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Chapter 1

Chapter 1. Introduction and scope of the thesis
Hematopoiesis 
Blood is one of the most important tissues in our body. It consists of red and white 
blood cells, platelets, and blood plasma. Essential functions of blood are the transport 
of nutrients and hormones, but also oxygen delivery and removal of waste products 
throughout the body via a dense system of blood vessels and capillaries that enter 
deep into all tissues. 
An adult human has between 4-6 litres of blood. Red blood cells (RBCs) or erythrocytes 
are the most common cells in the blood. Every microliter of blood contains 4-6 million 
erythrocytes. For comparison, in one microliter there are 150,000-400,000 platelets 
(thrombocytes) and 4,000-11,000 white blood cells (WBCs or leukocytes).1,2

Erythrocytes are produced within the bone marrow (BM). The average lifespan of a 
human RBC is about 110-120 days.3 Under steady-state conditions, every second 
about 2 million RBCs are released into the blood stream to replace worn-out RBCs 
which are cleared by the reticulo-endothelial system mainly in the spleen and liver.1 
Although the other cells within the blood are less abundant, their functions are 
very important. All blood cells are derived from hematopoietic stem cells (HSCs; 
see also  Figure 1).2,4 During differentiation, progenitor cells become more and 
more committed to the mature cell lineages. After leaving the HSC compartment, 
they become multipotent progenitor cells, common lymphoid progenitors (CLP) or 
common myeloid progenitors (CMP). Furthermore, there are committed progenitors 
for each mature differentiated cell type, such as the myeloid-erythroid progenitor 
(MEP). Although HSC provide for life-long replenishment of the hematopoietic cells, 
the HSC divide rarely. Instead the proliferation speed is highest at the multipotent 
and committed progenitor cell stages.5

Each component of the blood has its own role in the physiology of the organism. 
There are many cell surface markers available for identification of blood cell types by 
flow cytometry, some of which will be discussed later in this chapter.
Lymphocytes can be categorized in three major cell types: T cells, B cells and Natural 
Killer (NK) cells. These three groups are part of the immune system which protects 
the body against pathogens. 
T cells, T lymphocytes or thymocytes develop within thymus, from which they 
derive their name, and tonsils.6,7 Mature T cells can be distinguished from the other 
lymphocytes by the presence of the T cell receptor (TCR) on the cell surface. There 
are many types of T cells marked by different surface markers: effector, helper, 
cytotoxic, memory, regulatory and natural killer T cells.
Their functions vary from assisting maturation of B cells to the destruction of 
bacteria, virus-infected cells and tumour cells. T cells are only activated after they 
are presented with an antigen by antigen-presenting cells such as dendritic cells. T 
cells can only function for a short period of time when activated.6 
B cells secrete antibodies, which are also known as immunoglobulins.9,10 They 
were named after the bursa of Fabricius in birds, where they were first found. In 
mammals, B cells develop in the bone marrow.10 There are different types of B cells: 
plasmablasts, effector (plasma cells)-, lympho-plasmacytoid-, memory-, follicular-, 
marginal zone-, B1/B2-, and regulatory B cells.9,11-14 B cells in general are controlled 
by the activation of the B cell receptor (BCR).15 The BCR can bind a specific antigen, 
against which a specific antibody response will be initiated. It is estimated that there 
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Figur e 1. Hierarchy of the hematopoietic system in a schematic model to illustrate the different 
stages of differentiation that starts at the long-term repopulating hematopoietic stem cells (LT-
HSCs). Differentiation proceeds through several steps: short term repopulating hematopoietic 
stem cell (ST-HSCs), multipotent progenitor (MPP), common lymphoid progenitor (CLP), common 
myeloid progenitor (CMP), megakaryocyte-erythroid progenitor (MEP), granulocyte-macrophage 
progenitor (GMP). The HSCs and MPP can still differentiate to all mature cells, but the progenitor 
cells become increasingly committed to a particular lineage. Most of the processes occur within 
the bone marrow, but other organs such as the lymph nodes, spleen, tonsils, and thymus are also 
involved. Figure adapted from ref 8.

are around 1011 different BCRs.9,15

NK cells respond rapidly to viral infections, protect against tumour formation, and can 
recognize stressed cells in the absence of antibodies.16-18 They belong to the innate 
immune system. Before entering the bloodstream, the cells differentiate and mature 
in the BM, lymph nodes, spleen, tonsils and thymus.19 Due to MHC-class I proteins, 
NK cells and cytotoxic T cells can distinguish virus infected cells from healthy cells.6

Dendritic cells (DCs) originate in general from the common myeloid progenitor (CMP) 
cells, but can also be generated by common lymphoid progenitor (CLP) cells.20

DCs are also known as antigen-presenting cells or accessory cells. They sample 
the environment to present antigens to T cells. These cells are the communicators 
from the innate immune system, that signal to the adaptive system.21 The innate 
immune system is the fi rst line of defence against many common microorganisms 
and is essential in the control of bacterial infections.22 Also changed body cells will be 
removed by the innate immune system. Some pathogens escape from this system, 
after 4-7 days the adaptive immune system will fi ght those escpated the foreign 
bodies and pathogens.22

Macrophages engulf anything that does not have the markers of a healthy cell, this 
can be a cancer cell, but also an unknown substance or pathogen. After engulfi ng 
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the substance, it will digest it.6 Macrophages can be found in any tissue.23 There are 
several types of macrophages. Their names depend on the tissue where they are 
located, e.g. Kupffer cells in the liver, alveolar macrophages in pulmonary alveoli and 
microglia in neural tissues.24-26 Macrophages present antigens to T cells, and also 
produce anti-inflammatory cytokines, like IL-10.27 In addition to their immunological 
role, macrophages are involved in wound healing, muscle regeneration, and play a 
major role in iron-homeostasis from iron that is released by ingested RBCs.28-30

Granulocytes are a group of leukocytes with granules in their cytoplasm. Most 
abundant are the neutrophilic granulocytes.31 Eosinophilic and basophilic 
granulocytes are less common. They can be histologically distinguished using 
haematoxylin and eosin staining: neutrophilic granules are stained pink, basophilic 
granules are stained blue, and eosinophilic granules are stained red.32 All types of 
granulocytes originate from the bone marrow, are associated with inflammation, and 
have their own signalling molecules.9 Neutrophils are the most abundant type of 
white blood cells, are mainly found during the acute phase of an inflammation and 
are the major component of pus.33 Basophils and eosinophils are associated with 
chronical inflammatory conditions such as asthma.34,35 
Neutrophils phagocytose microorganisms and particles, and eosinophils degranulate 
in response to large (multicellular) parasites. In contrast, the basophils that are not 
associated with phagocytosis, but with histamine and serotonin release to initiate 
inflammatory responses.33-35

Mast cells also belong to the granulocytes. They contain many granules which are 
heparin and histamine rich. They play a role in allergic reactions like anaphylaxis and 
are involved in wound healing.36 When activated, mast cells release granules into the 
environment, activating an inflammatory response.36,37

Thrombocytes, or platelets, have the capacity to clump to avoid excessive blood 
loss when injured.38 These cell fragments are produced by megakaryocytes and 
don’t have a nucleus.39 They are about a 1/5 of the size of an RBC. In case of 
wound bleeding,  they first attach to the endothelium, then they reshape and activate 
receptors to assemble other factors involved, and finally they aggregate to each 
other. These three steps describe the major functions of thrombocytes: adhesion, 
activation and aggregation.40 

Erythropoiesis 
The hematopoietic process of production and expansion of progenitor cells and the 
subsequent maturation towards red blood cells is called erythropoiesis. RBCs are 
the most abundant cell type in blood and are responsible for the O2 transport from the 
lungs to the other parts of the body. After oxygen is released, the waste product CO2 
is transported by the RBCs from the tissues and released in the lungs.6 The protein 
responsible for oxygen and CO2 transport is hemoglobin (Hb). The average lifespan of 
an erythrocyte is 60 days in mice and 120 days in humans. As mentioned earlier, the 
first defined stage following the HSC phase is a multipotent progenitor (MPP) stem 
cell, followed by the common myeloid progenitor (CMP) stage. Additional stages in 
erythropoiesis are shown in Figure 2: the megakaryocytic-erythroid-progenitor (MEP) 
becomes more committed to the erythroid lineage.41 The first erythroid-restricted 
progenitor is called the burst forming unit erythroid (BFU-E).42 This cell will give rise 
to large colonies in specific cell culture conditions. The next more mature erythroid 
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Figure  2. Schematic representation of erythropoiesis in the mouse. The hematopoietic stem cell 
(HSC) fi rst gives rise to megakaryocytic-erythroid progenitor (MEP) cells. The MPP (multipotent 
progenitor) and CMP (common myeloid progenitor) stages are not shown. The MEP cells 
progressively develop through different stages: burst forming unit erythroid (BFU-E), colony 
forming unit erythroid (CFU-E), pro-erythroblast (pro-EB), basophilic erythroblast (baso-EB), 
polychromatic-erythroblast (poly-EB), and orthochromatic erythroblast (ortho-EB). Then, the 
nucleus is extruded from the cell, and a reticulocyte is formed. The cell subsequently reshapes to 
a biconcave disc and becomes a mature erythrocyte. During the entire process, the expression of 
surface markers KIT, CD71 and Ter119 changes dynamically. Figure adapted from ref.43.

progenitor is the colony forming unit erythroid (CFU-E), which gives rise to small 
colonies in the same culture conditions.42 In the lower panel of Figure 2 the 
expression profi les of the cell surface markers KIT, CD71 and Ter119 are indicated. 
These markers are used in the following chapters to mark the different erythroid 
stages by fl ow cytometry analysis. 
Erythropoiesis takes place in a structure called the erythroblastic island.44 This 
structure is composed of a central macrophage and is covered by proliferating 
erythroid progenitor cells. The central macrophage is also called the ‘nurse’ cell, 
since it regulates differentiation and provides nutrients to the erythroid progenitors.30

During the next maturation steps the cells become smaller, but still have a nucleus 
which decreases in size: pro-erythroblast (pro-EB), basophilic erythroblast (baso-
EB) and the orthochromatic erythroblast (ortho-EB).45 From the ortho-EB stage the 
hemoglobin levels increase rapidly. Then enucleation will be accomplished with the 
help of macrophages.46  The enucleated cells are called reticulocytes, these are 
released in the bloodstream, where they mature into erythrocytes. Reticulocytes 
still produce hemoglobin and have to adopt the typical biconcave shape of mature 
erythrocytes. 43,45,47,48 The biconcave shape increases the surface area/volume ratio, 
which promotes the exchange of O2 and CO2, and it enhances the deformability that 
is required for the RBCs to pass the small capillaries. 49-51

  

Hemoglobin and the switch
The most important protein complex in erythrocytes is hemoglobin, a tetrameric 
structure of 2 a-like and 2 b-like globins. Each globin contains a heme-group that 
can bind oxygen (Figure 3A). It is estimated that every erythrocyte contains ~270 
million hemoglobin molecules.52,53 The molecular structure shows that each globin 
contains 8 a-helices that form a three-dimensional structure termed the globin fold.53

There are many different globins produced in humans: z, a, e, g, b and δ can be 
found. In mice, they are called: z, a, ey, bh1, bmajor and bminor. The tetramers 
that are formed in humans are: adult hemoglobin (HbA): a2b2 and HbA2 a2δ2, fetal 
hemoglobin (HbF): a2g2, and embryonic hemoglobin: Hb Gower1 z2e2, and Hb, 
Gower2 a2e2 Hb Portland 1 z2g2, Hb Portland 2 z2b2.. In both humans and mice, the
different globin genes are distributed over two different loci (Figure 3B). The a-globin 
locus can be found in humans on chromosome 16 and in mouse on chromosome
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Figure 3. Schematic representation of (A) human embryonic, fetal and adult hemoglobin. On the 
right the molecular structure of a heme group, and its representation.  (B) The human (left) and 
mouse (right) globin locus. On the a-globin locus 5’ hypersensitivity site (HS)-40 is located. On 
the b-globin locus the genes are fl anked by the locus control region (LCR) with multiple HS sites. 
(C) During embryonic and fetal stages of development the composition of hemoglobin changes, 
expression of human globins is represented on the left. On the right the expression pattern of 
mouse globins is shown on the right. During this process, the location of hematopoiesis changes 
from the yolk sac to the liver, spleen and fi nally bone marrow. Figure adapted from ref 56,57.

