underlying molecular mechanisms responsible 
for these effects in the context of ME-lineage development, and megakaryocyte 
differentiation, are still unclear 42, 78. We have compared our ChIP-sequencing 
data with existing microarray based profiles derived from distinct stages of me-
gakaryocyte development, and ploidy levels 79, 80. In these studies, polyploidizati-
on, and differentiation was accompanied by upregulation of RAB27b, a member 
of the Rab family of small GTPases. RAB27b is a downstream effector of Fli-1, 
and NF-E2 (Figure 6A), which was modulated by NAM treatment in the current 
study (Figure 6C), and has been implicated in (pro) platelet formation 80, 81. In 
addition, megakaryocyte differentiation was associated with decreased expres-
sion of the histone-lysine N-methyltransferase Enhancer of Zeste Homologue 
2 (EZH2) 80. Interestingly, both VPA, and NAM treatment were associated with 
loss of promoter AcH3H27 of EZH2 (Table 2 and Figure S3), a Polycomb-group 
protein, regulating methylation of H3K27, and subsequent transcriptional re-
pression. EZH2 activity is important for HSC function in normal, and aberrant 
myelopoiesis, and has been linked to early stage megakaryocyte development 
80-84. Evaluation of the regulatory effects of SIRT inhibition on AcH3K27-media-
ted transcriptional activity requires further investigation. Moreover, since NAM 
treatment resulted in dramatic effects on megakaryocyte development, which 
can be only be partially explained by our ChIP sequencing data, this suggests 
that SIRT inhibition predominantly affects non-histone substrates. Preliminary 
data in megakaryocyte precursor cells, suggest that NAM treatment activates 
FOXO3a, a well described SIRT1 target protein, involved in megakaryocyte pro-
liferation, and survival (data not shown) 85. 
In conclusion, we have demonstrated that VPA and NAM, two functionally dis-
tinct KDACi, differentially regulate cell fate decisions during megakaryocyte, 
and erythroid development. Our data suggest that these effects can at least be 
partially explained by direct effects on H3K27-promoter acetylation of genes 
involved in HSC and hematopoietic progenitor differentiation, and ME-lineage 
development. Taken together our data increase the understanding of the ef-
fects of KDACi on normal hematopoiesis, and the role of HDAC and sirtuins in 
the regulation of normal myeloid development. 
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SUPPLEMENTARy FIGURES

FIGURE S1. Schematic overview of megakaryocyte development
HSC differentiate into the bipotent MEP, followed by megakaryocyte lineage progression, charac-
terized by polyploidization, and cytoplasmic maturation, accompanied by sequential increased sur-
face expression of integrin ß3 (CD61), and glycoprotein Ib (CD42b).
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FIGURE S2. VPA and NAM treatment increases H3K27 acetylation at genes implicated in HSC function, 
and ME-lineage development. UCB-derived CD34+ cells were differentiated towards megakaryocy-
tes. At day 4 of differentiation, cells were treated overnight with 200μM VPA, or 5mM NAM. Next, 
lysates were prepared, followed by ChIP-sequencing (see Methods). Plots represent H3K27ac signal 
in the vicinity of GABPA, MYB, CD36, ITGA4, TFPI, TCF4, HBD, and GAB2 gene loci. 
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FIGURE S3. VPA and NAM treatment is associated with decreased H3K27 acetylation at genes implica-
ted in myeloid differentiation
UCB-derived CD34+ cells were differentiated towards megakaryocytes. At day 4 of differentiation, 
cells were treated overnight with 200μM VPA, or 5mM NAM. Next, lysates were prepared, follo-
wed by ChIP-sequencing (see Methods). (A) Venn diagram comparing genes identified based on 
50% fold change in promoter AcH3K27 peak intensity compared to the control. (B) Plots represent 
H3K27ac signal in the vicinity of  LIF, KLF1, CBFB, RUNX1, EZH2, and MPO gene loci.
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ABSTRACT

Bone marrow failure syndromes and MDS represent a heterogenous group of 
diseases, characterized by ineffective myelopoiesis, the risk of clonal evolution 
and a generally poor response to chemotherapy-based treatment regimen. Ni-
trostyrene derivatives have been studied as protein phosphatase inhibitors in 
various tumor models. Pharmacological studies have identified nitrostyrene as 
the structural core underlying a pro-apoptotic effect in tumor cells, yet their ef-
fects on normal cells, including those of the hematopoietic system, are largely 
unknown. In this study, utilizing umbilical cord blood-derived myeloid proge-
nitor cells, patient-derived bone marrow cells, and a (BALB/c) mouse model; we 
investigated the effects of treatment with two nitrostyrene derivatives (NTS1 
and NTS2) on myeloid development. We demonstrate that these compounds 
stimulate the expansion and differentiation of myeloid progenitors in vitro and 
improve myeloid reconstitution after chemotherapy-induced bone marrow de-
pletion in vitro and in vivo. These effects were accompanied by increased C/EBPα 
expression and activity and inhibition of the p38MAPK signalling pathway. To-
gether, our data suggest that nitrostyrenes improve myelopoiesis and represent 
potential new treatment strategies for patients suffering from bone marrow 
failure syndromes, hypocellular myelodysplastic syndrome and chemotherapy-
induced aplasia.
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INTRODUCTION

Hematopoiesis is a carefully orchestrated process involving self-renewal and dif-
ferentiation of primitive pluripotent stem cells and resulting in the formation of 
blood cells.1-4 Differentiation of common myeloid progenitors (CMP) generates 
cells of both the granulocyte/macrophage lineage, leading to the formation 
of granulocytes, monocytes and macrophages, as well as the megakaryocyte/
erythroid lineage, leading to the formation of megakaryocytes, platelets and 
erythrocytes. Neutrophil and monocyte/macrophage development is tightly re-
gulated by key transcription factors including C/EBPα and PU.1 5-7 and in recent 
years it has become clear that the expression and function of such proteins is 
regulated by post-translational modifications, including phosphorylation by 
members of the c-Jun N-terminal kinases (JNK), extracellular signal-regulated 
kinases (ERK) and p38-mitogen activated protein kinases (MAPK) pathways, 
which has resulted in increased understanding of the regulation of normal and 
aberrant myelopoiesis over the past decade.8, 9 
In the search for new cancer therapies, the effects of nitrostyrene derivatives 
have been investigated in various human and non-human tumor models. Me-
chanistic studies of these compounds in tumor cells have demonstrated that 
nitrostyrenes have pro-apoptotic effects based serine/threonine phosphatase 
(PP2A) inhibition, 10, 11 while other studies have proposed that nitrostyrenes can 
function as telomerase inhibitors, 12 phospholipase (A2) inhibitors, 13 tyrosine 
phosphatase inhibitors (PTP1B, SHP1, Yop), 14 or tyrosine kinase inhibitors (Src, 
Syk, FAK). 15 Recently, we have studied the effects of the nitrostyrene derivatives 
NTS1 and NTS2 on tumor growth and survival in the Ehrlich ascites tumor (EAT) 
model 16 in vivo (unpublished data). Here, in addition to the effects of NTS1 
and NTS2 on tumor survival, we observed an increase in the formation of mye-
loid colony forming units (CFU) from isolated bone marrow (BM) mononuclear 
cells, suggesting that NTS1 and NTS2 stimulate myeloid regeneration following 
bone marrow suppression. Based on these results, the mechanistic studies with 
nitrostyrenes and the knowledge concerning the functional role of MAPK sig-
nalling pathways, we hypothesized that the effects of NTS1 and NTS2 on mye-
lopoiesis could involve modulation of serine/threonine phosphatase, or kinase 
(MAPK) activity and their substrates. 
In this study, utilizing an ex vivo myeloid differentiation system as well as a 
mouse model, we demonstrate that treatment with NTS1 and NTS2 induces a 
dramatic increase in myeloid progenitor expansion and differentially regulates 
granulocyte/macrophage lineage development in vitro and in vivo. These effects 
were accompanied by increased C/EBPα expression and reduced C/EBPα phos-
phorylation, which can at least in part be explained by inhibition of p38MAPK 
activity. Together our data illustrate a potential role for nitrostyrene derivatives 
in the development of new treatment strategies in myeloid disorders, including 
bone marrow failure (BMF), myelodysplastic syndrome (MDS) or chemotherapy-
induced aplasia. 
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MATERIAL AND METHODS

Nitrostyrene compounds
The nitrostyrenes 1-((E)-2-nitrovinyl) benzene (NTS1) and 1-nitro-3-((E)-2-nitro-
vinyl) benzene (NTS2) were synthesized by Villar et al. by procedures described 
in literature 13 and kindly donated. NTS1 and NTS2 were selected out of ten ni-
trostyrene derivatives based on the results in the EAT model (unpublished data), 
stored in dimethyl sulfoxide (DMSO) and diluted 1000x in Isocove’s Modified 
Dulbecco’s Medium (IMDM) before usage. 

Mice 
Male BALB/c mice, 6-8 weeks old, were bred and maintained under specific pa-
thogen-free (SPF) conditions at the University Central Animal Facilities (Centro 
de Bioterismo, Universidada Estadual de Campinas, Campinas, SP, Brasil). Mice 
were maintained in cages (4 mice per cage) on shavings in a conditioned room 
with a light/dark cycle of 12 hours, a temperature of 25ºC, standard chow (Nu-
vilab) and filtered water freely available. Anaesthesia was performed utilizing 
Xylazine (10 mg/kg) and Ketamine (80mg/kg) (Sigma-Aldrich, Seelze, Germany) 
and mice were euthanized through deep anaesthesia. Animal experiments were 
performed in accordance with institutional protocols and guidelines of the In-
stitutional Animal Care and Use Committee, in agreement with the recommen-
dations of the Canadian Council on Animal Care. Approval was obtained from 
the Committee on the Ethics of Animal Experiments of the State University of 
Campinas. All efforts were made to minimize suffering. 

Patients
Bone marrow specimens were collected during a yearly control visit and bone 
marrow examination (patient 1) or during control bone marrow examination 
four weeks after chemotherapy treatment for AML (patient 2 and 3).  Written 
informed consent was obtained from patient 1 and all parents (patient 1-3) ac-
cording to the Declaration of Helsinki. Protocols were approved by the ethics 
committee of the University Medical Center Utrecht.  

Isolation and culture of human CD34+ cells
Mononuclear cells (MNC) were isolated from human umbilical cord blood by 
density centrifugation over a Ficoll-Paque solution (density 1.077 g/mL). MACS 
immunomagnetic cell separation (Miltenyi Biotech, Auburn, CA, USA) using a 
hapten-conjugated antibody against CD34, which was coupled to beads, was 
used to isolate CD34+ cells. 5.0 x 104 CD34+ cells were cultured in Iscove’s mo-
dified Dulbecco’s medium (Gibco, Paisley, United Kingdom) supplemented with 
8% fetal calf serum (FCS) (Hyclone, South Logan, Utah, USA), 50 μmol/L of ß-
mercaptoethanol, 10 units/mL of penicillin, 10 μg/mL of streptomycin, and 2 mM 
glutamine at a density of 0.3 x 106 cells/mL. Cells were differentiated towards 
neutrophils in 17 days upon addition of stem cell factor (SCF) (50 ng/mL), FLT-3 
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ligand (50 ng/mL), granulocyte macrophage colony-stimulating factor (GM-CSF) 
(0.1 nmol/L), interleukin 3 (IL-3) (0.1 nmol/L), and granulocyte colony-stimula-
ting factor (G-CSF) (30 ng/mL). Every 3 days, cells were counted with trypan blue, 
and fresh medium was added to a density of 5.0 x 105 cells/mL. After 3 days of 
differentiation only G-CSF was added to the cells. NTS1 and NTS2 (0.5-5μM) 
were added to the fresh medium every 3 days. The NTS concentrations were 
selected based on the results in the EAT model (unpublished data). Umbilical 
cord blood and bone marrow was collected after written informed consent was 
provided according to the Declaration of Helsinki. Protocols were approved by 
the ethics committee of the University Medical Center Utrecht.  

Flowcytometric analysis 
Cells were isolated after 3, 7 and 10 days of neutrophil differentiation and 
washed with PBS. Samples were subsequently incubated for 15 minutes with 
AnnexinV-FITC (Bender MedSystems, Vienna, Austria) in binding buffer (10 
mmol/L HEPES-NaOH (pH 7.4), 150 mmol/L NaCl, 2.5 mmol/L CaCl2). Cells were 
washed and resuspended in binding buffer containing 1 μg/mL propidium io-
dide (Bender MedSystems, Vienna, Austria). Percentages of early apoptotic (An-
nexin V-positive, propidium iodide- negative) and late apoptotic (Annexin V- 
and propidium iodide-positive) cells were determined by FACS analysis (FACS 
Canto, Becton Dickinson, Alphen a/d Rijn, The Netherlands).
To analyze the percentage of CD34+ cells, cells were isolated after 3, 7 and 10 
days of differentiation, subequently washed and resuspended in PBS/5% FCS 
(Hyclone, South Logan, Utah, USA). Next, cells were incubated for 30 min on 
ice with a phycoerythrin conjugated CD34 antibody (Becton Dickinson, Alphen 
a/d Rijn, the Netherlands). After incubation, cells were again washed and the 
percentage of CD34-positive cells was determined by FACS analysis. 
Lactoferrin staining was used to analyze neutrophil differentiation after 17 days. 
Cells were isolated, fixed in 100μL 0.5% formaldehyde for 15 minutes at 37°C, 
followed by permeabilization in 900μL of ice-cold methanol for 30 minutes on 
ice. Cells were subsequently washed with PBS, and incubated with phycoery-
thrin (PE)-conjugated lactoferrin antibody (Immunotech, Marseille, France) for 
25 minutes. Cells were again washed and FACS analysis was performed.

CFU assay with CD34+ cells from UCB or BM
CD34+ cells after isolation (500 cells per condition) and after three days of dif-
ferentiation (1000 cells per condition) were isolated and plated in IMDM (Gibco, 
Paisley, United Kingdom) supplemented with 35.3% FCS (Hyclone, South Logan, 
Utah, USA), 44.4% methylcellulose-based medium (Methocult, StemCell Tech-
nologies, Vancouver, Canada), 11.1 μmol/L of ß-mercaptoethanol, 2.2 units/mL 
of penicillin, 2.2 μg/mL of streptomycin, and 0.44 mmol/L of glutamine. CFU as-
says were performed in the presence of SCF (50 ng/mL), FLT-3 ligand (50 ng/mL), 
GM-CSF (0.1 nmol/L), IL-3 (0.1 nmol/L), G-CSF (60 ng/mL) and EPO (6IE/mL). NTS1 
and NTS2 were added to the medium in a single dose. CFU-GM, CFU-G, CFU-M 
and CFU-E colonies were scored after 11 days of culture.  



CHAPTER 6 | Nitrostyrenes stimulate myelopoiesis

120

6

Cytochemical staining of myeloid cells
May-Grunwald Giemsa staining was used to analyze myeloid differentiation. 
Cytospins were prepared from 5.0 x 104 differentiating granulocytes and were 
fixed in methanol for 3 minutes. After fixation, cytospins were stained in a 50% 
eosin methylene blue solution according to May-Grunwald (Sigma Aldrich, Seel-
ze, Germany) for 15 minutes, rinsed in water for 5 seconds, and nuclei were 
counterstained with 10% Giemsa solution (Merck kGaA, Darmstadt, Germany) 
for 20 minutes. Neutrophil differentiation can be characterized by distinct sta-
ges from myeloblast, promyelocyte I, promyelocyte II, myelocyte and metamye-
locyte towards neutrophils with banded or segmented nuclei. Mature neutrop-
hils were characterized as cells containing either banded or segmented nuclei. 
Micrographs were acquired, after staining with May-Grunwald Giemsa solution, 
with an Axiostar plus microscope (Carl Zeiss, Sliedrecht, the Netherlands) fitted 
with a 100x/1.3 NA EC Plan Neofluor oil objective using Immersol 518F oil (Carl 
Zeiss), a Canon Powershot G5 camera (Canon Nederland, Hoofddorp, the Ne-
therlands), and Canon Zoombrowser EX image acquisition software. Photoshop 
CS3 was used for image processing (Adobe Systems Benelux, Amsterdam, The 
Netherlands).

Western blot analysis
Western blot analysis was performed using standard techniques utilizing anti-
bodies directed against phosphorylated ERK1/2 (Thr202/Tyr204), ERK1/2, phosp-
horylated p38, p38, phosphorylated C/EBPα (Ser21) (all from Cell Signalling 
Technology, Beverly, MA, USA), or C/EBPα (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). An antibody directed against tubulin (Sigma-Aldrich, Seelze, 
Germany) was used as a loading control. 

Analysis of myelopoiesis in BALB/c mice following 5-fluorouracil (5FU)-indu-
ced bone marrow depletion 
BALB/c mice were treated intraperitoneally with 150mg/kg 5-FU (Sigma, St.Louis, 
MO, USA) at day 0 according to Rich.17 Mice were treated intraperitoneally with 
1mg/kg NTS1 or NTS2 once a week until day 21 after 5-FU treatment. Mice trea-
ted with 5FU only were used as controls. After 2, 5, 9, 15 and 21 days, mice were 
sacrificed, bone marrow MNC were isolated by flushing both femurs, followed 
by CFU assays with 5x104 MNC per condition. CFU-G and CFU-M were scored 
after 7 days.  

Statistics
Statistical analysis was performed using a one-way ANOVA test followed by 
a Dunnet multiple comparison test to compare the differences between the 
control and NTS-treated cells in all experiments (Prism GraphPad Software). P-
values of 0.05 or less were considered significant (* p<0.05, ** p<0.01).
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RESULTS

NTS1 and NTS2 have concentration dependent effects on neutrophil proge-
nitor expansion and survival
The nitrostyrene derivatives NTS1 and NTS2 were synthesized by procedures 
previously described 13 (Figure 1A). To investigate the effects of nitrostyrene de-
rivatives on human myeloid development, we utilized an ex vivo differentiation 
system, in which UCB-derived CD34+ hematopoietic progenitor cells were diffe-
rentiated towards neutrophils in the presence of G-CSF. To determine the effects 
of NTS treatment on neutrophil progenitor expansion and viability, we cultured 
cells in the absence or presence of NTS1 or NTS2 (0.5-5.0µM). Treatment of neu-
trophil progenitors with 0.5µM NTS1 and NTS2 resulted in a significant increase 
in progenitor expansion, while treatment with 5.0µM NTS2 resulted in a signi-
ficant decrease in progenitor expansion (Figure 1B). Compared to the control 
and treatment with 0.5μM NTS1 or NTS2, the effects of higher concentrations of 
NTS compounds, in particular NTS2, were accompanied by a significant increase 
in the percentage of apoptotic cells at day 10 of differentiation (Figure 1C). To-
gether, these data demonstrate that NTS1 and NTS2 have concentration depen-
dent effects on neutrophil progenitor proliferation and survival of neutrophil 
precursors, and suggest that treatment with lower concentrations of NTS1 and 
NTS2 stimulates myeloproliferation. 

NTS1 and NTS2 differentially stimulate myeloid progenitor expansion and 
granulocyte/macrophage lineage development
In order to characterize the effects of NTS1 and NTS2 treatment on CD34+ mye-
loid   progenitors specifically, CD34+ cells were differentiated towards neutrop-
hils in the absence or presence of NTS1 or NTS2. At day 3 and 7 of differentiation, 
the percentage and absolute number of CD34+ progenitor cells were analyzed 
by FACS. No significant effects at day 3 (data not shown) were observed, while 
treatment with NTS1 (0.5µM) resulted in a significant increase in both the per-
centage and absolute number of CD34+ cells at day 7, suggesting that NTS1 
stimulates myeloid progenitor expansion. Treatment with NTS2 (0.5µM) also in-
duced a significant increase in the number of CD34+ cells at day 7 (Figure 2A).  
To further investigate the effects of NTS treatment on the expansion and func-
tional capacity of myeloid progenitors, CFU-assays were performed. In advance, 
CD34+ cells were cultured in the presence of SCF, Flt3L, IL3, GM-CSF and G-CSF 
and treated with NTS1 or NTS2 (0.5µM or 5.0µM) for 3 days. After this time, cells 
(1000 per condition) were isolated from the suspension cultures and plated in 
methylcellulose in the presence of the previously mentioned cytokines, without 
additional treatment with NTS1 and NTS2. The total number of colonies was 
scored after 11 days.  Treatment with 5.0µM NTS1, 0.5µM NTS2 and 5.0µM NTS2 
induced a significant increase in the number of colonies, suggesting that the 
isolated cell populations pretreated with both compounds contained an incre-
ased number of progenitors with myeloid colony forming potential (Figure 2B). 
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FIGURE 1. NTS1 and NTS2 have concentration dependent effects on neutrophil progenitor expansion 
and survival. CD34+ cells were cultured in presence of G-CSF to induce neutrophil differentiation. 
Cells were cultured either in the absence or presence of NTS1 (0.5-5µM) or NTS2 (0.5-5µM) (A). 
Progenitor expansion was determined by counting the tryphan blue negative cell population. Data 
were expressed as fold expansion (B) (N=4). Apoptosis was determined by Annexin-V/PI staining at 
day 7, 10, and 14 and data were expressed as the percentage of apoptotic cells (C) (N=3). Error bars 
represent SEM (between experiments) * p<0.05, ** p<0.01.
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To further evaluate the effects of NTS1 and NTS2 on differentiation and lineage 
choice, we performed CFU-assays with specific cytokine combinations. To inves-
tigate whether NTS1 and NTS2 treatment has effect on myeloid lineage choice, 
EPO was added to the cytokine cocktail, followed by plating of cells at day 0 in 
the absence or presence of NTS1 and NTS2 and colonies were scored after 11 
days. Treatment with NTS1 resulted in a significantly decreased percentage of 
CFU-E, accompanied by a significantly increased percentage of CFU-GM (Figure 
2C), suggesting that NTS1 treatment stimulates differentiation towards the GM-
lineage. In contrast, we observed no significant effects upon treatment with 