11. The embryonic z-globin gene is located upstream of the two a-globin genes a1 
and a2. In humans, hypersensitivity site -40 (HS-40) is located further upstream. 
HS-40 is known as an erythroid specifi c enhancer that regulates the transcription of 
the a-like globin genes.54,55  The b-globin locus is located at human chromosome 11 
and on chromosome 7 in the mouse. Hypersensitivity sites are present in the locus 
control region (LCR). Located 5’ of the human b-globin gene, there are the δ-globin 
-, g-globin - and e-globin genes. In mice, ey, bh1, bmajor and bminor-globin are found 
at the  b globin locus.
Depending on the stage of life, the tetramers are composed of different globin 
combinations, due to globin gene and protein switches (Figures 3A and C). In 
humans, mice and other vertebrates, a tetramer is formed in a ratio of 2:2. In the 
early embryonic life phase of humans, the erythrocytes mainly contain z-globin and 
e-globin polypeptides, forming Hb Gower1.53

Embryonic hemoglobins can only be found at the beginning of the fi rst trimester. 
During fetal development, 2 a-globins form a tetramer with 2 g-globins: the fetal 
hemoglobin or HbF.53 This switch occurs halfway the fi rst trimester of gestation. 
A second switch happens around birth, when adult hemoglobin, HbA, gradually 
replaces HbF. HbA is composed of 2 a-globin chains and 2 b-globin chains.53

In mice only one switch occurs within the b-globin locus. The early embryonic genes 
eg and bh1 are expressed from E8.5 to E12.5. After the mouse globin switch, bmajor 
and bminor are the active b-like globin genes. Interestingly, transgenic mice carrying 
the human b-globin locus follow a switching pattern that is different from humans.58
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Human g-globin will be expressed from E8.5 and is silenced around E13.5. Human 
b-globin will be expressed from E11.5 onwards.

Hemoglobinopathies
The most common monogenetic disorders in the human population are 
hemoglobinopathies, which include sickle cell disease (SCD) and thalassemias. 
As a result of these diseases, oxygen transport is decreased and the erythrocytes 
have a shorter life span, leading to anemia.59 As a consequence, hematopoiesis is 
disturbed and unbalanced.60,61 
Despite the autosomal recessive inheritance around 300,000-400,000 patients 
are born every year worldwide.62,63 Most patients live in the tropics and subtropics: 
Southeast Asia, Middle East, India, Africa and the Mediterranean countries, Figure 
4.63 Interestingly, the heterozygous condition is thought to provide some protection 
against the malaria parasite Plasmodium falciparum which causes cerebral 
malaria.63,64 This provides a selective advantage for the disease carriers. When 
untreated, the homozygote condition is usually lethal. Due to migration, SCD and 
b-thalassemia are now common in many parts of the world.63 

Thalassemia
About 4.83% of the worldwide population is carrier of a hemoglobinopathy mutation.59 
More than 200 different mutations are known that are linked to b-thalassemia.63 These 
mutations affecting the HBB gene will lead to decreased (b+-thalassemia) or absent 
(b0-thalassemia) expression of b-globin, causing an imbalance with a-globin.66 
Three different b-thalassemias can be distinguished. The first is called thalassemia 
trait, which is a heterozygous variant: b+/b or b0/b, with one normal and one affected 
allele of HBB.67 Only mild anaemic symptoms are presented and  in general there is 
no threat to life.68 The second is b-thalassemia intermedia, which is caused by
homozygous mutations in HBB, combining b+/b+ or b0/b+ alleles.67 These patients 
usually suffer from moderate anaemia and may need blood transfusions to have 
a normal life. The transfusions cause an iron overload, which needs to be treated 
by iron chelation therapy.68 The third type is b-thalassemia major, which is due to 
homozygosity of HBB for severe b0/b0 mutations67 Patients showsymptoms soon 
after birth. They are transfusion-dependent, and consequently have to be treated

Figure 4. Representation of the distribution of thalassemia, sickle cell disease and both diseases in 
the tropic and subtropic regions: Southeast Asia, Middle East, India, Africa and the Mediterranean 
countries. Figure adapted from ref 63,65. 

Thalassemia
Sickle cell disease
Both diseases



18

Chapter 1

for iron overload.68 Since the disease manifests itself already at a young age, organ 
damage will occur during life giving these patients a shorter life expectancy.68,69  
In a-thalassemia the a-globin locus is affected. Deletions or mutations within the 
a-globin locus on chromosome 16 cause the anemia.70 Severity of the disease 
is dependent on which mutation or deletion is present, and how many alleles are 
affected.70 When all four alleles are affected, this is called a-thalassemia major. Since 
a-globin is also part of fetal HbF, foetuses die before delivery or shortly after birth.70 
When two (alpha thalassemia or thalassemia trait) or three alleles (hemoglobin H 
disease) are affected, the patients show several anemic symptoms and need to be 
treated.70 When only one allele is affected, called silent a-thalassemia carrier, there 
are no signs of the disease, but the affected allele can be transmitted to the next 
generation.70

Sickle cell disease
In SCD, a point mutation HBB:c.20A>T causes an amino acid substitution in 
b-globin: a glutamic acid is replaced by a valine.71,72 Due to this mutation, sickle 
cell hemoglobin (HbS) is formed by 2 a-globins and 2 bs-globin peptides.60 HbS is 
less soluble and leads to a disturbed environment within the erythrocyte.60 Under 
low oxygen conditions, HbS polymerizes forcing the erythrocytes to adopt the 
characteristic sickled shape.73 The lifespan of sickle cell erythrocytes is ~18 days, 
much shorter than the average lifespan of 120 days of normal erythrocytes. As the 
bone marrow cannot fully compensate the rate of destruction, this causes a shortage 
of RBCs (anemia). The sickled cells easily obstruct vessels and especially small 
capillaries, leading to a reduced oxygen delivery and causing painful crises and 
necrosis of the tissue.74 Any organ can be affected; SCD patients suffer from a much 
higher risk of stroke, eye problems and, due to repeated splenic infarction, serious 
infections.74,75 

Hereditary persistence of HbF
Hereditary persistence of fetal hemoglobin (HPFH) is a benign condition with 
persistent high levels of g-globin in adult erythrocytes.76 This can be caused by 
mutations in the HBB locus. In addition, mutations affecting the transcription factors 
KLF1, BCL11A, and MYB can also result in HPFH.77-82 The percentage of g-globin 
varies depending on the mutation. Patients with a b-hemoglobinopathy and HPFH 
combined, and having a HbF of 20% or higher, show a great reduction in clinical 
severity.83 
Treatments
Since people with HPFH combined with SCD or b-thalassemia show less symptoms 
of the diseases, several therapies are aimed at raising levels of HbF in non-HPFH 
patients.60 One of those treatments is the administration of hydroxyurea, which can 
increase HbF levels up to 10-15%.84,85 Other studies revealed that >25% HbF is 
needed to ameliorate most of the symptoms of SCD patients.60 Hydroxyurea is not 
a universal solution to SCD and b-thalassemia, because there is a high variability 
in the response rate of patients.86 Due to the increased HbF levels, the transport 
ability of oxygen increases, the cellular hydration will increase and the cells are less 
likely to sickle.87 The molecular mechanism behind hydroxyurea is not completely 
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understood. Long term side effects of hydroxyurea are not known yet, short term 
effects are: reduced neutrophil levels, bone marrow suppression, increase of liver 
enzymes, reduced appetite, weight loss and infertility.87 
Other current treatments are blood transfusions, and bone marrow transplantations. 
Blood transfusions are always combined with iron chelation therapy to prevent 
iron overload due to the transfusion.68 Iron overload will lead to damage of vital 
organs such as the heart and the liver. Bone morrow transplantation is dependent 
on availability of a suitable donor, is very invasive, risky and expensive, and not a 
realistic option in most of the countries with high disease incidence.88

Gene therapy for b-hemoglobinopathies has been applied successfully to small 
numbers of patients, but this state-of-the-art approach is unlikely to become 
available to the large majority of patients. Integration of the gene therapy vector in 
the host genome carries the risk of insertional mutagenesis.89-91 Precisely targeting 
the affected globin locus, or regulatory genes, would circumvent that risk. With the 
development of highly efficient CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats )-Cas9-based genome editing tools this approach has become 
a realistic option.92-95 However, this is currently still in research phase. All these 
innovative treatments are not accessible for the thousands of people living in low 
income countries. Later in this chapter we will discuss some target genes. These 
include known erythropoiesis regulator genes, but also new potential regulator 
genes. All those genes might be interesting targets to develop new affordable and 
low risk therapeutic strategies.  
Other potential therapies are, for example, histone deacetylase inhibitors such as 
butyrates, and the DNA methylation inhibitor 5-azacytidine.96-99 Clinical trials using 
the butyrate HQK-1001 did not lead to a therapeutic agent: two out of three phase 
II clinical trials patients showed an increase HbF and hemoglobin levels, one trial 
stopped after the first evaluation since patients did not show an increased HbF but 
showed more pain crises.100-102

The DNA methyltransferase inhibitor 5-azacytidine increases g-globin levels in 
b-hemoglobinopathies but does have potential mutagenic side effects.98,99 Despite 
this, phase I clinical trials have recently been performed that combined the deoxy 
variant of 5-azacytidine (decitabine) with tetrahydrouridine. No short-term side 
effects were observed and an increase of 4%-9% HbF was achieved.103

Experimental research models
Cell culture systems
Much knowledge of erythropoiesis has been gained from a variety of cell culture 
models. One of the most widely used systems is the murine erythroleukemia (MEL) 
cell line.97 By the addition of dimethyl sulfoxide (DMSO) MEL cells can differentiate, but 
will not enter the erythrocyte phase completely. Immortalized mouse fetal liver cells 
represent a more physiological system due to their growth factor dependence.104,105 
K562 cells are a widely-used cell line of human origin.106 They are derived from a 
chronic myeloid leukemia (CML) patient. Addition of specific components such as 
hemin, butyric acid, 5-azacytidine, chromomycin or cisplatin analogs to the medium 
can induce erythroid differentiation of K562 cells.107-112 A disadvantage of K562 cells 
is that they don’t express HbA but only embryonic hemoglobin and HbF at low levels. 
The most recently created cell lines are the immortalized human umbilical cord blood 
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erythroid progenitor (HUDEP) cells.113 There are 3 different HUDEP cell lines, they 
differ in maturation status and end stage after differentiation. HUDEP-2 cells are 
most commonly used as they faithfully model human adult erythropoiesis.
It is also possible to culture primary human erythroid progenitor (HEP) cells.  This 
system is quite laborious and these cells have a limited life span.114,115 When using 
peripheral blood or buffy coats, a homogenous cell culture system can be derived, 
although there will always be donor-to-donor variability. Of note, HEP cell cultures 
invariably display high HbF levels (5-7%), which is thought to be due to the stress 
invoked by the culture conditions. Despite these limitations, the HEP cell cultures 
are, together with the HUDEP-2 line, considered the best human erythroid model 
systems. 