FIGURE 2. NTS1 and NTS2 differentially stimulate myeloid progenitor expansion and differentiation
CD34+ cells were cultured in the presence of G-CSF to induce neutrophil differentiation. Cells were 
cultured in the absence or presence of 0.5µM or 5µM NTS1 or NTS2. At day 7, FACS using a PE-
labelled human-CD34 antibody measured CD34+ expression. For CFU assays, CD34+ cells were cul-
tured in the presence of G-CSF and EPO, or IL6 to induce myeloid colony formation during 11 days. 
Data were expressed as the percentage and absolute number of CD34+ positive cells (A) (N=3), the 
number of colonies after exposure to NTS1 or NTS2 for 3 days (B) (N=3), the percentage of CFU-GM 
and CFU-E in the absence or presence of NTS1 or NTS2 (C) (N=3), or the percentage of CFU-G and 
CFU-M in the absence or presence of NTS1 or NTS2 (D-E) (N=2). Error bars represent SEM (between 
experiments).  * p<0.05, ** p<0.01.
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NTS2. To determine the effects of NTS1 and NTS2 specifically on the differentia-
tion of GMP in granulocyte colonies (CFU-G) or monocyte/macrophage colonies 
(CFU-M), CD34+ cells were plated in methylcellulose in the presence of SCF, IL-3 
and IL-6. The number of CFU-G and CFU-M was scored after 11 days and confir-
med by cytospin analysis of isolated colonies (Figure 2D). Upon treatment with 
NTS1 we observed a significant increase in the percentage of CFU-G colonies, 
and significant decrease in the percentage of CFU-M, while NTS2 treatment re-
sulted in a significantly increased percentage of CFU-M, and decreased percen-
tage of CFU-G (Figure 2DE). Together these data suggest that treatment with 
both NTS1 and NTS2 induces expansion of myeloid progenitors and stimulates 
differentiation towards the GM-lineage. In addition NTS1 and NTS2 appear to 
have compound-specific effects on differentiation of GMP towards the granulo-
cyte or monocyte/macrophage lineage. 

NTS1 and NTS2 treatment does not affect terminal neutrophil differentiation 
In order to determine the effects of treatment with NTS1 and NTS2 on terminal 
neutrophil differentiation, CD34+ cells were differentiated towards neutrop-
hils for 17 days in the absence or presence of NTS1 and NTS2. Neutrophil dif-
ferentiation was determined based on both cytospin analysis (Figure 3A), and 
lactoferrin staining. Terminally differentiated neutrophils were characterized 
as cells containing either banded or segmented nuclei. Treatment with NTS1 
and 0.5µM NTS2 resulted in no significant effects on neutrophil differentiation, 
while treatment with 5.0µM NTS2 resulted in a small, but significant decrease in 
the percentage of mature neutrophils (Figure 3B), which was not accompanied 
by decreased lactoferrin expression (Figure  3C). A moderate increase in the per-
centages of mature monocytes was also observed (Figure 3D). Together, these 
data suggest that terminal neutrophil differentiation is unaffected by NTS1 and 
is moderately affected by NTS2 treatment in a concentration-dependent man-
ner. In addition, in agreement with our results from the CFU assays, these data 
indicate that NTS2 treatment appears to favor differentiation towards mature 
monocytes/macrophages. 

NTS1 and NTS2 treatment stimulates myeloid colony forming capacity in 
patient-derived bone marrow cells 
To investigate the effects of NTS compounds on myelopoiesis in patients suffe-
ring from myeloid disorders (one patient with RCC, two patients with myelosup-
pression after chemotherapy for AML), we cultured BM-derived CD34+ cells in 
the absence or presence of NTS1 and NTS2 (0.5-1.0μM). Patient characteristics 
are summarized in the supporting information (Table S1). To analyze the effects 
on colony forming capacity and myeloid differentiation, we performed CFU as-
says utilizing myeloid progenitor cells isolated after three days of suspension 
culture. We observed differential effects on the number of CFU-GM, while NTS1 
treatment increased the number of CFU-G and NTS2 treatment significantly 
increased the number of CFU-M (Figure 4A-B). Interestingly, treatment with 
NTS2 in cells from patient 2 induced a 2.8-fold increase in the number of CFU-G  



FIGURE 3. Treatment with NTS1 and NTS2 does not affect terminal neutrophil differentiation
CD34+ cells were cultured in the presence of G-CSF to induce neutrophil differentiation during 17 
days. Cells were cultured either in the absence or presence of NTS1 (0.5-5µM) or NTS2 (0.5-5µM). Af-
ter 17 days of neutrophil differentiation was determined by cytospin analysis (A) and FACS analysis 
or intracellular lactoferrin expression. Data were expressed as the percentage of  mature neutrop-
hils (banded or segmented nuclei) (N=3) (B) the mean lactoferrin expression (MFI) (C) (N=3), and the 
percentage of mature monocytes (C). Error bars represent SEM (between experiments). * p<0.05, 
** p<0.01.
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(Figure 4A middle lane, middle panel). While treatment with NTS1 and NTS2 in 
cells from patient 3 induced a moderate increase in CFU-G and CFU-M respecti-
vely, NTS1 treatment induced a 2-fold increase in the number of CFU-GM (Figure 
4A, upper panel). Next, we investigated the effects of NTS1 and NTS2 treatment 
on neutrophil progenitor expansion and terminal neutrophil differentiation. In 
contrast with the effects in UCB-derived cells, we observed no significant effects 
on progenitor expansion (Figure 4C) upon treatment with NTS1 and NTS2. In 
agreement with the effects of NTS1 and NTS2 in UCB-derived cells, we observed 
no significant effects on the percentage of mature neutrophils and monocytes 
after 14 days of differentiation (Figure 4D) and no differences in intracellular 
lactoferrin expression (data not shown), suggesting that NTS1 and NTS2 treat-
ment does not affect terminal neutrophil differentiation. 
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FIGURE 4. NTS treatment stimulates myeloid colony forming capacity in patient bone marrow cells
CD34+ cells were cultured in the presence of G-CSF to induce neutrophil differentiation in the ab-
sence or presence of 0.5µM (patient 1) or 1.0µM (patient 2-3) NTS1 and NTS2. Cells were isolated 
after 3 days for CFU assays in the presence of G-CSF during 11 days. Data were expressed as the 
number of CFU-GM (A, upper panel), CFU-G (A, middle panel) and CFU-M (A, lower panel) for each 
patient and for all patients together (B). Progenitor expansion and terminal differentiation was 
evaluated after 14 days, Data were expressed as fold induction (C) and the percentage of mature 
neutrophils and monocytes (D). Error bars represent SEM (between patients). * p<0.05.
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Together, these data suggest NTS treatment stimulates the expansion of mye-
loid CFU in patients suffering from myeloid disorders, specifically patients with 
chemotherapy induced myelosuppression, while terminal neutrophil and mono-
cyte differentiation is not affected.

NTS1 and NTS2 treatment stimulates myelopoiesis in vivo and is accompa-
nied by modulation of C/EBPα and p38MAPK activity
To investigate whether treatment with NTS1 and NTS2 also stimulates myeloid 
development in vivo, 6-8 weeks old BALB/c mice were treated with 5FU to es-
tablish complete bone marrow depletion, followed by treatment with NTS1 or 
NTS2 (1mg/kg) once a week. Mice (three per group) were treated 2, 5, 9, 15 or 
21 days, after which they were sacrificed. Bone marrow mononuclear cells were 
isolated and CFU assays were performed to analyze colony forming capacity and 
myeloid differentiation (Figure 5A). Colonies were scored after 7 days. We ob-
served a significant increase in the absolute number of myeloid colonies derived 
from mononuclear cells from mice sacrificed at day 9 and 15 after treatment 
with either NTS1 or NTS2 (Figure 5B). Treatment with NTS1 resulted in a signi-
ficant increase in CFU-M and dramatic increase in CFU-G suggesting that NTS1 
treatment favors differentiation towards the granulocytic lineage in vivo. In con-
trast, NTS2 treatment resulted in a dramatic increase in the number of CFU-M 
and less pronounced increase in CFU-G, suggesting that NTS2 favors differentia-
tion towards the monocyte/macrophage lineage in vivo (Figure 5C-D). Together, 
these data suggest that NTS1 and NTS2 treatment stimulate myeloid recovery 
following bone marrow depletion by 5FU. To investigate the underlying mole-
cular mechanism for the effects of NTS treatment on myeloid development we 
analyzed the effects of NTS1 and NTS2 on p38 MAPK and ERK1/2 activation. We 
first analyzed their activation status utilizing bone marrow derived murine (Ba/
F3) cells and subsequently utilizing UCB-derived neutrophil progenitors after 
6 days of myeloid differentiation. Treatment with NTS1 and NTS2 resulted in a 
decrease in phosphorylation of p38MAPK (Thr180/Tyr182) and its substrate C/
EBPα (Ser21) in BaF/3 cells and neutrophil progenitors, while we observed no 
effects on phosphorylation of ERK1/2 (Figure 5E-F). In addition we observed a 
profound increase in C/EBPα expression. Since the expression of C/EBPα is essen-
tial for granulocyte/macrophage lineage development and dephosphorylation 
of C/EBPα (serine 21) results in C/EBPα activation during neutrophil develop-
ment 18, our data suggest that NTS1 and NTS2 stimulate myeloid differentiation 
through C/EBPα-dependent mechanisms. Increased C/EBPα activation can be, at 
least partly, explained by inhibition of p38MAPK activity. 
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FIGURE 5. NTS1 and NTS2 treatment stimulates myelopoiesis and affects C/EBPα and p38MAPK acti-
vity. BALB/c mice were treated with 150 mg/kg 5FU at day 0, followed by treatment with 1mg/kg 
NTS1 or NTS2 once a week. Mice were treated 2, 5, 9, 15, or 21 days (3 per group). Mice only treated 
with 5FU were used as control (2 per group) (A). Bone marrow mononuclear cells were cultured in 
the presence of rmGM-CSF and rmG-CSF to induce myeloid colony formation during 7 days. Data 
were expressed as the cumulative number of colonies (B) and the number of CFU-G and CFU-M per 
femur at day 2, 5, 9, 15 and 21 (C-D).  Error bars represent SEM (between mice). * p<0.05, ** p<0.01. 
Data are representative for  2 independent experiments.  Ba/F3 cells were starved overnight in the 
presence of 0.5% FCS. Cells were left untreated or treated with NTS1 or NTS2 for 30 minutes, before 
stimulation with 10% FCS for 15 minutes. CD34+ cells were cultured in the presence of G-CSF for 6 
days in the absence or presence of 0.5 or 5.0µM NTS1 or NTS2. Protein lysates were prepared and 
Western Blot analysis was performed with an antibody against phosphorylated ERK1/2, phospho-
rylated p38MAPK and phosphorylated C/EBPα. Antibodies against ERK1/2, p38MAPK, C/EBPα and 
tubulin were used as controls (E-F). Data are representative for 3 independent experiments.
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DISCUSSION

In the present study, we have investigated the effects of the nitrostyrene de-
rivatives NTS1 and NTS2 on myelopoiesis. While the predicted functional diffe-
rences between NTS1 and NTS2 are small, these could involve increased protein 
binding of the allosteric site by NTS2 11. Our data demonstrate that treatment 
with NTS1 and NTS2 stimulates the expansion of myeloid progenitors accompa-
nied by specific effects on differentiation of myeloid progenitors towards the 
granulocytic lineage (favored by NTS1) and the monocyte/macrophage lineage 
(favored by NTS2) in vitro and in vivo. These effects were accompanied by dep-
hosphorylation of p38MAPK and C/EBPα, and increased C/EBPα expression. 
Regulation of neutrophil and monocyte/macrophage cell fates largely depends 
on C/EBPα and PU.1 activity levels and the presence of G-CSF. Briefly, C/EBPα 
activity is regulated by G-CSF signaling, and an increased C/EBPα:PU.1 ratio fa-
vors neutrophil over monocyte/macrophage differentiation 20-22. The effects we 
observed on phosphorylation and expression of C/EBPα in myeloid progenitor 
cells upon treatment with NTS1 and NTS2, suggest a potential underlying me-
chanism for stimulation of GM-lineage development by these compounds. In 
addition, since neutrophil differentiation in vitro is performed in the presence of 
high levels of G-CSF, this explains why we did not observe significant effects on 
terminal neutrophil differentiation upon treatment with NTS2. 
The expression and function of transcription factors is regulated by post-transla-
tional modifications, including phosphorylation by MAPK. Phosphorylation of C/
EBPα can be regulated by the acitivities of ERK1/2 and p38MAPK 18, 23. While we 
observed no significant effects of NTS treatment on ERK1/2 activity, treatment 
with NTS1 and NTS2 resulted in dephosphorylation of C/EBPα accompanied by 
decreased phosphorylation of p38MAPK in myeloid progenitors, suggesting 
that the effects we observe can at least be partly explained by p38MAPK activi-
ty. The precise role of p38MAPK in myeloid development remains unclear. Aber-
rant p38MAPK activity has been demonstrated in bone marrow-derived myeloid 
progenitors from patients with MDS or aplastic anemia, which has been ex-
plained by increased activity of the myelosuppressive cytokines IFNγ and TNFα, 
which stimulate p38MAPK activity. Inhibition of p38MAPK by pharmacological 
inhibitors in these cells resulted in increased erythroid (BFU-E) and granulocyte/
macrophage (CFU-GM) colony formation and inhibition of apoptosis of myeloid 
progenitor cells 23-26. In agreement with our data, this suggests that inhibition of 
p38MAPK stimulates the expansion of myeloid progenitors. 
While other working mechanisms of nitrostyrene derivatives have been sug-
gested, these compounds are best known as serine/threonine phosphatase inhi-
bitors (predominantly PP2A) 10, 11. Since aberrant serine/threonine phosphatase 
activity plays a role in tumor development and progression 27, 28, phosphatase 
inhibitors, including nitrostyrene derivatives, are being investigated as a new 
group of anticancer drugs. Interestingly, treatment with nitrostyrenes in our 
study in non-malignant myeloid cells resulted in dephosphorylation of C/EBPα 
and p38MAPK, suggesting either inhibition of serine/threonine kinase activity, 
such as p38MAPK, or stimulation of serine/threonine phosphatase activity, such 
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as wild-type p53-induced phosphatase 1 (WIP1). Intriguingly, these findings are 
in contrast with the results of NTS treatment in malignant cells, suggesting cell 
specific effects or reflecting an altered balance between kinase and phospha-
tase activity in normal versus malignant cells. This hypothesis is supported by 
previous studies, demonstrating that regulation of p38MAPK activity by PP2A 
results in differential effects on cell survival in tumor cells and normal immune 
cells 29-31. 
In summary, we have demonstrated that the nitrostyrene compounds NTS1 and 
NTS2 stimulate the expansion of myeloid progenitors in vitro and dramatically 
improve myeloid recovery after chemotherapy-induced bone marrow depletion 
in vivo. NTS1 and NTS2 may regulate myeloid differentiation through activation 
of C/EBPα, which could at least be partly explained by of inhibition of p38MAPK 
activity. We observed moderate effects on myeloid colony formation and dif-
ferentiation in bone marrow-derived cells from patients suffering from myeloid 
disorders. Increased knowledge concerning nitrostyrene compounds might con-
tribute to the development of alternative therapeutic modalities for the treat-
ment of bone marrow failure syndromes, hypocellular MDS/RCC or chemothe-
rapy-induced aplasia. 
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SUPPLEMENTARy MATERIAL

No. Age (yr) Sex Diagnosis * Time point BM specimen Leuco (109/L) Neu (109/L)

1 17 F RCC § yearly follow-up visit, 
no treatment

1.8 0.18

2 1 F
AML FAB M7, 

no GATA1s
at the end of treatment # 2.8 1.11

3 1 F AML FAB M5
after 4/5 cycles of 
chemotherapy # 3.5 1.59

TABLE S1. Patient characteristics 
* according to DCOG (Dutch Child Oncology Group)
§ RCC, refractory cytopenia of childhood 
# treatment according to the Dutch-Belgium Pediatric AML1  (DB-AML1) protocol
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Epigenetic changes have been identified as important factors in the pathoge-
nesis of haematological malignancies, which has resulted in a rapid increase in 
the use of chromatin modulating drugs, including lysine deacetylase inhibitors 
(KDACi, or histone deacetylase (HDAC) inhibitors). While the effects of KDA-
Ci on histone acetylation resulting in chromatin remodelling and subsequent 
activation of the transcriptional machinery have been studied extensively, the 
regulation of acetylation of non-histone proteins, in the context of disease, is 
not well understood. Since KDACi have proven to be very effective in myeloid 
disorders, including myelodysplastic syndrome (MDS), and acute myeloid leu-
kemie (AML), this suggests that the regulation of protein acetylation plays an 
important role in aberrant myeloid differentiation, and raises questions as to 
the role of protein acetylation in normal myelopoiesis. It is therefore important 
to define the effects of this family of compounds on the normal hematopoietic 
compartment. 
Here, we sought to investigate the effects of KDACi in normal hematopoie-
sis, focusing on myeloid development towards the granulocyte/macrophage 
lineage, and megakaryocyte/erythroid lineage in order to increase our under-
standing of the effects of KDACi in myeloid disorders, regulation of their well-
described molecular targets, and to identify novel protein substrates function-
ally regulated by acetylation during myeloid development. We report several 
novel findings including: i) KDAC inhibition regulates cell fate decisions during 
neutrophil development, which are distinct from the effects in malignant cells 
(Chapter 2), (ii) the commonly used KDACi valproic acid (VPA) alters the pro-
portion of leukocyte subsets in non-hematological patient groups (Chapter 3), 
(iii) functional activity of the granulocyte-specific transcription factor C/EBPε 
is regulated by acetylation, and deacetylation (Chapter 4), (iv) modulation of 
protein acetylation by class I/II KDAC, or class III KDAC/ SIRTi, differentially mo-
dulates megakaryocyte and erythroid development (Chapter 5). In addition, we 
report the effects of nitrostyrene derivatives, compounds most frequently stu-
died as anti-cancer drugs, on the expansion and differentiation of myeloid pro-
genitors, involving regulation of p38MAPK and C/EBPα activity, key regulators 
of myeloid development (Chapter 6).   