Animal models for the study of erythropoiesis 
The nematode worm Caenorhabditis elegans and fruitfly Drosophila melanogaster 
do not rely on erythroid cells for gas transport; hence these widely used model 
animals are not suitable for the study of erythropoiesis. In contrast, the zebrafish 
Danio rerio has an erythroid system with many similarities to that of humans.116  
Zebrafish are easy to mutate, have a separate mesodermal site that functions like 
the mammalian yolk sac, and have thymus and aorta-gonad-mesonephros (AGM)-
like structures.117,118 Erythrocytes are responsible for oxygen transport, but remain 
nucleated and have an oval shape.118,119 Research using zebrafish has contributed 
significantly to our understanding of hematopoiesis during embryonic development 
in particular, due to the easy access to large numbers of embryos at all stages of 
development. Given the large physiological differences between adult zebrafish and 
mammals, the contribution of the zebrafish model to understanding adult mammalian 
erythropoiesis has been far more limited.
Another animal model that has been used in research is the chicken (Gallus gallus). 
Their oval red blood cells are nucleated and develop in seven steps from a rubryblast 
(erythroblast) to a mature red blood cell.120 In chicken, the proto-oncogene myb was 
correlated to hemoglobin regulation.121 Furthermore, chicken hemoglobin has a 
lower oxygen affinity than human hemoglobin.122 Chickens also have a hemoglobin 
switch during the development, where NF-E4 is a critical regulatory factor.123-127 
The most commonly used animal model for human development and disease is the 
house mouse (Mus musculus). Mice are used for multiple reasons: they are easy to 
modify genetically, easy to handle, have a small size, reach adulthood quickly, have 
large litter sizes with a short gestation period of three weeks. The erythroid systems 
of mice and humans have many similarities but also a number of differences, such 
as the life span of erythrocytes (120 vs 42 days), mean corpuscular volume (MCV 
90 vs 52 fl) and oxygen affinity (25 vs 40 mm Hg). Other differences can be found 
within the membrane protein structure which functions differently, leading to altered 
glucose, vitamin C, signalling pathways and different iron regulation.128-131 LncRNAs 
are also differently regulated between mouse and human erythropoiesis.132

At the genetic level, many similarities are found between mouse and human. When 
aligning the mouse genome to the human genome, they will match for approximately 
50%.133,134 Furthermore, they share the same transcription factors, e.g. GATA1 
and KLF1/EKLF are regulating expression of the erythroid globin genes.132,134 The 
a-globin and b-globin loci have similar structures.56 Another similarity are the erythroid 
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production sites. The first erythropoiesis happens in primitive streak mesoderm, this 
will be continued in the yolk sac, AGM and placenta.135 Subsequently, it moves to 
the fetal liver and around birth it switches to the bone marrow. Also, erythropoiesis 
is EPO driven and the hematopoietic cells have several conserved cell surface 
markers.136,137 Although there are many differences with humans, mice are considered 
to be a good animal model for hematological research. Results obtained in mice 
can be extrapolated, with caution, to human erythropoiesis. When possible, critical 
observations should be confirmed in humans.

Cre-recombinase
Cre-recombinase is a P1 bacteriophage-derived tyrosine site-specific 
recombinase.138-141 The normally monomeric Cre dimerizes around loxP sites within 
the genome, due to its high affinity to loxP.140,142,143 The loxP site is a 34 bp DNA 
sequence, when two loxP sites are linked within the genome, a so called synaptic 
complex is formed.144,145 The synaptic complex is a mechanism used by all tyrosine 
recombinases.140,141  
In recent years, many tissue-specific Cre-recombinase mouse lines were developed 
for instance by the International Mouse Phenotyping Consortium (IMPC) for different 
purposes. A search in the Mouse Genome Database shows almost 3000 matches 
for Cre.146,147 For example, there are many tamoxifen-inducible (CreERT2) Cre-
recombinase lines.148-150 Most common are constitutive tissue-specific Cre lines, for 
example Alb1-Cre is only expressed in the liver, Lck-Cre is expressed in thymocytes, 
and Tagln-Cre in smooth muscles.146,147,151-153

In this thesis, we used 4 different Cre-recombinase lines specific for the erythroid 
and hematopoietic cells. EpoR-Cre is controlled by the endogenous erythropoietin 
receptor promoter, which is active from the BFU-E stage with a maximal expression 
from the CFU-E stage, and its expression is restricted to erythroid cells.154 
Vav1-Cre is an endothelial, germ cell and pan-hematopoietic Cre recombinase line. 
Expression of this Cre recombinase transgene is controlled by the promotor of the 
Vav1 gene.155 Vav1 was first identified as an oncogene, but normally it is involved in 
B and T cell maturation and activation.156,157 Vav1 functions as a guanidine nucleotide 
exchange factor.158

The vascular endothelial cadherin (Vec) Cre recombinase transgene is controlled by 
the promotor of the VE-cadherin gene.159 VE-cadherin is a transmembrane protein 
that is involved in cell-to-cell adhesion.160 Vec-Cre activity is first found at E7.5 within 
the yolk sac blood islands, at E9.5 it will become active within the whole vasculature, 
on E10.5 it is active in endothelial cells and several intra-arterial clusters, from E11.5 
activity can be found within the fetal liver and within the blood cells and finally it can 
also be found within the adult bone marrow. 161

Mx1-Cre is the only inducible Cre-recombinase we used. This Cre-recombinase 
transgene is controlled by the Mx1 promotor, which is part of the defense against 
viruses. In healthy mice, this promotor is silent. It can be transiently induced using 
interferon (IFN) a or IFN-b. Also the IFN inducer poly-inosinic:poly-cytidylic acid 
(pIpC or pI:pC or poly IC) which is synthetic double-stranded RNA, can be used 
for Mx1-Cre induction.162 Since it is an anti-viral mechanism, it is not tissue specific. 
In bone marrow, liver and spleen recombination efficiency of almost 100% can be 
reached, in other tissues such as brain and muscles there is a maximum of 40%. 
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Known and potential regulators of hemoglobin
There are several established and many more potential regulators of hemoglobin 
expression. Several genome-wide association studies (GWAS) have been performed 
in order to understand the mechanisms of hemoglobin regulation and the hemoglobin 
switch. Some of the genes that are known to be associated with g-globin regulation 
are: MYB, KLF1, SOX6, BCL11A, and ZBTB7A, Figure 5.77,78,163-167 
KLF1
Krüppel-like factor 1 (KLF1), also known as erythroid Krüppel-like factor (eKLF), is a 
transcription factor involved in hemoglobin regulation.168 The zinc-finger motif will bind 
to a CACCC sequence in the HBB gene promotor.168 Mutations within the CACCC 
box of the HBB promoter are connected to b-thalassemia.169 KLF1 also regulates 
other erythroid associated genes.170 KLF1 knockout mice die around E13.5 due to 
defects in fetal liver erythropoiesis.170,171 In human HEP cells, g-globin is increased in 
a KLF1 knockdown. The expression in vivo increases together with the development 
of the erythroid cell differentiation, but when the differentiation proceeds towards 
the megakaryocytes KLF1 will be downregulated.76,172,173 Interestingly, mutations 
in the KLF1 gene were found in HPFH affected members of a Maltese family, but 
mutations in KLF1 are also associated with inhibition of Lutheran blood group 
expression (In(Lu)), and different types of anemia like neonatal (Nan) anemia in 
the mouse.76,174-177 Chromatin conformation capture (3C) experiments revealed that 
KLF1 is required for looping between the LCR and the mouse Hbb-b1 gene.178  
BCL11A
B cell CLL/lymphoma 11A (BCL11A) was identified as a g-globin repressor during 
GWAS studies focussed on HbF levels.77 High BCL11A is related with low levels 
of g-globin and low levels of BCL11A are linked to high levels of g-globin.179 It has 
recently been shown that BCL11A binds directly to the g-globin promoters in adult 
cells. Several HPFH-inducing mutations (-114 C>T/G/A, -117 G>A) disrupt the 
binding of BCL11A to these sites.182 BCL11A was originally found to be a proto-
oncogene in mice and humans.179 In BCL11A-mediated silencing of g-globin, the 
transcription factor SOX6 is co-expressed and interacts physically on the LCR.180 
Interestingly, in vivo studies in mice revealed that when BCL11A is depleted together 
with heterozygosity for KLF1 an even higher g-globin level is reached.181  
NuRD/FOG1/GATA1/LRF 
NuRD is a nucleosome remodelling histone deacetylase, and is a critical cofactor in 
the complex with GATA1, FOG1 and BCL11A.183,184 Although disruption of the FOG1/
NuRD interaction in transgenic mice carrying the human b-globin locus does not 
affect g-globin silencing, there is a significant reduction of HbA in bone marrow.184 
So, NuRD is required for FOG-1-dependent activation of adult-type globin gene 
expression in vivo.184

GATA1 is a zinc finger transcription factor, which was one of the first regulators 
identified controlling globin expression.185 GATA1 is named after it zinc fingers 
recognition site the consensus motif (T/A)GATA(A/G).186 GATA1 is expressed in many 
hematopoietic cell types, from erythrocytes and its progenitors to megakaryocytes 
and eosinophils.187 GATA1 knockout cells are not able to differentiate to the 
erythrocyte stage due to apoptosis and Gata1 knockout mice die around E10.5.188,189  
FOG1, Friend of GATA1, is a transcription factor essential for the erythroid and 
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Figure 5. Known and potential regulators of the g-globin gene expression, silencing and 
erythropoiesis. Known regulators are MYB, KLF1, NuRD complex, SOX6, BCL11A, GATA1, FOG1, 
CHTOP. New candidate modifiers are PRMT1, PRMT4/CARM1, PRMT5 and KDM7A. 

megakaryocyte development.190 FOG1 dimerizes with GATA1, but is also able 
to dimerize with other GATA family members.191 Depending on its partner, the 
transcription will be increased or decreased. 
Another recently found transcription factor, that acts independently from BCL11A but 
works via the NuRD repressive complex, is the Leukemia/Lymphoma Related Factor 
(LRF). In LRF deficient erythroblasts, the fetal hemoglobin is induced.192

MYB
Myeloblastosis oncogene (MYB) gene is also originally found as a proto-oncogene, 
and act as a transcription factor in erythroid cells.193,194  Experiments in K562 cells 
showed a reduction of g-globin when MYB is overexpressed.195 In addition, MYB 
shows a high expression profile in immature proliferating hematopoietic stem cells, 
and is down regulated during differentiation.196,197 Different studies showed that the 
MYB gene is activating and bound by KLF1 and is involved in the FOG1/GATA1/
LDB1 complex that shows interactions with the b-globin locus.178,198,199 
CHTOP
Chromatin target of protein arginine methyltransferase 1 (CHTOP) was identified to 
play a role in HbF regulation.167 In in vitro studies of cultured erythroid cells, a short 
hairpin mediated knockdown showed an increase of g-globin up to 31%,.167,200 In 
mice a full knockout of CHTOP is lethal due to many defects.200 Later in this thesis 
the effect of different Cre-recombinases in a Chtop conditional knockout environment 
within the erythroid system are discussed. 
PRMTs
Using mass spectroscopy, we identified PRMT1 and PRMT5 as CHTOP interaction 
partners.167,200,201 Previous work linked PRMT1 and PRMT5 to g-globin regulation.65 

Also PRMT1 was found to be essential for b-globin transcription activation by 
asymmetric dimethylation of histone 4 arginine 3  (H4R3) in mouse fetal liver cells.202 
PRMT4 (also known as CARM1),  is linked to hematopoiesis via MYB-dependent 
transcription in hematopoietic cell lines and its depletion can result in deregulated cell 
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proliferation and differentiation.203 In vitro experiments with PRMT5 drug inhibitors in 
K562 cells lead to increased g-globin expression.204

The PRMT-family consists of 9 members, which are divided in 3 groups: Type I, II 
and III, Figure 6A.207,208 PRMT stands for protein arginine methyltransferase. PRMTs 
catalyse the transfer of a methyl group from S-adenosyl-L-methionine (SAM) to 
the guanidino nitrogen atom of arginine molecule, Figure 6B. Type I enzymes are 
characterized by asymmetric w-NG,NG-arginine dimethylation (ADMA), and include 
PRMT1, PRMT2, PRMT3, PRMT4/CARM1, PRMT6 and PRMT8.208 Type II is 
characterized by symmetric w-NG,NG-arginine dimethylation (sDMA), and includes 
PRMT5 and PRMT9.209,210 PRMT7 is thus far the only Type III enzyme which is able 
to form w-NG-monomethyl arginine (MMA) on histones.211 Most PRMTs methylate 
arginine- and glycine rich motifs, called RGG/RG motifs or GAR-domains, except for 
PRMT4/CARM1, which prefers proline, glycine and methionine (PGM)-rich motifs.212

In general, the effect of arginine methylation is the modifi cation of interactions, due 
to steric effects of hydrogen bond interaction s without changing the charge of the 
molecule.213

Many full knockouts of Prmts in mice, for example, Prmt1, Prmt4/Carm1 and Prmt5
are lethal. 214-216 PRMTs are associated with many functions and roles in vivo: from 
the nerves, muscles and immune system to metabolic diseases, aging and 
cancer.217,218