The effects of KDACi on normal versus malignant myeloid cells
The functional effects of classical KDACi (class I/II, or pan-KDACi) in myeloid 
malignancies, and a large variety of cell lines, includes the induction of growth 
arrest, differentiation and apoptosis both in vitro and in vivo, by modulation 
of both transcription-dependent and transcription-independent mechanisms 
1-6. However, our studies utilizing umbilical cord blood (UCB)-derived CD34+ 
cells suggest opposing effects of class I/II KDACi in normal hematopoietic cells 
compared to malignant cells. Inreasing concentrations of VPA treatment sti-
mulated the expansion of CD34+ myeloid progenitor cells, at the expense of  
neutrophil differentiation. These effects were accompanied by induction of 
apoptosis, however our data suggest that apoptosis primarily affected more 
mature cells (Chapter 2). 
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In addition, analysis of the effects of VPA treatment in non-hematological pa-
tients, revealed a significant (negative) correlation between plasma concentra-
tions of VPA, and the percentage of neutrophils, and lymphocytes (Chapter 3). 
Similar to the effects on neutrophil development, VPA treatment of CD34+ cells 
differentiated towards the megakaryocyte lineage, induced a differentiation 
block, and increased the number of CD34+ MEP, which was not accompanied by 
the induction of apoptosis (Chapter 5).
There are several possible explanations for the distinct effects described in nor-
mal versus malignant cells. The extent of the cellular and molecular effects of 
KDACi depends on KDAC (or HDAC) expression levels, and direct involvement 
of KDAC, or KAT (or HAT) in oncogenic fusion products. It has been demon-
strated that KDAC expression levels vary between normal myeloid cells, mye-
loid cell lines, and primary AML cells 7,8.  Compared to normal, G-CSF-mobilized 
CD34+ cells derived from peripheral blood, primary AML cells are characteri-
zed by overexpression of HDAC6, and the class III HDAC SIRT1, whereas the  
myeloid cell lines HL60, K562, and KG-1 were characterized by overexpression of 
HDAC1, HDAC2, and HDAC6. While, the role of HDAC6, a tubulin deacetylase, in  
myeloid malignancies, or normal hematopoiesis is not known, SIRT1 regulates 
a broad range of biological process, including stress response, stem cell mainte-
nance, and lifespan. Increased SIRT1 activity has been implicated in cellular re-
sistance of tumour cells to chemotherapeutic agents 9-13, through deacetylation 
of non-histone substrates, including the tumour suppressor p53, resulting in 
inhibition of p53 activity, and inhibition of forkhead box (FOXO) transcription 
factors, involved in the regulation of cellular stress responses 14-16. This has been 
recently illustrated in chronic myeloid leukemia cells, in which quiescence of 
leukemic stem cells (LSC), and resistance to tyrosine kinase inhibitors depends 
on SIRT1 hyperactivity, and subsequent inhibition of p53-mediated apoptosis 
17,18. Surprisingly, the use of SIRT1 inhibitors has not been studied extensively in 
other myeloid malignancies so far.  
Based on the knowledge of SIRT1 function in stem cell biology, the expected 
effects of SIRT1 inhibition include the induction of cellular stress responses, 
apoptosis, differentiation, and ageing 19. In accordance with this, treatment of 
UCB-derived CD34+ cells with the SIRT1/2 inhibitor nicotinamide (NAM), acce-
raleted differentiation of MEP progenitors towards the megakaryocyte lineage, 
at the expense of HPC expansion, and lifespan (Chapter 5). Treatment with the 
protein kinase B (PKB/c-akt) VIII inhibitor, resulting in dephosphorylation, and 
subsequent activation of FOXO1/3a, mimicked the effect on progenitor expansi-
on, while differentiation was unaffected (data not shown). Since the PKB-FOXO 
pathway has been implicated in proliferation, and survival of megakaryocyte 
progenitors, this suggests that these findings can be the result of SIRT1/2 regu-
lation, and reflect the balance of cross-antagonizing effects of phosphorylation 
(activation of PKB, inhibition of FOXO), and acetylation (inhibition of PKB, acti-
vation of FOXO) 20-22. Recently, Dan et al. demonstrated that PKB is deacetylated 
by SIRT2, resulting in aberrant proliferation and survival of AML blasts. SIRT2 
inhibition by the specific SIRT2 inhibitor AC93253 reduced proliferation, and 
induced apoptosis of blasts 23, while others demonstrated that SIRT2 inhibition 
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upon treatment with tenovin-6, a SIRT1-3 inhibitor, or shRNA in the myeloid cell 
lines HL60, and NB4, stimulated neutrophil differentiation 24. The same observa-
tion has been made in normal hematopoiesis. Skokowa et al. demonstrated that 
NAM treatment of myeloid progenitors from patients suffering from severe 
congenital neutropenia (SCN), as well as healthy controls, increased the abso-
lute number of neutrophils, accompanied by increased expression on CCAAT-en-
hancer binding protein α (C/EBPα), C/EBPß, and granulocyte colony-stimulating 
factor (G-CSF) expression 25. In addition, we have demonstrated that in UCB-
derived neutrophil progenitors, and BM-derived neutrophil progenitors from 
SCN patients, SIRT1 inhibition regulates terminal neutrophil differentiation, and 
directly modulates C/EBPε transcriptional activity (Chapter 4).
In conclusion, inhibition of classical HDAC by KDACi has opposing effects on nor-
mal versus malignant cells, while the effects of SIRT inhibition are comparable 
(Figure 1). Most likely this is explained by the distinct roles of class I/II/IV HDAC, 
and class III/sirtuins, and their substrates. Inhibition by “classical” (non-sirtuin) 
KDACi primarily results in a general increase in histone H3, and H4 acetylation, 
thereby modifying chromatin assembly, resulting in transcriptional activation. 
It has been demonstrated that such KDACi treatment can alter the expression 
of up to 22% of all genes 2,6,26-28, thereby affecting a broad range of biological 
processes. Since the activity of sirtuins primarily involves non-histone substrates, 
and most SIRT inhibitors are specific inhibitors directed against one or two sir-
tuins, the effects of SIRT inhibitors are generally more specific.

FIGURE 1. Differential effects of KDACi on normal and malignant cells
Compared to normal HSC, AML blasts are characterized by overexpression of HDAC1, HDAC6, and 
SIRT1. Treatment with class I/II KDACi induces opposing effects on normal cells versus malignant 
cells, concerning the regulation of progenitor expansion, differentiation, and cell survival. Treat-
ment with SIRTi results in similar effects in normal and malignant cells, including differentiation, 
and decreased cell surival, and lifespan.
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Transcriptional versus post-translational regulation of myelopoiesis: C/EBPs
Transcriptional regulation of GM-lineage progression and determination is or-
chestrated by a relatively small number of transcription factors, including PU.1, 
and the CCAAT-enhancer-binding protein (C/EBP) family of transcription factors 
(in particular C/EBPα, C/EBPε and C/EBPß) 29-32. All C/EBP proteins contain a highly 
conserved C-terminal basic region-leucine zipper (bZIP) DNA-binding and dime-
rization domain, and more diverse N-terminal domains. In addition to adequate 
expression levels, the activity of C/EBP family members depends on the use of 
activation and repression domains, and are highly regulated by post-translati-
onal modifications (PTM), facilitating the formation of protein complexes with 
additional transcription factors, and cell cycle proteins. PTM of C/EBP proteins 
include phosphorylation, acetylation, ubiquitination, and sumoylation (Figure 
2) 33-38. In myeloid development, C/EBPα phosphorylation has been functionally 
linked to transcriptional activation (S248), as well as repression (S21), through 
conformational changes that hinder dimerization of C/EBPα dimers 39,40. In 
myeloid cells, C/EBPα can be phosphorylated by extracellular signal-regulated ki-
nases 1/2 (ERK1/2) (S21), p38-mitogen activated protein kinase (p38MAPK) (S21), 
and protein kinase, as a result of a large variety of signals, including growth 
factors, cytokines, oxidative stress, and DNA damage 39-42. It has been demon-
strated that treatment of hematopoietic cells with pharmacological p38MAPK 
inhibitors results in dephosphorylation of C/EBPα, resulting in activation, and 
subsequent improved myeloid differentiation in normal cells, as well as cells 
from patients with myeloid disorders 43-46. Nitrostyrene derivatives, a group of 
chemical compounds most frequently studied as anti-cancer agents, differenti-

FIGURE 2. Post-translational modifications (PTM) in C/EBPs
Schematic representation of C/EBP- functional domains and relevant sites of PTM; (from left to 
right) C/EBPε: T75, (K100), K121, K198, and K202. C/EBPα: S21, K159, S193, T222/T226/S230, and 
S248. C/EBPß: K39, S64, K98/101 /102, K117, K133, S180/S184/T188, K215/216, and T217 (adapted 
from Nerlov 35). AD indicates activation domain, RD indicates repression domain, RDM indicates 
regulatory domain motif, BR/bZIP indicates basic region/leucine zipper domain, Ac indicates acetyla-
tion, P indicates phosphorylation, S indicates sumoylation.



CHAPTER 7 | General discussion

140

7

ally stimulate the expansion and differentiation of myeloid progenitors towards 
the granulocytic, and monocytic lineage. We could demonstrate that these ef-
fects were accompanied by dephosphorylation of p38MAPK and C/EBPα, and 
increased C/EBPα protein levels (Chapter 6), underlining the functional role of 
PTM for C/EBPα activity. 
C/EBPα transcriptional activity, in combination with G-CSF-mediated signaling 
pathways, stimulate later stage neutrophil differentiation including regulating 
the expression of C/EBPε 30, itself indispensable for terminal differentiation of 
neutrophils and eosinophils, and the formation of ganulocyte specific granules 
29, 47-49 Phosphorylation of C/EBPε, which has only been described on threonine 
75, located in the transactivation domain, stimulates transcriptional activity 
as a result of improved DNA-binding 50. Kyme et al., demonstrated that treat-
ment of peripheral blood-derived neutrophils with NAM, was accompanied by 
acetylation of C/EBPε 51. We have demonstrated that this PTM is required for 
C/EBPε function during neutrophil differentiation (Chapter 4). Mass-spectrome-
try revealed four acetylated lysines (K101, K121, K198, and K202), located in dis-
tinct functional domains. Overexpression of specific K121 and K198 mutants in-
hibited C/EBPε transcriptional activity, and terminal neutrophil differentiation 
of CD34+ derived myeloid progenitors, while restoring K121 and K198 rescued 
the hematological phenotype. For K121 this effect was based on the regulation 
of DNA binding, while for K198, the role of acetylation could not yet be deter-
mined. Since protein acetylation is a charge neutralizing PTM resulting in chro-
matin remodeling upon acetylation of histone proteins, it could be hypothe-
sized that acetylation also induces conformational changes upon acetylation of 
non-histone proteins. Concerning transcription factors, conformational changes 
most likely affect protein-protein interactions, as well as protein-DNA interac-
tions, modulating DNA binding. This has been nicely demonstrated for GATA-
1 52, which will be discussed in the next section. Other effects of protein ace-
tylation could be the direct result of the prevention of other lysine-associated 
PTM, including ubiquitination, and sumoylation 53. Many of the C/EBP proteins 
(C/EBPα, C/EBPß, C/EBPδ, and C/EBPε), share a conserved motif, designated the 
regulatory domain motif (RDM). This motif is subject to lysine sumoylation 33, a 
lysine-specifc PTM with small ubiquitin-related modifier (SUMO) proteins, that 
has been implicated in various biological processes, including chromatin remo-
deling, DNA repair, and signal transduction 54. Concerning C/EBPs, RDM lysine 
sumoylation inhibits transcriptional activity, which mechanistically involves pro-
hibited association of the SWItch/Sucrose NonFermentable (SWI/SNF) chromatin 
remodeling complex, and interaction with PIASxα and PIASxß, two members 
of the protein inhibitor of activated STAT (PIAS) family of SUMO E3 ligases 55-59. 
In C/EBPε, K121 is part of this RDM, defined as the consensus sequence (I/V/L)
KXEP 33. Based on our data, acetylation of K121 is important for transcriptional 
activity, which was confirmed by increased C/EBPε activity in luciferase repor-
ter assays utilizing a mutant C/EBPε acetylation “mimic” (Chapter 4). C/EBPε 
acetylation is regulated by the lysine acetyltransferase (KAT) CBP/p300, and the 
class III KDAC SIRT1. SIRT1 is itself activated by sumoylation at K734 60. 
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We hypothesize that C/EBPα, together with CBP/p300 regulate the expression, 
and direct acetylation of C/EBPε K121 resulting in transcriptional activation, 
whereas sumoylation of both C/EBPε K121 and SIRT1 prevents C/EBPε K121 ace-
tylation, resulting in transcriptional repression (Figure 3). 

Granulocyte/macrophage versus megakaryocyte/erythroid lineage develop-
ment: a role for protein acetylation?
The usage of classical KDACi (class I/II, and pan-KDACi) in clinical trials is as-
sociated with haematological side effects, including leukopenia, and most fre-
quently thrombocytopenia in patients with haematological malignancies as 
well as other types of cancer 61. This suggests that the expression, and activity 
of HDAC, play a role in normal hematopoiesis, at the HSC level, during lineage 
development, or in cellular life span and survival. In patients with non-hemato-
logical disorders, we found that plasma concentrations of VPA were inversely 
related to the percentage, and absolute numbers of neutrophils (Chapter 3), 
and thrombocytes (Chapter 5), while no effects on the erythroid compartment 
were observed (data not shown). Treatment of GM-lineage precursors with VPA, 
and other class I and II KDACi, including sodium butyrate (SB), suberoylanilide 
hydroxamic acid (SAHA), and MS275 in vitro, resulted in concentration depen-
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dent effects on progenitor expansion (stimulated) and neutrophil differenti-
ation (inhibited) (Chapter 2 and unpublished data), suggesting that class I/II 
KDACi stimulate the expansion of CD34+ myeloid progenitors at the expense 
of neutrophil differentiation. These findings are underlined by previous studies 
in umbilical cord blood derived CD34+ cells, illustrating that, in addition to the 
expansion of HSC/HPC, VPA treatment inhibits the expression of granulocyte 
lineage-specific genes, including G-CSFR, and myeloperoxidase (MPO), while the 
expression of homeobox B4 (HOXB4), a gene involved in HSC self-renewal, was 
increased 62-64. As expected from the effects in patients treated with a classI/II 
KDACi, VPA treatment of UCB-derived CD34+ cells directed towards the me-
gakaryocyte lineage in vitro, resulted in a concentration dependent inhibition 
of megakaryocyte differentiation, while the percentage, and absolute number 
of MEP were increased Interestingly, VPA treatment resulted in concentration 
dependent effects on erythroid progenitor expansion, while differentiation was 
not significantly affected (Chapter 5). Taken together, these findings suggest 
that KDAC have distinct roles in HSC self-renewal, HPC expansion, lineage de-
termination, and differentiation. 
Wilting et al. demonstrated that the combined conditional deletion of the 
HDAC1, and HDAC2, both class I HDAC, in human hematopoietic cells, resulted 
in anemia and thrombocytopenia, accompanied by apoptosis of megakaryocy-
tes, while single deletions resulted in no hematological phenotype. In addition 
it was suggested that preservation of high HDAC1 expression levels is required 
for ME-lineage development, and vice versa, downregulation of HDAC1 induces 
GM-lineage development 65, suggesting that HDAC1 activity regulates myeloid 
lineage decisions. Moreover, this suggests that the effects of VPA, and specific 
HDAC1 inhibitors, such as MS-275) would stimulate GM-lineage development. 
Whereas VPA treatment indeed stimulated the expansion of common myeloid 
progenitors, the subsequent formation of GMP was inhibited. Intruigingly, in 
this study, in the presence of “GM-cytokines”, the percentage of MEP was incre-
ased upon VPA treatment (Chapter 2), suggesting that either additional HDACs 
than HDAC1 play a role in lineage determination, or VPA treatment increases 
the myeloid progenitor compartment as a whole. 
Differentiation of CMP towards either the ME-lineage or the GM-lineage is 
determined by the cross-antagonizing actions of PU.1, directing GM-lineage 
progression, and GATA-1, the key-regulator of both erythrocyte and megakary-
ocyte development 66-69. PU.1 represses GATA-1 target genes through direct in-
teractions with GATA1, and recruitment of inhibitory co-factors, whereas GATA-
1 represses PU.1 by displacing the critical PU.1 co-regulator c-Jun (reviewed in 70. 
However, the mechanisms regulating the ratio between GATA-1, and PU.1 acti-
vity are poorly understood. GATA-1 was one of the first transcription factors re-
cognized to be functionally regulated by acetylation 71. GATA-1 is acetylated by 
CBP/p300 at two highly conserved lysine-rich motifs located in both zinc fingers. 
This results in enhanced DNA binding by GATA-1, through modulation of the 
mobility of GATA-1-DNA complexes, stimulating transcriptional activity, and di-
recting ME-lineage development 52,72. Conversely, it has been demonstrated that 
PU.1 can bind to CBP/p300, in a similar way as the E1A oncogene, and thereby 
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blocks CBP/p300-mediated acetylation of GATA-1, as well as other transcripti-
onal regulators, including KLF1, and NF-E2 73. Together this suggests that the 
regulation GATA-1 acetylation is important for myeloid lineage determination. 
Interestingly in this context, Wada et al. have demonstrated that, in contrast to 
the GM-specific transcription factors C/EBPα and C/EBPß, GATA-1 and to a lesser 
extent PU.1, both increased HDAC1 promoter activity. Moreover, HDAC1 over-
expression, reduced the formation of GM colony forming units (CFU-GM), while 
erythroid progenitors were unaffected 65. 
With respect to our data (Chapter 2 and Chapter 5) this suggests that, in con-
trast to the effects on HSC/HPC expansion, and maintenance 74, the effects of 
VPA treatment on myeloid lineage determination, and differentiation, do pri-
marily not involve inhibition of HDAC1. This could be explained by the effects 
of VPA on other class I (and possibly class IIa) KDAC, as suggested by Kramer et 
al., who demonstrated that VPA selectively induces degradation of HDAC2 (and 
not HDAC1) in HEK293T cells, or by effects on the acetylation of non-histone 
proteins, including lineage specific transcription factors. In neutrophil progeni-
tors, the class I/II inhibitors trichostatin A (TSA), sodium butyrate (SB), and VPA 
induces distinct patterns of non-histone protein acetylation (Chapter 2), and 
treatment with VPA, as well as, NAM, induced increased H3K27 promoter ace-
tylation of lineage specific genes during megakaryocyte development (Chapter 
5). Examples include LMO2, and c-Myb, a transcriptional regulator of HSC dif-
ferentiation and erythroid development specifically 75-77. In addition, similar to 
GATA-1, c-Myb transcriptional activity is regulated by CBP/p300-mediated and 
interaction 78,79, suggesting that the effects of VPA potentially involve regula-
tion of c-Myb transcription, as well as c-Myb activity. 
In conclusion, these findings suggest that myeloid progenitor expansion, line-
age determination, and myeloid differentiation are regulated by distinct HDAC 
expression profiles, HDAC activity, and CBP/p300 mediated acetylation of line-
age specific transcription factors (Figure 4). 