In literature, we can fi nd some in vitro studies linking PRMT1 and PRMT5 to globin 
expression. PRMT1 induction in K562 cells promotes erythroid differentiation, and 
shRNA-mediated knockdown leads to suppressed erythroid differentiation.219 PRMT1 
expression enhances hemoglobin synthesis.219  According to recent literature loss 
of PRMT4 does not affect erythropoiesis and hematopoiesis, but is essential for 

Figure 6.(A) The PRMT family consists of 9 members. They all carry one or two post I, II and 
II motifs and a THW loop. PRMT2 also contains a SH3 domain and PRMT3 a zinc fi nger. (B) 
Dimethyl arginine is generated by the PRMTs in two steps where a methyl group from S-adenosyl-
L-methionine (SAM) is attached to the guanidino nitrogen atom of arginine molecule. Type I is 
arginine methylation symmetric, and Type II asymmetric. Type III only mono methylate. Figures 
adapted from ref 205,206. 
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myeloid leukomogenesis.220

Other K562 and human erythroid progenitor studies revealed that the PRMT5 protein 
binds to the g-globin promotor, and is regulated via the nuclear zinc finger protein 
LYAR (Ly-1 antibody reactive clone) and DNA methyltransferase DNMT3A.221,222 
LYAR binds to the 5’untranslated region and silences g-globin expression.221 In vitro 
studies using the methyl transferase inhibitor Adox led to inhibition of PRMT5 and an 
increase of g-globin expression in K562 cells.223 
Given the multiplicity of the PRMT functions, we hope to be able to link them to 
g-globin regulation and erythroid cell development in vivo using conditional gene 
inactivation approaches in mice.
KDM7A
In order to extend the list of new therapeutics, our laboratory compared gene 
expression profiles of high g-globin expressing tissues (fetal liver), intermediate 
g-globin expressing tissues (cord blood), and low g-globin expressing tissues (adult 
peripheral blood). Genes expressed higher in peripheral blood, were assigned as 
potential g-globin repressors. One of these candidate repressors is the histone lysine 
demethylase KDM7A. KDM7A is also known as KDM7 or JHDM1D (jumonji C 
domain containing histone demethylase 1 homolog D).224

KDM7A is a histone demethylase, and is known to demethylate H3K9me2, 
H3K27me2 and H4K20Me1.225 More specifically, demethylase activity of KDM7A 
toward H3K9me2 is only active in absence of H3K4me3, the demethylation of 
H3K27me2 is not affected by H3K4me3 status. H4K20me1 demethylation is not 
active when restricted to the histone octamers, activity is specific for the complete 
nucleosomal context.226 Dimethylation of H3K9 and H3K27 is associated with 
transcriptional repression.227 It is known that is KDM7A is important during early 
neural differentiation via regulation of FGF4.228 Full knockouts are viable, but show 
an abnormal skin morphology, especially around the hair follicles.229 

FACS markers
In this thesis, we made use of a number of pan-hematopoietic Cre recombinase 
lines. To observe the effects of depletion of potential g-globin modifier genes on the 
other hematopoietic lineages, we performed a “pan-hematopoietic” flow cytometry 
analysis.
B-cells 
The development of B cells starts at the HSC, Figure 1, after going to the MPP 
stage it will become a CLP, Figure 7. With every step in this linage, the cells aremore 
committed to become a mature B cell. In this thesis, we distinguished two different 
types of mature B cells: the marginal zone and follicular B cell. In Figure 7 the 
expression of the cell surface markers used for flow cytometry, B220, CD19, CD2, 
IgM, IgD, CD21 and CD23, are depicted with gradients indicating expression levels.  
T cells
In T cell development, hematopoietic precursor cells move first from the BM to the 
outer cortex of the thymus. Here the cell surface markers CD4 and CD8 distinguish 
mature from progenitor cells, Figure 8. T cells are first double negative (DN) for CD4 
and CD8. Here we can distinguish four different progenitor stages by CD25 and 
CD44 expression. Subsequently the cells become double positive (DP) for CD4/
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Figure 7. Development of B cells from the common lymphoid progenitor (CLP) cell via several 
intermediate steps to a mature B cell. We show two types of mature B cells: the marginal zone and 
follicular B cell. In the lower panel the expression profi les of the surface markers used for fl ow 
cytometry are presented as gradients. BCR is the B-cell receptor.  Figure adapted from ref52,230-
234.

CD8. Then they become single positive (SP) for either CD4 or CD8. From there 
they follow their own but similar fi nal maturation, by CD3/CD44/CD62L expression 
different memory T cells can be distinguished: memory stem cell, central memory, 
follicular memory, effector memory and the resident memory. Between some stages 
cells can differentiate directly in both directions.
Myeloid cells
There are many different types of myeloid cells, all originated from the HSC. Via 
the CMP and GMP they differentiate to granulocytes, monocytes, erythrocytes and 
platelets. In the pan-hematopoietic fl ow cytometry analysis we performed a separate 
staining specifi c for the erythrocyte lineage using Ter119/KIT/CD71 (Figure 2). For the 
other myeloid cells, we focussed attention on mature cells: granulocytes, monocytes 
and macrophages, Figure 9. For the granulocytes, we distinguished eosinophils 
and neutrophils. The monocytes were divided into novel/resident monocytes and 
infl ammatory monocytes. Dendritic cells were subdivided into 4 dendritic cell 
populations: pDCs, CD11c DCs, CD11b DCs and CD11b/CD11c DCs. For this we 
used the cell  surface markers SiglecF/F4-80/CD11b/Ly6G/Ly6C/CD11c. 
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Figure 8. Simplifi ed graphical representation of the differentiation from a committed precursor 
to different types of T cells. DN are double negatives for CD4/CD8. After becoming DP (double 
positive for CD4/CD8) the cells become SP (single positive for CD4 or CD8). CD4 SP and CD8 SP 
cells follow subsequently their own but similar fi nal maturation steps. TCR is the T cell receptor. 
Expression of surface markers used for fl ow cytometry is s hown in gradients. Figure is based on 
ref 52,234-238.

Figure 9. Schematic overview of the differentiation steps from hematopoietic stem cell (HSC) 
via common myeloid progenitor (CMP) and granulocyte-macrophage progenitor (GMP) to 
granulocytes (eosinophils and neutrophils), macrophages, novel/resident and infl ammatory 
monocytes and four different types of dendritic cells: pDCs, CD11c+, CD11c+/CD11b+ and CD11b 
DCs. At every cell type the cell surface markers for fl ow cytometry are indicated (SiglecF/F4-80/
CD11b/Ly6G/CD11c/Ly6C/ MHC-II). Figure based on refs 239-24.
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Scope of this thesis 
For many years, the hematopoietic field has been a major topic of interest for 
many researchers. Despite this, SCD and b-thalassemia are still the most common 
monogenetic disorders with approximately 300,000 new patients born ever year, 
and no low-threshold solutions have been developed in order to ban the impact 
of these diseases from the world. Recent progress indicates that we are coming 
closer to a permanent and satisfactory solution. It is well known that increased 
g-globin ameliorates the symptoms of b-hemoglobinopathy patients. Genome-
wide association studies and linkage analysis have revealed transcription factors 
that were shown experimentally to be directly involved in hemoglobin switching. 
Since these transcription factors are poor targets for pharmacological intervention, 
the challenge is now to identify and functionally characterize the co-factors and 
epigenetic regulators interacting with these transcription factors.
In this thesis, I show the results of the analysis of new candidate g-globin modifiers, 
and their role during hematopoiesis in vivo. Chapter 1 provides a general introduction 
to the work described in my thesis. Chapter 2 to 4 are experimental chapters, where 
we used transgenic mice carrying the human HBB locus, conditional knockout 
alleles for candidate g-globin modifiers, and a Cre recombinase active within the 
hematopoietic system.
In Chapter 2 the findings concerning the histone demethylase KDM7A are shown. 
We investigated the effects of KDM7A depletion within the hematopoietic system, 
including a pan-hematopoietic flow cytometry analysis. In Chapter 3 I describe 
the effects of Prmt1, Prmt4 and Prmt5 conditional knockouts mice within the 
hematopoietic system. In the case of Prmt4 I observed, in agreement with the 
literature, a T cell phenotype, but there was very little effect on the other cell lineages 
including the erythroid lineage, and hemoglobin switching.  For Prmt1 and Prmt5 
I observed selection for non-recombined cells, indicating a crucial role for these 
PRMTs, but precluding further interpretation of their roles in hematopoiesis. 
The topic of Chapter 4 is CHTOP. Here I investigated its role during hematopoiesis, 
the importance of rigorously checking recombination efficiency, and the efficiency 
of several erythroid and pan-hematopoietic Cre-recombinase lines. A general 
discussion about all experimental chapters can be found in Chapter 5.
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Abstract
Sickle cell disease and β-thalassemia are very common 
disorders caused by mutations affecting the HBB gene, encoding 
β-globin. Reactivation of the HBG1/2 genes, encoding the fetal 
β-like Aγ and Gγ globins, would ameliorate the symptoms of 
these patients. Since the current treatment options for the large 
majority of patients are very limited, we would like to extend the 
list of therapeutic targets aimed at reactivation of the HBG1/2 
genes. We previously identifi ed the histone demethylase 
KDM7A as a potential repressor of fetal hemoglobin expression. 
Here we show results of different conditional knockouts of the 
Kdm7a gene in a mouse model which also carries the human 
HBB locus. Erythroid-specifi c recombination by EpoR-Cre was 
effi cient but did not affect erythropoiesis. Since recombination 
by EpoR-Cre occurs late during erythroid differentiation, we 
extended the observations to pan-hematopoietic deletion by 
Mx1-Cre. Induction of Cre expression by pIpC injection resulted 
in highly effi cient recombination at the Kdm7a locus. Although we 
observed minor changes in some hematopoietic cell populations, 
these changes did not infl uence the balance in the complete 
hematopoietic system. We conclude that KDM7A is dispensable 
for hematopoiesis and does not have a role in repressing the 
HBG1/2 genes in adult erythropoiesis. 
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2
Introduction 
The most common monogenetic disorders in the human population are sickle cell 
disease (SCD) and b-thalassemia. It is estimated that every year ~300,000 children 
are born with these diseases.1 There is a high frequency of b-hemoglobinopathies in 
the Mediterranean, South-East Asia and sub-Saharan Africa. Because of migration, 
the diseases are widely spread around the world. Originally, the high frequency of 
SCD correlated with the prevalence of the malaria parasite Plasmodium falciparum. 
SCD is caused by a missense mutation, HBB:c.20A>T, in codon 6 of the HBB gene. 
This changes glutamic acid to valine, i.e. from a charged to a hydrophobic residue. 
As a consequence, hemoglobin under low oxygen conditions the globins aggregate 
and the circular biconcave shape of the erythrocytes changes to the sickle shape 
characteristic for the disease. b-thalassemia is caused by insufficient levels of 
b-globin, due to mutations in the b-globin gene or its regulatory elements. The 
symptoms of SCD and b-thalassemia can be ameliorated by high levels of g-globin, 
a b-like globin protein that is normally expressed during fetal stages of development. 
After birth, when erythropoiesis shifts to the bone marrow (BM), g-globin is silenced 
and b-globin is activated.2 For this reason SCD and b-thalassemia patients start 
displaying disease symptoms during the first year of life. Fetal haemoglobin (HbF; 
a2g2) can substitute for adult hemoglobin (HbA; a2b2). Currently, HbF is elevated in 
a subset of SCD patients using hydroxyurea.3,4 The mechanism behind the increase 
of g-globin due to hydroxyurea is incompletely understood. Novel therapeutic 
strategies are necessary for better curative and specific results not limited to a 
subset of patients. 
The benign condition hereditary persistence of fetal hemoglobin (HPFH) leads to 
high levels of HbF in adulthood.5 Deletions in the HBB locus or mutations in the 
HBG1/2 promoters can cause HPFH.6,7 For example, a mutation from G to A at -117 
of the HBG1 promoter leads to an HPFH phenotype. HPFH in combination with a 
b-hemoglobinopathy ameliorates disease severity, due to the increased HbF levels. 
Population studies have led to the identification of three loci, HBB, HSB1L-MYB 
and BCL11A, important for repression of the HBG1/2 genes in adults. 8-11  Other 
transcription factors known to play a role in developmental regulation of erythropoiesis 
include CHD4, CHTOP, GATA1, LRF, LSD1, KLF1, SOX6 and TR2/TR4.12,13 
In order to extend this list with new druggable therapeutic targets, we compared high 
γ-globin expressing cells (fetal liver), intermediate γ-globin expressing cells (cord 
blood), and low γ-globin expressing cells (adult peripheral blood). Genes expressed 
higher in peripheral blood were assigned as potential γ-globin repressors. One of 
these candidate repressors is Lysine demethylase 7A (KDM7A), also known as 
KDM7 or JHDM1D.14 KDM7A is a histone demethylase, and is known to demethylate 
H3K9me2, H3K27me2 and H4K20me1.15 More specifically, demethylase activity of 
KDM7A towards H3K9me2 is only active in absence of H3K4me3, while demethylation 
of H3K27me2 is not affected by H3K4me3. H4K20me1 demethylation by KDM7A 
only occurs in the context of the complete nucleosome.16 Dimethylation of H3K9 
and H3K27 is associated with transcriptional repression.17 It is known that KDM7A 
is important during early neural differentiation via regulation of FGF4 expression.18 
The aim of this study was to characterise the potential role of KDM7A in erythropoiesis 
and developmental regulation of globin expression in vivo and in vitro. To achieve this 
aim, we used mice carrying conditional knockout alleles of Kdm7a and a single-copy 
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transgene of the complete human HBB locus (PAC8.1). These mice were crossed 
with Cre lines to inactivate the Kdm7a gene in a tissue-specific manner.

Material and Methods
Mice
All animal studies were approved by the Erasmus MC Animal Ethics Committee. 
In this study, transgenic mouse strains were used: human HBB locus PAC8.119; 
Kdm7a floxed alleles (Eucomm)20,21 (Supplementary Figure 1). We used two lines 
with Cre recombinase active in the hematopoietic system: the Epo Receptor locus 
(EpoR-Cre)22 and the interferon inducible Mx1-Cre transgene23. Genotyping was 
performed by PCR using genomic DNA isolated from toe biopsies. Primers are listed 
in Supplementary Table 1. Embryos were collected between embryonic day (E) 11.5 
and E16.5; genotyping was performed by PCR on head DNA. Adults were analysed 
with a maximum age of 21 weeks. To detect Cre-mediated recombination of the 
Kdm7a locus, Southern blot analysis was done on erythroid tissues using probes 
listed in Supplementary Table 1. To induce Mx1-Cre mediated recombination, mice 
were injected subcutaneously (SC) 20mg/g bodyweight polyinosinic-polycytidylic 
ribonucleic acid (pIpC; P0913, Sigma Aldrich). Mice were collected after 1-2 weeks 
or they were subsequently treated with phenylhydrazine (PHZ P6926; Sigma Aldrich) 
to induce stress erythropoiesis. The mice were injected SC with 0.4% (w/v) PHZ in 
phosphate buffered saline (PBS) (12μl/g body weight) for 2 consecutive days (Day 1 
and 2). Mice were collected at Day 5 for analysis. 
Blood analysis
Peripheral blood was collected from the mandibular vein of adult mice >10 weeks. 
Standard blood parameters were measured using an automated hematologic 
analyser (Scil Vet ABC). We also performed flow cytometry on the blood. Leftovers 
were stored in TRI-reagent (93289, Sigma Aldrich) at 20°C for RNA isolation. 
Flow cytometry analysis
Single cell suspensions from blood, bone marrow, spleen and thymus were made 
by flushing and crushing the material and passing through cell strainers (40 mm, 
352340, BD Bioscience). The cells were diluted and washed in PBS containing 1mM 
EDTA. Before staining, the cells were washed in FACS buffer (PBS, 1% (w/v) bovine 
serum albumin (BSA) and 1 mM EDTA). ~106 cells were incubated for 30 minutes 
with the primary antibodies. Antibodies used are listed in Supplementary Table 2. 
Depending on the antibody combination, cells were washed in FACS buffer or PBS. 
Live cells were distinguished negatively by 7-aminoactinomycin D (7-AAD; A1310; 
Invitrogen) staining and were directly analysed. Alternatively, the cells were stained 
for 30 minutes using the Fixable Viability Dye eFluor 506 (eBioscience) and washed 
in PBS. Cells were measured on a Fortessa flow cytometer (BD Bioscience). 
MACS selection of CD71+ BM cells
To check recombination in erythroid cells, we selected for CD71 using the FITC 
labelled antibody annotated in Supplementary Table 2. We used MACS separation 
columns (Miltenyi Biotec), or FACS tubes and the EasySep kit (#18555; Stem Cell 
Technologies), and a magnet (18000; Stem Cell Technologies), according to the 
manufacturer’s instructions. 
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Southern blot analysis
Genomic DNA (20 μg) was digested with 20 units EcoRI at 37°C overnight. The 
fragments were separated on a 0.7% agarose gel, and subsequently transferred to 
a nylon membrane. Primers to generate the probe are listed in Supplementary Table 
1. The probe of 416 bp was labelled with a32P-dATP (PerkinElmer) using a nick 
translation kit (GE Healthcare) according to the manufacturer’s recommendations. 
After hybridisation and washing the blot was exposed to a phosphor screen which 
was scanned using a Typhoon FLA9500 instrument (GE Healthcare). The floxed 
allele will be visualised at 3.8 kb and the recombined allele at 3.0 kb. 
Cell culture
Human Umbilical cord blood-Derived Erythroid Progenitor (HUDEP-2) cells were 
cultured in StemSpan medium (Stem Cell Technologies), supplemented with 
doxycycline (DOX, 1 mg/ml), stem cell factor (SCF, 100 ng/ml, R&D Systems), 
erythropoietin (EPO, 2 units/ml, Janssen-Cilag), and dexamethasone (1 mM, Sigma) 
as described previously.24 To induce differentiation we used StemSpan medium 
supplemented with 500 mg/mL iron-saturated transferrin (Scipac) and EPO (10 units/
ml). For cell counting we used a CASY TTC instrument (Omni Life Science).
Lentiviral production, transduction and testing
For knockout experiments of KDM7A in HUDEP-2 cells we transduced the cells 
first with lentiCas9-Blast (Addgene plasmid # 52962).25 The lentiviral particles were 
produced in Human Embryonic Kidney (HEK) 293T cells as described previously.26 
Supernatant from the HEK-293T cells was collected on Day 1, 2 and 3 after 
transfection. On the third day, the combined supernatant was filtered using a 0.45mm 
filter. The virus particles were collected using centrifugation of 20,000 rpm for 2:15 
hours at 4°C. The HUDEP-2 cells were exposed to the lentivirus for 78-92 hours. 
Blasticidine 10 mg/mL (Life Technologies) was added for the selection of transduced 
cells. After selection, we performed a second transduction with a vector containing 
the guide RNA (gRNA). This vector was made from the pSpCas9(BB)-2A-Puro 
(PX459) V2.0 plasmid (Addgene plasmid # 62988).27 The gRNAs were designed 
with the online CRISPR design tool of the Zhang lab at MIT (http://crispr.mit.edu/). 
As a threshold, we only used guides with a score higher than 85. Furthermore, we 
blasted the guide targets for predicted off target effects. The gRNA oligonucleotides 
(Integrated DNA Technologies) are listed in Supplementary Table 1. We transferred 
the U6 promoter-gRNA part to a lentivirus producing vector; pLKO.1 puro (Addgene 
plasmid # 8453).28 After transduction, we added puromycin (1 mg/mL; Sigma) for 24 
hours.
To check the effect of CRISPR we designed a PCR around the gRNA target region. 
Using Platinum Taq polymerase (Invitrogen) according to the manufacturer’s 
instructions, we amplified a product of ~828 base pairs (bp). Subsequently, we 
used the Surveyor Mutation Detection kit (Integrated DNA Technologies) to detect 
heteroduplexes indicative of CRISPR-induced mutations. 
Protein extraction and western blotting
Whole cell lysates of blood, BM, spleen and HUDEP-2 cells were prepared using 
RIPA buffer (20 mM Tris pH7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5 mM EDTA, 
and 0.5% sodium deoxycholate) supplemented with complete protease inhibitor mix 
(Roche) and Pefablock (Roche).53 The samples were lysed on ice for 15 minutes 
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before centrifugation for 15 minutes at 10,000 rpm at 4°C. Supernatant was collected 
and mixed with 4x Sample Buffer (0.05M Tris pH6.8, 8% SDS, 40% glycerol, few 
grains Bromophenol Blue, 5% b-mercapto-ethanol). To visualize g-globin expression 
at the protein level, whole cell lysates were loaded on 10% or 12.5% SDS-PAGE, the 
gels were transferred to nitrocellulose membranes and probed with antibodies listed 
in Supplementary Table 2.
mRNA extraction and qRT-PCR
mRNA extraction was performed using TRI Reagent (Sigma-Aldrich) according to the 
manufactur’s recommendation. RNA was precipitated using addition of 0.1 volume 
of 3M NaAc pH 4.8 and addition of 3 volumes of 100% ethanol, treated with DNase 
I (Invitrogen), and subsequently transcribed to cDNA using Super Script Reverse 
Transcriptase IV (Invitrogen) in the presence of the RNAseOut RNAse inhibitor 
(Invitrogen) and Oligo(dT)12-18 (for qRT-PCRs on globins), or a random primer mix 
(for Kdm7a qRT-PCRs). The qRT-PCRs were performed on cDNA using primers 
described in Supplementary Table 1 and Platinum Taq Polymerase (Invitrogen). The 
amplification was monitored using SYBR Green (Sigma Aldrich). 

Results
In previous studies from our laboratory we identified a number of potential g-globin 
repressors including Kdm7a that encodes a histone demethylase.29 This gene is also 
known as Jhdm1d, KIAA1718 and Kdm7. To study its role in the erythroid system 
and during hemoglobin switching, we crossed mice with the Eucomm conditional 
knockout allele of the Kdm7a gene (Supplementary Figure 1) with mice carrying 
a single-copy HBB locus transgene, PAC8.1, and Cre recombinase located in the 
Epo Receptor locus (EpoR-Cre) (Supplementary Figure 2). We started with the 
analysis of blood taken from the mandibular vein on the Vet ABC Counter (Figure 1 
A). There were no significant changes observed between PAC8.1/wt; Kdm7a fl/fl and 
PAC8.1/wt; Kdm7a fl/fl; EpoR-Cre/wt animals. Although the white blood cells (WBC) 
appeared to be decreased, this was not a significant difference (p=0.38) due to high 
variability between the animals. We decided to analyse these animals in more detail. 
We weighed the animals and their spleens, but there was no significant difference 
between the two groups (Figure 1 B). We prepared single cell suspensions of spleen 
and bone marrow and performed flow cytometry analysis. To check recombination 
of the floxed alleles, we performed Southern blotting. In Supplementary Figure 1 the 
location of the probe is described and the primers used to generate the probe are 
listed in Supplementary Table 1.
The recombination efficiency in CD71+ MACS selected BM cells is almost 100% 
(Figure 1C). Indeed, RT-qPCR analysis showed an almost complete loss of Kdm7a 
mRNA (Figure 1D). 
Subsequently, we tested g-globin expression levels in BM samples using qRT-PCR; 
we did not observe any changes after EpoR-Cre mediated knock-out (Figure 1E). 
Although the Kdm7a mRNA levels are reduced, it is possible that there is still protein 
present. Unfortunately, good antibodies to check KDM7a protein levels by western 
blotting are currently not available. 
We also performed flow cytometry on bone marrow and spleen cells. Differentiation 
of erythroid progenitors proceeds from CD71-/Ter119-; CD71+/Ter119+; CD71 
intermediate (im.)/Ter119+ and finally CD71-/Ter119+. Although the flow cytometry 
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Figure 1. In the PAC8.1/wt; Kdm7a fl/fl; EpoR-Cre/wt mice there are no significant differences 
between the mice with and without Cre. (N=5 for each condition.) (A) Measured blood parameters: 
WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); HCT (hematocrit); PLT 
(platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpusc ular Hemoglobin); MCHC 
(Mean Corpuscular Hemoglobin Concentration); RDW (RBC distribution width); MPV (mean 
platelet volume). B) The mice were weighed (left panel), after sacrifice also the spleen weight was 
determined (right panel). (C) Southern blot of CD71+ MACS-selected bone marrow (BM) cells. 
(D) qRT-PCR for Kdm7a normalized using Actin; WT levels are set to 1. (E) Expression of human 
g-globin in BM, ratio of g/(g+b), x/(bH1+bm+ey) and z/(z+a) control vs. with EpoR-Cre determined 
by qRT-PCR in PAC8.1; Kdm7a fl/fl mice with and without EpoR-Cre. 