Concluding remarks
The regulation of protein acetylation of histone and non-histone proteins is im-
portant for normal myeloid development, and plays a role in the pathogenesis 
of myeloid disorders. Protein acetylation involves the expression and activity of 
KAT, and KDAC, which can be pharmacologically modulated by KDACi. Here we 
have explored the effects of KDACi on normal myeloid development, and have 
demonstrated that modulation of protein acetylation affects major cell fate de-
cisions, and is a prerequisite for normal activity of key-regulators of myeloid dif-
ferentiation. Importantly, KDACi treatment of myeloid malignancies is particu-
larly (almost exclusively) effective in combination with other agents, including 
DNA demethylating agents (DNA methyltransferase inhibitors), proteasomal in-
hibitors, or additional to conventional chemotherapeutic protocols 80-87. Similar 
to “classical” KDACi, the effects of DNA demethylating agents predominantly 
involve the release of transcriptional repression (or gene silencing), mediated 
by effects on promoter CpG island hypermethylation, a general characteristic of 
(myeloid) malignant cells 88-90. 
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FIGURE 4. Schematic model highlighting the effects of modulating protein acetylation on the regula-
tion of myeloid differentiation. HSC differentiation, and further lineage specification is regulated by 
the expression, and activity of transcription factors, involving KDAC activity levels, and functional 
regulation through acetylation by CBP/p300. These effects can be modulated by KDACi, including 
VPA and NAM. Ac indicates acetylation, SUMO indicates sumoylation.  
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Interestingly, while most studies have investigated the effects of combinational 
therapies with proteasomal inhibitors 91-93, recently, others have suggested the 
use of proteasomal “activators”, including ubiquitin ligases, and deubiquitinase 
(DUB) inhibitors, to increase the turn over of leukemic oncoproteins 94-96. In addi-
tion, there is increasing interest in the role of histone methyltransferases in the 
development of malignancies, and as a potential novel therapeutic target. His-
tone methyltransferases regulate methylation (mono-, di-, and trimethylation) 
of histone lysine substrates, and compete with histone deacetylases on histone 
H3, and histone H4 lysine residues implicated in the regulation of chromatin as-
sembly and modulation of gene transcription 97,98. 
Taken together, the knowledge concerning the role of epigenetic aberrancies in 
the pathogenesis of (myeloid) malignancies is increasing, resulting in a rapidly 
expanding research field focusing on the development of novel, targeted the-
rapies. Here, we have demonstrated that, in order to clinically use KDACi, and 
other epigenetic drugs, it is extremely important to define the effects of these 
compounds on normal hematopoiesis. 
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De productie van rode bloedcellen (erythrocyten), witte bloedcellen (leukocy-
ten) en bloedplaatjes (thrombocyten), hematopoiese genoemd, vindt plaats in 
het beenmerg. Daar bevinden zich pluripotente hematopoietische stamcellen 
(bloedstamcellen) die zich onder de invloed van verschillende eiwitten, zoals 
groeifactoren (cytokines) en zogenaamde transcriptiefactoren kunnen ontwik-
kelen (differentiëren) in multipotente voorlopercellen en vervolgens in verschil-
lende celtypen. De myelopoiese is een onderdeel van de hematopoiese en be-
treft de ontwikkeling van myeloide voorlopercellen in enerzijds erythrocyten 
en megakaryocyten, waaruit thrombocyten voortkomen en anderzijds mono-
cyten/macrophagen en granulocyten, zoals eosinofielen en neutrofielen. Een 
abnormale hematopoiese danwel myelopoiese kan leiden tot een breed scala 
aan ziektes, waaronder beenmergfalen, waarbij er een absoluut tekort ontstaat 
aan normale erythrocyten (bloedarmoede/anemie), thrombocyten (thrombope-
nie) of leukocyten (leuko/neutropenie). Daarnaast kan een gestoorde uitrijping 
van myeloide voorlopercellen op de voorgrond staan, (myelodysplasie) en/of 
abnormale (kwaadaardige) celdeling van myeloide voorloperlopercellen op-
treden, waarbij het klinische beeld van een (acute) myeloide leukemie (AML) 
ontstaat. Hoewel de onderliggende oorzaken en evolutie van myeloide ziekten 
nog voor een groot deel moeten worden opgehelderd, worden de afwijkende 
myeloide (voorloper)cellen gekenmerkt door onder andere uiterlijke (morfolo-
gische) afwijkingen en verschillende typen genetische afwijkingen. Deze speci-
fieke genetische afwijkingen betreffen vaak genen die coderen voor eiwitten 
die betrokken zijn bij de normale celdeling en ontwikkeling van myeloide cel-
len. Daarnaast is er in de laatste 10-15 jaar veel kennis vergaard over de rol van 
zogenaamde epigenetische afwijkingen in het ontstaan van myelodysplasie, 
leukemie en kanker in het algemeen. Epigenetische afwijkingen zijn reversibele 
erfelijke afwijkingen die betrokken zijn bij de functie en regulatie van genen. 
Dit betreft onder andere veranderingen in de functie van histonen: eiwitten die 
het DNA “inpakken” en daarmee betrokken zijn bij het afschrijven van genen 
(transcriptie). 
De functie van histonen en andere eiwitten wordt bestuurd op verschillende 
manieren, waaronder zogenaamde post-translationele modificaties; verande-
ringen op specifieke aminozuren in de eiwitstructuur die ontstaan nadat trans-
latie heeft plaatsgevonden van het boodschapper RNA (mRNA, ontstaan door 
transcriptie) in eiwit.  In dit proefschrift wordt met name de rol van eiwitacety-
lering besproken.  
Het is gebleken dat het myelodysplastisch syndroom (MDS) en AML, maar ook 
andere vormen van kanker, zich kenmerken door specifieke epigenetische af-
wijkingen, bijvoorbeeld gestoorde (verlaagde) histonacetylering. Het feit dat 
epigenetische afwijkingen omkeerbaar zijn, levert goede aanknopingspunten 
voor therapie, onder andere met histon deacetylase remmers (HDAC remmers). 
HDAC remmers, ook wel lysine (met aminozuursymbool K) deacetylase (KDAC) 
remmers genoemd, omdat ze ook aangrijpen op niet-histoneiwitten, worden in 
toenemende mate succesvol gebruikt in de behandeling van MDS en AML. Ech-
ter is er nog weinig bekend over de effecten van deze middelen op cel- en ei-
witniveau. En aangezien KDAC remmers aangrijpen op de regulatie van alle ei-
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witten, is het daarnaast belangrijk om de effecten deze middelen te beschrijven 
op de normale hematopoietische cellen. Hiermee kun je enerzijds de klinische 
effecten in patiënten beter begrijpen en anderzijds krijg je nieuwe inzichten in 
de biologie van MDS en AML, maar ook in de rol van eiwitacetylering in de nor-
male ontwikkeling van hematopoietische cellen.  Deze vragen staan centraal in 
dit proefschrift (Hoofdstuk 1).
In Hoofdstuk 2 hebben we de effecten van verschillende KDAC remmers op de 
normale ontwikkeling van neutrofielen bestudeerd. Behandeling van leukemie 
cellen met KDAC remmers leidt vaak tot remming van celgroei, celdood en/
of tot herstel van de normale differentiatie. In normale myeloide voorloper-
cellen hebben wij geconstateerd dat een subgroep KDAC remmers een tegen-
overgesteld effect hebben (versus leukemiecellen). Met name behandeling met 
valproïnezuur (VPA) resulteerde in expansie van myeloide voorlopercellen en 
remming van differentiatie. Een potentiële verklaring voor deze verschillen zou 
kunnen zijn dat de regulatie van eiwitacetylering in normale versus leukemie-
cellen anders is, waardoor veranderingen in de hoeveelheid acetylering door 
behandeling met KDAC remmers, leidt tot andere evenwichten in cellulaire pro-
cessen. Een andere mogelijke verklaring is dat de eiwitten (enzymen) die acety-
lering verzorgen in cellen, zelf meer aanwezig zijn in leukemiecellen, waardoor 
er andere effecten ontstaan. 
Aangezien VPA veelvuldig wordt gebruikt als anti-epilepticum (en de rol als 
KDAC remmer relatief nieuw is) en in deze patiënten regelmatig hematologi-
sche bijwerkingen worden beschreven, hebben we ons in Hoofdstuk 3 afge-
vraagd of de effecten van VPA, beschreven in Hoofdstuk 2, konden worden 
geëxtrapoleerd naar de niet-hematologische patiëntengroepen. Daarvoor heb-
ben we met behulp van het UPOD systeem, waarin patiëntengegevens kunnen 
worden gekoppeld aan medicatiegegevens en laboratoriumuitslagen, gekeken 
naar het verband tussen VPA spiegels en het aantal neutrofielen in het bloed. 
Hierbij hebben we geconstateerd, in lijn met de resultaten van Hoofdstuk 2, 
dat hogere VPA spiegels samengaan met lagere neutrofiel aantallen. 
In Hoofdstuk 4 hebben we onderzocht of acetylering van een non-histoneiwit, 
de transcriptiefactor C/EBPε, de functie van deze factor direct beinvloedt. C/
EBPε is een essentiële factor voor de normale uitrijping van neutrofielen en 
voor de functie van neutrofielen in de afweer tegen infecties. We hebben ge-
constateerd dat C/EBPε wordt geacetyleerd en dat deze modificatie noodza-
kelijk is voor het goed functioneren van dit eiwit. Het bevorderen van C/EBPε 
acetylering met behulp van de specifieke KDAC remmer nicotinamide (NAM), 
bevordert de neutrofieluitrijping. Deze bevinding zou van belang kunnen zijn 
voor de ontwikkeling van nieuwe behandelingen van patiënten (meestal kinde-
ren) met een gestoorde neutrofiel ontwikkeling of functie. 
Zoals eerder genoemd, gaat de behandeling met VPA regelmatig gepaard met 
hematologische bijwerkingen, zoals een tekort aan bloedplaatjes (thrombocy-
ten). In Hoofdstuk 5 hebben we onderzocht of de behandeling met VPA ook 
de uitrijping van megakaryocyten remt en dat vergeleken met effecten van de 
meer specifieke KDAC NAM. We hebben geconstateerd dat VPA-behandeling 
resulteert in een expansie van specifieke voorlopers, maar dat de normale uit-
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rijping van megakaryocyten wordt verstoord. VPA heeft minder effect op de 
ontwikkeling van erythrocyten. Hier tegenover staan de effecten van NAM, 
waarbij behandeling leidt tot een versnelde uitrijping van megakaryocyten 
ten koste van celdeling en expansie. Om de verschillende effecten van VPA en 
NAM te verklaren, hebben we vervolgens gekeken naar de effecten van VPA en 
NAM op specifieke acetylering van histoneiwit H3 betrokken bij de activatie van 
transcriptie van genen betrokken bij een normale uitrijping van megakaryocy-
ten en erythrocyten. Onze bevindingen suggereren dat VPA en NAM specifieke 
effecten hebben op diverse genen betrokken bij normale ontwikkeling van zo-
wel megakaryocyten als erythrocyten, waarbij andere genen door beide KDACi 
in meer of mindere mate worden beïnvloed. Validatie van deze resultaten moet 
hier meer duidelijkheid in gaan geven.
Tenslotte kijken we in Hoofdstuk 6 naar de effecten van “nitrostyrenen” (bio-
chemische structuren op basis van styrenen) op de myelopoiese. In de zoektocht 
naar nieuwe geneesmiddelen voor de behandeling van kanker, zijn deze che-
mische structuren getest in meerdere kankermodellen. Uit één van die studies 
bleek dat nitrostyrenen, zoals was verwacht, een vertragend effect hebben op 
de uitgroei van kankercellen, maar daarnaast een positief effect hebben op de 
myelopoiese. In hoofdstuk 6 laten we zien dat nitrostyrenen zowel een stimu-
lerend effect hebben op de ontwikkeling van normale myeloide voorlopercel-
len als op myeloide cellen van patiënten met beenmergfalen en MDS. Deze 
effecten komen (in ieder geval deels) tot stand door verminderde activiteit van 
p38MAPK en toegenomen activiteit van C/EBPα; twee factoren die een belang-
rijke rol spelen bij de normale myelopoiese en vaak betrokken zijn bij het ont-
staan van myeloide aandoeningen.  
Kort samengevat beschrijven we in dit proefschrift de effecten van KDACi op de 
normale myelopoiese. We laten zien dat acetylering van zowel histon- als non-
histoneiwitten een sturende rol heeft in verschillende fasen  van  de ontwikke-
ling van myeloide celtypes. Hierbij spelen zowel de regulatie van gentranscriptie 
als de directe regulatie van eiwitfunctie een rol. Deze kennis is van meerwaarde 
voor het gebruik van KDACi en andere “epigenetische geneesmiddelen” in de 
nabije toekomst en voor de ontwikkeling van met name nieuwe behandelcom-
binaties voor MDS/AML als ook andere hematologische aandoeningen. 
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Ik wil in ieder geval graag de volgende mensen bedanken:

Professor dr. P.J. Coffer. Beste Paul, je hebt mij wel eens verteld dat jouw samen-
werking met de vrouwelijke AIO’s niet altijd over rozen ging. Ik sta niet bekend 
als een heel sensitief persoon, maar volgens mij hebben wij het best aardig 
gedaan de afgelopen jaren. Je hebt me geleerd om de juiste onderzoeksvragen 
te stellen en vooral om focus houden als ik weer eens op hol sloeg van een be-
vinding of hypothese. De tijd in het lab heeft mij enorm verrijkt en ik hoop dat 
onze wetenschappelijke paden in de toekomst elkaar nog vaak zullen kruisen.    