plots suggest there might be some differences in the CD71+/Ter119+ populations in 
BM and spleen of the EpoR-Cre/Kdm7a knockout animals (Figure 2A), quantification 
shows that these differences do not reach statistical significance, due to variation 
between individual animals (Figure 2B). 
As a last test to observe differences between the EpoR-Cre mediated knockout 
adult mice and their control littermates, we induced acute anemia by administering 
phenylhydrazine (PHZ) to the animals. 
We measured the blood parameters before and after PHZ treatment. Before 
treatment, we observed similar values as in the experiments of Figure 1 and 2. 
After PHZ treatment, we observed a slight reduction in white blood cell counts in 
the animals with EpoR-Cre, but this did not reach statistical significance (Figure 3A 
and B). The red blood cell (RBC) counts and hemoglobin (HGB) levels were lower 
(P-value 0.03), so were significantly different in the EpoR-Cre/Kdm7a knockout 
mice after PHZ treatment. The hematocrit and platelet levels displayed a higher 
variability and were not significantly different between the two groups. It is possible 
that the animals with EpoR-Cre recover slower from PHZ treatment than the animals 
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Figure 2. Flow cytometry of PAC8.1; Kdm7a fl /fl ; EpoR-Cre. (N=5 for each condition).  (A) Examples 
of fl ow cytometry profi les of CD71/Ter119 staining of bone marrow and spleen. (B) Quantifi cation 
of different CD71+ and – Ter119 + and - populations progenitor cells (left panel) and on the right 
more differentiated erythrocytes (right panel). 

without EpoR-Cre. Of note, the raw values (not shown) illustrate the effect of PHZ 
on many blood parameters. For instance, signifi cant changes (p-value > 0.05) 
were detected for the WBC, MCH and MCHC parameters which were increased in 
contrast to the RBC, HCT and MCV parameters which were decreased due to PHZ 
treatment. Furthermore, we measured the weight of the animals before and after 
PHZ treatment, as well as spleen weight (Figure 3C). This revealed that induction 
of stress erythropoiesis does not affect the weight of the animals. Moreover, spleen 
weights were similar between the two groups indicating that the EpoR-Cre mice 
could mount a normal stress resp onse. Figure 3D shows the plots of the erythrocytes 
from the Vet ABC counter these show that there is a new population of larger RBCs 
present in the blood after PHZ treatment. These are reticulocytes which are maturing 
into erythrocytes. The increased number of reticulocytes indicates that the animals 
have activated stress erythropoiesis in response to the PHZ treatment. However, 
there was no signifi cant difference between the EpoR-Cre mice and control animals. 
Using qRT-PCR we observed a decrease in expression of the Kdm7a gene (Figure 
3E), but this was not signifi cant. Expression of the globin genes was not affected 
(Figure 3F and G).
Using fl ow cytometry with the erythroid markers CD71/Ter119, we did not observe 
any signifi cant differences between the cell populations in blood, bone marrow and 
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spleen (Figure 4). Thus, while we observed slightly decreased numbers of RBCs in 
EpoR-Cre animals after PHZ treatment, the balance within erythropoiesis was not 
disturbed due to the absence of 
Kdm7a gene in erythroid cells. To study the role of erythropoiesis during embryonic 
development, we tested cord blood (CB) and fetal liver (FL) cells at E11.5 until E16.5 
of gestation. Using flow cytometry, we tested the different erythroid cell populations 
(Figure 5). In CB, we measured that most of the cells are as expected mature 
erythrocytes, but the balance between progenitor stages changed over time. There 
were no significant differences between the PAC8.1; Kdm7a fl/fl mice and PAC8.1; 
Kdm7a fl/fl; EpoR-Cre mice.
In the FL we observed as expected more progenitor cells and fewer mature 
erythrocytes. Over time, this balance is changed in favour of more mature progenitor 
cells.  

Figure 3. PAC8.1/wt; Kdm7a fl/fl; EpoR-Cre/wt mice were treated with PHZ (Supplementary Figure 
3C) to activate the stress erythropoiesis. (N=5 for each condition) * indicates a p-value <0.05.  
(A) Measured blood parameters before PHZ treatment WBC (white blood cells); RBC (red blood 
cells); HGB (hemoglobin); HCT (hematocrit); PLT (platelets); MCV (Mean Corpuscular Volume); 
MCH (Mean Corpuscular Hemoglobin); MCHC (Mean Corpuscular Hemoglobin Concentration); 
RDW (RBC distribution width); MPV (mean platelet volume). (B) Measured blood parameters after 
PHZ. (C) The mice were weighed before and after the treatment, after sacrificing also the spleen 
weight was determined. (D) Size distribution of RBCs before and after PHZ treatment. (E) qRT-
PCR for Kdm7a normalized using Actin relative to WT. (F) and (G) Expression of different globins 
measured by qRT-PCR, shown are the fractions of the related globins. Measurements are relative 
to control littermates. 
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Figure 4. Flow cytometry of PAC8.1; Kdm7a fl /fl ; EpoR-Cre mice after PHZ treatment. (N=5 for each 
condition) (A) Examples of fl ow cytometry profi les of CD71/Ter119 staining of blood, bone marrow 
and spleen cell s. (B) Quantifi cation of different CD71+ and – Ter119 + and - populations.

Although most stages do not show a difference, the appearance of progenitors within 
the FL of PAC8.1; Kdm7a fl /fl  mice and PAC8.1; Kdm7a fl /fl ; EpoR-Cre mice seems 
delayed.  
In Figure 6 (A-D) we tested by qRT-PCR the relative expression of the different mouse 
and human globins at E12.5 until E16.5 of gestation. Looking at for example g-globin 
levels in E12.5, there is an increase in expression, but due to the limited number 
of samples this is not signifi cant. Between the different stages of development, the 
globin levels vary a lot and no signifi cant differences in the relative expression of the 
globins were detected. Subsequently, in Figure 6D we tested the levels of Kdm7a
relative to Actin and normalized to WT using qRT-PCR in FL cells. The expression 
of Kdm7a is reduced at E12.5, we were not able to measure this at other time points 
due to technical problems. 
Because of the lack of phenotypical changes in the PAC8.1; Kdm7a fl /fl ; EpoR-
Cre mice, we decided to follow a broader approach by using the pIpC inducible 
Mx1-Cre line. This Cre recombinase is expressed in the hematopoietic stem cell 
compartment after pIpC induction. We injected mice of 4 months for 4 times with 
pIpC/PBS (Supplementary Figure 3A). 2 weeks after the last injection, the animals 
  were sacrifi ced, and the erythroid organs (blood, spleen and BM) analyzed.In the size 
distribution of RBCs there is no difference (Figure 7A). Also in other blood parameters 
measured, there are no signifi cant changes after pIpC induction of Mx1-Cre (Figures 
7B_C). Both mouse and spleen weights are slightly reduced, but these changes do 
not reach signifi cance (Figure 7D). Southern blot analysis of the genomic DNA shows 
that activation of Mx1-Cre results in a high recombination effi ciency in CD71+ and 
CD71– BM cells of these mice (Figure 7E). In the spleen, there is less recombination 
as compared to the bone marrow. This can be explained since the recombination 
percentage in spleen is lower compared to BM. In addition, spleen size is also 
lower in Mx1-Cre mice. Anemia is compensated specifi cally by expansion of the 
erythroblast compartment in the spleen. Given that Kdm7a-defi cient erythroblasts 
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Hematopoietic conditional knockout of mouse Kdm7a.

2

Figure 5. Flow cytometry plots of CD71/Ter119 antibody staining of fetal liver and cord blood at 
E11.5 until E16.5 of gestation and their quantifi cation (E11.5/E12.5/E14.5/ E15.5 WT n=5 and cKO 
n=3; E13.5 WT n=4 cKO n=5; E16.5 WT n=3 cKO n=3).

demonstrated reduced initiation of the progenitor compartment in fetal liver, reduced 
correction of RBC and HCT following PHZ treatment, it can be expected that non-
recombined erythroblasts expand in the spleen whereas recombined erythroblasts 
contribute much less to spleen erythropoiesis. This skews the recombination 
percentage in the regenerating spleen compared to the BM where steady state
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Figure 6. Relative 
expression of different 
hemoglobins and the 
Kdm7a gene in fetal 
livers at E12.5 until E16.5 
of gestation. (E12.5 WT 
n=2 cKO n=2; E13.5/
E14.5/E15.5/E16.5 WT 
n=3 cKO n=3) (A) fraction 
of human g-globin 
relative to human 
b-globin. (B)  fraction of 
mouse z-globin relative 
to mouse a-globin. (C) 
mouse e-globin relative 
to mouse bm-globin. 
(D) levels of the Kdm7a 
gene relative to Actin. 

 

erythropoiesis occurs. Testing the mRNA levels of the globins in spleen and CD71+ 
BM cells, we didn’t observe any changes (Figure 7G and H). Unfortunately, we 
cannot measure the protein levels of Kdm7a. As we induced Mx1-Cre in adult mice, 
it is possible that there is still protein left within the cells that masks the knockout 
phenotype. 
To test this hypothesis, we induced Mx1-Cre a few days after the mice were born. 
Since the animals are small at the start of the experiment, we could not test the 
blood parameters before injection. Figure 8A and D represent the measurements 
of the Vet ABC counter after 4 months just before sacrificing the animals. No 
significant changes were observed for any of the blood parameters measured. After 
sacrificing the animals their body and spleen weights were measured. The total body 
weight was not affected by the conditional knockout, but the spleen weights were 
significantly smaller in the Kdm7a cKO mice after pIpC induction (Figure 8B; p-value 
0.0079). Figure 8C shows that the recombination was very efficient in the different 
hematopoietic organs analyzed (spleen, BM and thymus). Of note, the BM cells 
were analyzed without prior selection for CD71+ cells, indicating pan-hematopoietic 
inactivation of Kdm7a upon pIpC treatment.
Testing the human and mouse globins using qRT-PCR, we observed an apparent 
decrease of z-globin versus a-globin and ey-globin versus bh1-globin, but this was 
not statistically significant (Figures 8E-F). 
Of note, we observed an almost complete reduction of the Kdm7a mRNA in bone 
marrow and spleen of Kdm7a cKO mice after pIpC induction (Figure 8G). Because 
we induced the Mx1-Cre recombinase soon after birth,  any protein left should be
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2

Figure 7. PAC8.1; Kdm7a fl/fl; Mx1-Cre pIpC injected mice. (n=5 for each condition). (A) Size 
distribution of RBCs before and after pIpC treatment. (B) and (C) Measured blood parameters 
WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); HCT (hematocrit); PLT 
(platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpuscular Hemoglobin); MCHC (Mean 
Corpuscular Hemoglobin Concentration); RDW (RBC distribution width); MPV (mean platelet 
volume) before and after pIpC induction. (D) Graphical representation of the mice and spleen 
weights after pIpC treatment. (E) Southern blot of spleen cells and CD71+ and - selected bone 
marrow cells. (F) Relative expression of Kdm7a normalized to Actin and relative to WT expression. 
(G) Expression of different globins RT-qPCR represented as a fraction. For example fractions were 
calculated as b/(b+g) and g/(b+g). Samples with and without Mx1-Cre in CD71+ selected bone 
marrow cells, and (H) spleen are shown.  