Dr. M.B. Bierings. Beste Marc, in 2006 heb jij mij met Paul samengebracht, waar-
mee voor mij een nieuwe wereld werd geopend. In de afgelopen jaren heb je 
mij als onderzoeker en dokter met je logische gedachtegang waar nodig bijge-
stuurd. Je kan als geen ander feiten organiseren en gedachten concretiseren. Ik 
hoop dat ik daar in toekomst nog vaak gebruik van kan maken. 

Dr. T. Révész. Beste Tom, jouw colleges tijdens het 3e jaar van mijn studie hebben 
mij de kinderhematologie ingetrokken. Bewust en onbewust ben je belangrijk 
geweest voor veel van mijn verdere stappen in de jaren die hierop volgden. Ik 
hoop dat er in de komende jaren weer een keer een moment komt, bij voorkeur 
in Australië, om nog eens over ons vak verder te praten. 

Professor dr. E.E.S. Nieuwenhuis. Beste Edward, dank voor je vertrouwen en 
alle motiverende gesprekken over wetenschap, keuzes maken en de voordelen 
van dwangmatigheid. 

Professor dr. J.L.L Kimpen. Beste Jan, halverwege mijn opleiding tot kinderarts 
zat ik redelijk vast. Met jouw steun kon ik een stage in Adelaide gaan doen en 
mocht ik vervolgens mijn opleiding onderbreken voor een jaar onderzoek. Die 
2 dingen zijn essentieel geweest voor mijn verdere plannen. Dank daarvoor. 

Professor dr. T.C.E.G. Egberts. Beste Toine, na een weifelende start van mijn 
kant, kreeg onze UPOD samenwerking snel vorm. Ik heb met bewondering ge-
keken naar doeltreffende manier van werken.

Professor dr. W.W. van Solinge. Beste Wouter, je enthousiasme voor de hema-
tologie en ons gezamenlijke UPOD project werkten enorm stimulerend. Ik vind 
het daarom erg leuk dat je de voorzitter van mijn leescommissie bent. 

Dr. A.C.M. Martens. Beste Anton, ik heb de afgelopen jaren altijd graag gebruik 
gemaakt van je ervaring en expertise. Jouw input heeft mijn projecten allemaal 
een beetje beter gemaakt. 
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Aangezien mijn traject vele jaren en meerdere locaties betreft, zal het onmoge-
lijk zijn om niemand in het lab te vergeten. In het “Coffer lab” zijn er een aantal 
mensen extra belangrijk geweest. 
Beste Jorg, ik begin uiteraard met jou. Toen ik in 2007 werd voorgesteld in het 
lab stond jij met een hartelijke grijns tegenover mij. Ik voelde me meteen thuis. 
In de afgelopen jaren hebben we samengewerkt, heel veel rondjes hardgelo-
pen en een mooie vriendschap opgebouwd. Ik ben blij dat je weer in Nederland 
bent. 
Beste Cornelieke, jij bent onmisbaar in het lab en was ook zeker onmisbaar voor 
mijn proefschrift. Dank voor alles wat je voor mij hebt gedaan. Tijd voor een 
lekker wijntje! Dit geldt ook voor Liesbeth, steunpilaar van het lab. Dank voor 
je altijd beschikbare hulp. 
Beste Jeffrey, jouw enthousiasme, onvermoeibaarheid, maar ook kennis zijn 
indrukwekkend. Onze mooie tijden in het lab en ook daarbuiten zal ik niet 
vergeten. 
Beste Stephin, je bent een mooi exemplaar! Af en toe onnavolgbaar, maar altijd 
bereid om mee te denken. Laten we samen verder blijven denken! Beste Anita, 
onze samenwerking kende ups en downs. Dank voor al je inzet en hopelijk ko-
men we samen tot een mooi eindresultaat. Beste Roel, onze gezamenlijke over-
dosis energie moest eerst in goede banen worden geleid, maar samen hebben 
we er toch een mooi hoofdstuk gemaakt. Succes met het afronden van jouw 
promotie! Ester en Koen S, 2 grote aanwinsten voor het lab. Koen, ik hoop dat 
onze wetenschappelijke paden nog veel zullen kruisen. Christian en Miranda, 
jullie hebben mij ingewijd in de wereld van hematologische celkweken. Dank 
voor deze basis en Chris; dank voor onze mooie gesprekken in de ”flow”. Ver-
der dank aan Koen B, Estel, Loes, Kristan, Ana Rita, Ruben, Catalina, Desirée, 
Richard, Willy, Christian B, Nathalie, Marit, Florijn, Lodewijk, HenkJan, Tessa 
en alle anderen….. 

Michal, thank you for all your help with our chipseq data; Chapter 5 is much 
more interesting because of that!

A special thanks to Andrana. Our different backgrounds, ambitions, and most 
importantly expectations made our collaboration a challenge at first. However, 
after we got used to each other, we have built a good piece. I find it a pleasure 
to work with you, and believe that the ice queen and drama queen together 
make quite a good team!  

Dank aan alle mensen van het “Prakken lab”; één grote bron van positieve 
energie! Alleen dat voetballen viel een beetje tegen…..

Dank aan iedereen van de afdeling Immunologie die mijn pad gekruist heeft 
of bewandeld, met name Margreet, Gerrit en uiteraard Saskia en yvonne.

Hanneke, dank voor alle ondersteuning bij de UPOD data. 
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Mijn collega’s van de kinderhematologie. Beste Marrie, jouw passie voor het 
vak, zowel klinisch als wetenschappelijk, werkt inspirerend. Ik leer elke dag van 
jouw kennis, ervaring en je vrije manier van denken. Jouw steun de afgelopen 
periode was onmisbaar. Beste Birgitta, jij bent een essentiële schakel in onze 
groep. Dank voor al je steun, maar ook gezelligheid en af en toe noodzakelijke 
bijsturing. Beste Friederike, het is heerlijk om met jou te sparren over alle be-
langrijke zaken die ons leven op dit moment beheersen. In willekeurige volg-
orde: contracten, slaapgebrek, wetenschap en peuterpuberteit. Beste Atty, ik 
vind het altijd een feest om met je samen te werken; dan hoef ik me namelijk 
nooit in te houden! Onze VS-ers Frans-Jan, Armanda en Dionne; dank voor 
de fijne samenwerking en interesse. Dank ook aan Heidi, de Giraf DT-ers Tom, 
Stephanie en eerder Anemone en betrokken collega’s op de polikliniek en af-
deling. 

De kinderhematologie en kinderimmunologie vormen een soort peper en zout 
stelletje. Een relatie die helaas eindig is. Bij deze alvast dank voor de unieke 
samenwerking (en alle het last-minute dienstruilen). Dank je wel Joris, Annet, 
JaapJan, Joost en Nico. Berent, dank voor jouw visie en persoonlijke vertrou-
wen. Een speciale regel voor Bas. Het afgelopen jaar hebben we een vergelijk-
baar parcours afgelegd. Dank je wel voor je praktische tips en de leuke tijd in 
Syracuse!

Menno, bedankt voor de leuke samenwerking. Je hebt er een mooi boek van 
gemaakt!

Vrienden, familie en ook alle buren, dank voor jullie aanhoudende interesse en 
belangstelling. Alex, bedankt voor het mooie beeld op de kaft en vooral voor 
je creativiteit en toewijding. 

Lieve Veerle, je bent een gouden collega en een lieve vriendin. Samen hebben 
we deze laatste fase doorgeworsteld. Maak je niet te druk om het laatste stuk, 
jij doet dat gewoon! Ik ben er trots op dat jij mijn paranimf bent! 

Lieve Caroline, al vanaf onze coschappen lopen wij samen op en zijn er aar-
dig wat hobbels gepasseerd. Al zou je kunnen zeggen dat de hoogte daarvan 
vooral door onszelf bepaald wordt. Je bent een fijne vriendin die mij als geen 
ander begrijpt. Ik ben heel blij dat jij mij paranimf bent!  

Ineke en Bernard, af en toe zag ik jullie met vragende ogen naar mij kijken. Is 
dit de weg die je wil bewandelen? Jullie steun was echter onvoorwaardelijk. 
Dank daarvoor. Bernard, ik vind het leuk dat je zoveel moeite hebt gedaan om 
mijn onderzoek inhoudelijk te begrijpen. Als het goed is, brengt dit boek nog 
meer duidelijkheid. Lotty, Sabine, Michiel, Jurre en Jooske, dank je wel voor 
jullie niet afnemende belangstelling.   
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Theo en Virginia, lieve papa en mama, jullie hebben regelmatig zorgen gehad 
over alle druk die ik mezelf oplegde en de doelen die ik mezelf stelde. Volgens 
mij heb ik jullie inmiddels wel overtuigd dat het allemaal echt de moeite waard 
is en dat dit boek een stukje van mij is. Ik ben trots op jullie en dankbaar voor 
alles wat jullie voor mij hebben gedaan. Nu is het tijd om dat te gaan vieren! 
Lieve Bart, we zijn het zeker niet altijd met elkaar eens, maar vinden elkaar 
altijd weer in ambities, interesses en dilemma’s. Jij bent een fijne broer! Lieve 
Marina, we hebben allebei een enorm hoofdstuk gesloten het afgelopen jaar. 
Nu is het tijd voor andere dingen. Sterkte ook met het promotietraject van Bart!

Allerliefste Lola en Kees. Lola, wat ben je toch een stoer en lief meisje! En wat 
vond ik het lastig dat ik je niet alles kon uitleggen. Ik kan niet vaak genoeg zeg-
gen hoe trots ik op je ben. Kees, ik had niet gedacht dat jij zo’n pittig mannetje 
zou zijn. Je laat je stem aardig horen. Ik kijk ernaar uit om wat vaker samen op 
pad te gaan. 

Lieve Jesse, zou jij het de volgende keer anders doen? Het afronden duurde met 
name voor jou erg lang. In een jaar waarin je eigen bedrijf groeide en bloeide, 
lag de focus thuis veelal op mijn proefschrift. Ik ben ongelofelijk trots op je en 
vind het indrukwekkend hoe je in een hele korte tijd zoveel succes hebt be-
haald. Hoewel ik heb geprobeerd om er zoveel mogelijk ook voor jou te zijn, 
besef ik dat we samen een hoop in te halen hebben. Laten we daar nu mee 
beginnen…….. maar dat mag jij beslissen……
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