diluted after multiple cell divisions. From this, we can conclude that Kdm7a does not 
affect the globin expression levels. 
Because Mx1-Cre is active from the early hematopoietic stem cell stage, this 
may affect also other hematopoietic cell populations. We therefore set up a pan-
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hematopoietic flow cytometry analysis.
For the erythroid cells, we performed CD71/KIT staining to mark the progenitor 
cells in blood, BM and spleen, and CD71/Ter119 staining to mark the more mature 
cells. The gating strategies are displayed in Supplementary Figure 5. In blood, we 
observed as expected mostly mature cells and almost no progenitor cells (Figure 
9). The PAC8.1; Kdm7a fl/fl and PAC8.1; Kdm7a fl/fl; Mx1-Cre mice did not display 
significant differences between the populations of these cells. In BM, as expected 
there are more progenitor cells found than in blood. After pIpC treatment, there were 
two populations affected differently between the PAC8.1; Kdm7a fl/fl and PAC8.1; 
Kdm7a fl/fl; Mx1-Cre mice, it is the erythroid specific compartment that is reduced 
upon loss of Kdm7a: the early progenitors BFU/CFU erythroblasts (CD71-; c-KIT+) 
were slightly increased from 9,7% in the control to 12,3 % in the cKO animals and 
the poly/orthochromatic erythroblast cell populations (CD71 intermediate; Ter119+) 
were decreased from 20,6% in the control to 13,3% in the cKO animals. A reduced 
regenerative capacity is shown, what is compensated by increase of the input cells 
c-KIT+ BFU-E cells. In the other cell populations, including the earliest stem cells and 
progenitors, no differences were found. In spleen, there was a small but significant 
decrease from 13,9% in the control to 8,8% in the control animals in the population 
of mature erythroid cells.
In the flow cytometry plots of the spleen cells, the double negative population is 
not specifically the erythroid cell population, but may also be other spleen cells. In 
conclusion, there were some subtle differences between progenitor cell populations 
in the conditional knockouts and their floxed littermates, but this did not change the 
overall balance of erythroid cells in BM and spleen. 
Next, we performed stainings to mark different T cell populations in the spleen and 
thymus. The gating strategy between these organs differs slightly (Supplementary 
Figure 5). In spleen, the NK1.1-/CD3+ general T cell population was reduced from 
34% in the controls to 21,6% in the cKO animals. (Figure 10). In Figure 8B we 
showed that the spleen sizes are also decreased in the PAC8.1; Kdm7a fl/fl; Mx1-
Cre mice compared to the PAC8.1; Kdm7a fl/fl mice. Within the T cell population, the 
balance between the CD8/CD4 populations did not change drastically (Figure 10). 
Only the double positives decreased from 0.72% to 0.45% with a p-value of 0.03. 
Subsequently, the CD4+/CD8- (T-helper cells) and CD4-/CD8+ (cytotoxic T cells) 
populations were further gated using CD44/CD62L. Within the CD4 positive T-helper 
cells, the CD62L negative cells are the memory cells, and the CD62L positive cells 
are naïve T-helper cells. 
Within the CD8 positive cytotoxic T cell group we can distinguish activated, effector 
and naïve cytotoxic T cells, using CD62L/CD44. In none of the CD62L/CD44 cell 
populations significant differences were found (Figure 10). In conclusion, the total 
number of T cells in the spleen was slightly reduced; this reflects the smaller spleen 
sizes of the knockout animals. What is caused by the reduced regenerative capacity 
of the erythroblast in the spleen. The balance between the differentiated T cell 
populations was not changed.
The thymus is the organ where the T cells develop. We performed a similar staining 
on these cells, although the gating strategy is more laborious (Supplementary Figure 
5). We started with NK1.1/FSC-A where we took the NK1.1 negative cells (Figure 
11). Then we continued to distinguish the different CD4/CD8 populations. 
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Figure 8. PAC8.1; Kdm7a fl/fl; Mx1-Cre pIpC injected mice. (WT n=4 vs cKO n=5) (A) Measured 
blood parameters WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); HCT (hema-
tocrit); PLT (platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpuscular Hemoglobin); 
MCHC (Mean Corpuscular Hemoglobin Concentration); RDW (RBC distribution width); MPV (mean 
platelet volume) after pIpC induction. (B) Graphical representation of the mice and spleen weights 
after pIpC treatment. ** p-value > 0,01. (C) Southern blot of spleen cells, bone marrow and thymus 
cells. (D) Size distribution of RBCs. (E) Expression of the fraction of different globins in bone mar-
row, and (F) spleen. (G) Relative expression of Kdm7a normalized to actin and WT. 

In the capsule of the thymus the T cells start as CD4-/CD8- cells and are called 
precursor thymocytes.30 After moving to the cortex they become double positive (DP) 
for CD4/CD8. Subsequently, the cells move to the medulla of the thymus, where they 
become single positive (SP) for CD4 or CD8. Compared to the controls, the different 
populations did not change in the conditional knockout mice (Figure 11). We then 
looked into more detail to specify the subpopulations of these different T cell stages.
Within the immature double-negative (DN) CD4-/CD8- cells we gated for CD3-/
FSC-A medium/high cells to select the most immature T cells. From this group, we 
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Figure 9. Erythroid fl ow cytometry in young injected PAC8.1; Kdm7a fl /fl  mice vs. PAC8.1; 
Kdm7a fl /fl ; Mx1-cre mice. After life/dead gating (see Supplementary Figure 5) (A) CD71/KIT is 
used to mark different progenitor cell stages, while (B) CD71/Ter119 is used to distinguish more 
differentiated cells. CD71/KIT maturation goes counter clock wise, while CD71/Ter119 goes clock 
wise. * indicates a p-value of < 0,05.  (WT n=4 vs cKO n=5)

can further specify four different immature DN stages of those cells using CD44/
CD25. During maturation, immature T cells start as DN1 cells with CD25-/CD44high, 
then in DN2 they become CD25+/CD44+ DP. Subsequently, the cells lose CD44 
and are CD25 SP in DN3, and fi nally in DN4 the cells lose CD25 expression and 
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2

become DN for those markers. In our PAC8.1; Kdm7a fl /fl ; Mx1-Cre mice we found 
an increase from 21,7% in the controls to 31,1% of the DN3 cells. Looking at the other 
DN stages, we observed some minor increases or decreases, but these differences 
did not reach statistical signifi cance. 
For the more mature cells we went back to the CD4/CD8 gating, where we also 
looked at the SP cells.31 For the CD4+ and CD8+ SP cells we gated for CD3/FSC-A, 
but here we took the CD3+ cells to select for the mature cells. Then we continued with 
CD62L/CD44. We can distinguish effector T cells CD62L-/CD44+, central memory T 
cells CD62L+/CD44+, and naïve T cells which are CD62L+/CD44-. The CD3 positive 
cell population of the CD8 SP cells, we also can mark the immature single positives 
(ISP) cells as a CD3-negative population. These gating strategies were applied on 
thymus cells from PAC8.1; Kdm7a fl /fl ; Mx1-Cre mice and their PAC8.1; Kdm7a fl /fl  
littermates. We didn’t observe any signifi cant differences in those T cell populations 
between the conditional knockout animals and the controls. Thus, the change we 
obse rved at the DN3 stage does not appear to affect the mature cell populations.
To mark different B cell populations in spleen and BM we used a cocktail of B220/
CD19/CD23/CD21/CD2/IgM and IgD, see Figure 12. After gating for single living 
cells and using the FSC-A and SSC-A parameters (Supplementary Figure 5) we 
continued with a B220/CD19 gating. Here we mark the plasmacytoid Dendritic Cells 
(pDC)s and B cells. Subsequently, we used CD23/CD21 to distinguish follicular 
(CD23+/CD21 medium), marginal zone (CD23-/CD21+) and newly formed B cells 
(CD23-/CD21-). In BM, we further analysed the newly formed cell population CD23-/
CD21- using CD2/FSC-A to mark the pro/pre-B cells and small pre-B cells. The 
only signifi cant differences we observed were in the spleen, were the pDCs are 
decreased from 2,1% in the controls to 1,5% in the cKO animals and the B-cell 

Figure 10. T cell staining of spleen cells. After live/dead marking (not shown) CD3/NK1.1 was used 
to distinguish between NK-cells and T cells. This is followed by CD4/CD8 staining, which mark 
different populations of T cells. Within the CD4+ population is CD62L/CD44 gated to distinguish 
CD4 memory and naïve CD4 T cells. Within the CD8+ population CD62L/CD44 mark activated, 
effector memory  a nd naïve CD8+ T cells. (WT n=4 vs cKO n=5) * indicates a p-value of < 0.05. 
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Figure 11. T cell staining of thymus cells. After gating for life/dead cells and using the FSC-A/
SSC-A, we used NK1.1 negative cells to continue (Supplementary Figure 5). Then the T cells are 
subdivided in double negative immature (DN:CD4-/CD8-), double positive precursors (DP:CD4+/
CD8+), and mature single positives (SP:CD4+ or CD8+). Subsequently, the DN and SPs are further 
analyzed using CD3/FSC-A which mark the immature (CD3-) or mature (CD3+) cells. The immature 
cells are further marked using CD25/CD44 which mark the maturation stadia. The mature SPs are 
further analyzed using CD62L/CD44. CD44+/CD62L- are effector T cells, CD44+/CD62L+ are central 
memory T cells; and CD44-/CD62L+ cells are naïve T cells. For CD8+SPs also the immature cells 
are marked as ISP using the CD3/FSC-A. (WT n=4 vs cKO n=5). * indicates a p-value of < 0.05.
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Figure 12. B cell staining of (A) spleen and (B) BM cells; after gating for live cells, single cells 
and lymphocytes. We used the B220/CD19 staining to distinguish plasmacytoid dendritic cells 
(pDC) and B cells. We continued with the B cell population for a CD23/CD21 gating. Here we gate 
for CD21/CD23 where we gate for follicular, marginal zone and newly formed B cells. In BM, the 
subpopulation of newly formed cells are subsequently gated by CD2/FSC-A to distinguish pro/
pre-B cells and small pre-B cells. From the B cell population we also checked the Immature, 
recirculating mature and pro /pre-B cells using IgM/IgD. (WT n=4 vs cKO n=5) * marks a p-value < 
0.05 

45,1

1,52

0-103 103 104 105

0

-10 3

103

104

105

pDC: B
22

0 -
 , C

D19
 +

B-C
ell

s: 
B22

0+
, C

D19
+

0

10

20

30

40

50

%
 o

f p
os

iti
ve

 c
el

ls

new
ly 

form
ed

 ce
lls

; C
D23

-, C
D21

-

marg
inal 

zo
ne B

-ce
lls

; C
D23

-, C
D21

 +

follic
ular

 B
-ce

lls
; C

D23
+, 

CD21
 m

ed
0

20

40

60

80

100
%

 o
f p

os
iti

ve
 c

el
ls

pro
 pre 

B-C
ell

s; 
IgM- Ig

D-

Im
matu

re 
B-C

ell
s, 

IgM+, 
IgD -

rec
irc

ulat
ing m

atu
e B

-C
ell

s: 
IgM,+ 

IgD +
0

20

40

60

80

100

%
 o

f p
os

iti
ve

 c
el

ls

14,10,90

81,8

0 104 105

0

-10 3

103

104

105

89,3

0,22

7,73

0-104 104 105

0

-10 3

-10 4

103

104

105

9,320,63

87,4

0 104 105

0

-10 3

103

104

105

92,0

0,077

6,05

0-104 104 105

0

-10 3

-10 4

103

104

105

spleen

PAC8.1; Kdm7a fl/fl PAC8.1; Kdm7a fl/fl; Mx1-Cre PAC8.1; Kdm7a fl/flPAC8.1; Kdm7a fl/fl; Mx1-Cre

*

*

follic
ular

 B
-ce

lls
; C

D23
+, 

CD21
 m

ed

marg
inal 

zo
ne B

-ce
lls

; C
D23

-, C
D21

 +

new
ly 

form
ed

 ce
lls

; C
D23

-, C
D21

-
0

20

40

60

80

100

%
 o

f p
os

iti
ve

 c
el

ls

Im
matu

re 
B-C

ell
s, 

IgM+, 
IgD -

rec
irc

ulat
ing m

atu
e B

-C
ell

s: 
IgM,+ 

IgD +

pro
 pre 

B-C
ell

s
0

10

20

30

40

50

%
 o

f p
os

iti
ve

 c
el

ls

pro
 an

d pre 
B ce

lls

sm
all

 pre 
B

0

20

40

60

80

100

%
 o

f p
os

iti
ve

 c
el

ls

PAC8.1; Kdm7a fl/fl PAC8.1; Kdm7a fl/fl; Mx1-Cre

pDC: B
22

0-,
 C

D19
+

B ce
ll: 

B22
0- 

+, 
CD19

+
0

10

20

30

40

50

%
 o

f p
os

iti
ve

 c
el

ls

44,8

2,22

0-104 104 105

0

-10 3

103

104

105

38,241,7

17,7

0-103 103 104 105

0

-10 3

103

104

105

19,8

0,011

79,7

0-104 104 105

0

-10 3

103

104

105

21,8

71,6

0 50K 100K 150K 200K 250K

0

-10 3

103

104

105

42,9

2,82

0-104 104 105

0

-10 3

103

104

105

39,934,2

23,6

0-103 103 104 105

0

-10 3

103

104

105

25,3

0

73,9

0-104 104 105

0

-10 3

103

104

105

24,1

71,1

0 50K 100K 150K 200K 250K

0

-10 3

103

104

105

PAC8.1; Kdm7a fl/fl
PAC8.1; Kdm7a fl/fl; 

Mx1-Cre

bone marrow

PAC8.1; Kdm7a fl/fl
PAC8.1; Kdm7a fl/fl; 

Mx1-Cre PAC8.1; Kdm7a fl/fl
PAC8.1; Kdm7a fl/fl; 

Mx1-Cre PAC8.1; Kdm7a fl/fl
PAC8.1; Kdm7a fl/fl; 

Mx1-Cre

Ig
M

IgD
C

D
21

CD23

C
D

21

CD23

Ig
M

IgD

C
D

2

FSC-A

27,0

1,77

0-103 103 104 105

0

-10 3

103

104

105

PAC8.1; Kdm7a fl/fl PAC8.1; Kdm7a fl/fl; Mx1-Cre

C
D

19

B220

C
D

19

B220

A

B



56

Chapter 2

Figure 13. Myeloid fl ow cytometry analysis on spleen cells. After gating for granulocytes and liv-
ing cells, we gated for eosinophils and macrophages using SiglegF/F4-80. To distinguish myeloid 
cells from dendritic cells (DCs) we used CD11b/CD11c. Subsequently, CD11c+ DCs were further 
gated using CD11c/MHCII to mark small and large DCs. CD11b/Ly6G was used to distinguish neu-
trophils and monocytes within the living cell population. Within the monocytes, we used CD11b/
Ly6C to mark novel/resident and infl ammatory monocytes.  (WT n=4 vs cKO n=5) * marks a p-value 
< 0.05
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population is increased from 22,2% to 43,2% in PAC8.1; Kdm7a fl /fl ; Mx1-Cre mice. 
Since the balance between the more specifi ed cell types has not changed, this might 
be an effect of the smaller spleen sizes of the conditional knockout animals (Figure 
8B).
Finally, we checked the myeloid cells for changes due to the conditional knockout in 
PAC8.1; Kdm7a fl /fl  and PAC8.1; Kdm7a fl /fl ; Mx1-Cre mice (Figure 13). For this we 
used SiglegF/F4-80 to distinguish eosinophils (F4-80-/SiglegF+) and macrophages 
(F4-80+/SiglegF-).32 To mark the different dendritic cell populations, we used CD11b/
CD11c and MHCII/CD11c.33 Myeloid cells are characterized by CD11b+/CD11c-, 
conventional dendritic cells (cDCs) are double positive for CD11b+/CD11c+, and 
the immature dendritic cells (L-DCs) are CD11b-/CD11+. This group is further 
analysed using MHCII and CD11c.34 Here we can distinguish small and large DCs. 
The monocytes and neutrophils are analysed using CD11b/Ly6G. Neutrophils are 
DP for CD11b/Ly6G, while monocytes are SP for CD11b. To invest the monocyte 
population more specifi cally, we used CD11b/Ly6C. Novel/resident monocytes are 
CD11b+/Ly6C- and infl ammatory monocytes are CD11b+/Ly6C+. In our mice, we 
only observed an increase of the CD11c SP DCs in conditional knockout animals 
(p=0.0238). There were minor changes in t he monocyte populations, but these did 
not reach statistical signifi cance. 

CRISPR-mediated knock out of the KDM7A gene in HUDEP-2 cells
Recently HUDEP-2, a human umbilical cord-derived cell line, was developed.24 Using 
CRISPR-Cas9 technology we aimed to knock out the KDM7A gene in HUDEP-2 
cells.25-28 We fi rst transduced HUDEP-2 cells with lentiCRISPR-blast to obtain cells 
stably expressing Cas9 protein. After blasticidin selection and confi rming expression 
of Cas9 protein, the cells were transduced with a pLKO vector carrying the guide 
RNA targeting KDM7A. After puromycin selection, we isolated protein and genomic 
DNA of the pool of cells. On the genomic DNA we performed a surveyor assay to 
detect heteroduplexes and with the protein lysates we did a western blot (Figure 14). 
The surveyor assay detected two extra fragments after digestion specifi c for gRNA 
treated cells, showing successful modifi cation of KDM7A. To test the effect of the 
generated mutations on KDM7Aa expression at the protein level, we used a human-
specifi c antibody against KDM7A. Unfortunately, this revealed that the protein level 
was not affected. Because of limited availabil ity of material we could not test further 
characteristics of the cells. 

Figure 14. (A) Sur-
veyor assay of PCR 
products of genomic 
DNA from the pool 
HUDEP-2 cells after 
blasticidin and puro-
mycin selection. (B) 
Western blot of RIPA 
lysates SDS-PAGE 
stained for KDM7A 
and tubulin. 
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Discussion
Hematopoiesis is a complex process in which many factors play an important role. 
In order to understand this mechanism better and find new molecular targets for 
pharmacological treatment of SCD and b-thalassemia, we investigated the function 
of Kdm7a in conditional knockout-mice that carry the human HBB locus PAC8.1, and 
Cre recombinase specific for erythropoiesis or hematopoiesis. 
First, we started with the EpoR-Cre line, which targets Cre to the erythroid lineage. 
This approach turned out to be ineffective. Due to the lack of a good antibody for 
mouse KDM7A, we were unable to check KDM7A protein levels. We observed 
efficient recombination at the genome level, but Kdm7a mRNA was not efficiently 
reduced in the erythroid lineage. 
In the normal situation at the moment there should be feedback control, there is no 
difference, but after PHZ treatment and in the beginning of the fetal erythropoiesis 
the production of RBC should be optimal, then the production Kdm7a recombined 
cells stays behind.
Subsequently, we chose a Cre recombinase already active in the hematopoietic 
stem- and progenitor cell compartment: Mx1-Cre. Upon pI:pC induction of Cre 
recombinase in adult animals, we observed efficient recombination at the Kdm7a 
locus, accompanied by reduction of Kdm7a mRNA levels. However, compared to 
the controls the hemaglobin type remained unaffected in the conditional knockout 
animals. Nevertheless we see a decreased regenerative capicity in those ainimase. 
We observe a smaller spleen and there alre less RBC and a lower hematocrite 
level. Also the smaller spleen size show less recombination, what is caused by this 
reduced regererative capicity. 
We then induced Cre recombinase in P7-P10 pups and analysed the animals at 
4 months. We observed smaller spleens in the conditional knockout mice. As a 
consequence, several cell populations residing in the spleen, e.g. T- and B cells, are 
affected. The percentages of the total T cell population are decreased in the spleen, 
while the percentages of the total B cell population are increased. 
This relative change does not affect the distribution between specified T- and B cell 
populations, e.g. CD4+ or CD8+ memory or naive T cells or the different types of B 
cells.
Because of the efficient recombination, as shown by the Southern blots, together 
with the RT-qPCR data that shows a reduced mRNA level, we can conclude that 
depletion of Kdm7a does not impair hematopoiesis such that the cell populations in 
peripheral blood are affected.  
In HUDEP-2 cells we tested one guide RNA to modify the KDM7A gene. Although 
the surveyor assay shows some alterations due to this gRNA, no changes were 
detectable at the protein level. Effects could also be measured using single cell 
analysis methods to avoid background of the unaffected cells within the cell pool.
In addition to this, lack of higher g-globin levels does not make KDM7A a new potential 
target for treatment of SCD and b-thalassemia patients.
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Supplementary Figure 1.  Conditional knockout allele of Kdm7a gene. We used the conditional 
allele after FRT/FLP. EcoRI sites were used to check recombination effi ciency by Cre recombinase 
using a probe at the location indicat ed. See Supplementary Table 1 for the primers to generate 
the probe. 
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Supplementary Figure 3 Strategy to activate Mx1-Cre using pIpC administration, and to activate 
the erythroid stress response by PHZ administration. 

Supplementary Figure 4 Different gating strategies of erythroid stainings of  cord blood, fetal liver, 
adult blood, bone marrow and spleen cells. 
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Supplementary Figure 5    Gating strategies of B-, T cell and myeloid fl ow cytometry staining. 
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Supplementary Table 1
Name / gene1 Sequence (5’ to 3’) Purpose 
KDM7A_cond_Fw GAGTAGATGGTTTGGAAGATGTGG Genotyping
KDM7A_cond_Rv AGGCACAATGGAAACACTCAAGTG Genotyping
KDM7A_probe_Fw GGGTGGAGTAGGACTTAGATTT Probe southern blotting
KDM7A_probe_Rv CCACATCTTCCAAACCATCTAC Probe southern blotting
PAC8.1_Fw GCTGCTGTTATGACCACTAGAGGG Genotyping
PAC8.1_Rv AGACAGGGAAGGAGGTGTGG Genotyping 
EpoR-Cre_Fw GTGTGGCTGCCCCTTCTGCCA Genotyping
EpoR-Cre_Rv CAGGAATTCAAGCTCAACCTCA Genotyping
general-Cre_Fw ACCCTGTTACGTATAGCCGA Genotyping
general-Cre_Rv CTCCGGTATTGAAACTCCAG Genotyping
CAG_Flp_Fw CCCATTCCATGCGGGGTATCG Genotyping
CAG_Flp_Rv GCATCTGGGAGATCACTGAG Genotyping
KDM7A_m_qPCR_Fw CCTTGACATTCTTGAGCTCC qPCR
KDM7A_m_qPCR_Rv TCTTTCGCTCTCCACTCAG qPCR
Gapdh_m_qPCR_Fw CTACTGGTGTCTTCACCACC qPCR 
Gapdh_m_qPCR_Rv TCGTGGTTCACACCCATCAC qPCR
a_m_qPCR_Fw TTGGCTAGCCACCACCCT qPCR
a_m_qPCR_Rv CCAAGAGGTACAGGTGCA qPCR
bmajor_m_qPCR_Fw ATGGCCTGAATCACTTGGAC qPCR
bmajor_m_qPCR_Rv ACGATCATATTGCCCAGGAG qPCR
bH1_m_qPCR_Fw TGG ACA ACC TCA AGG AGA CC qPCR
bH1_m_qPCR_Rv ACC TCT GGG GTG AAT TCC TT qPCR
ey_m_qPCR_Fw TGGCCTGTGGAGTAAGGTCAA qPCR
ey_m_qPCR_Rv GAAGCAGAGCACAAGTTCCCA qPCR
b_h_qPCR-Fw TACAATTTGCTTCTGACACAAC qPCR
b_h_qPCR-Rv ACAGATCCCCAAAGGAC qPCR
g_h_qPCR-Fw AGGTGCTGACTTCCTTGGG qPCR
g_h_qPCR-Rv GGGTGAATTCTTTGCCGAA qPCR
h_KDM7A_exF1 CACCGGGTTCCAAACCAGTGCAAGC CRISPR guide
h_KDM7A_exR1 AAACGCTTGCACTGGTTTGGAACCC CRISPR guide
h_KDM7Adeltest_F1 ACTGTGCTTATTTAGGGAGTAAGTC CRISPR surveyor
h_KDM7Adeltest_R1 CCCAGTGTGCACATAGATGTAA CRISPR surveyor

1	  _m_ = mouse; _h_=human; Fw = sense; Rv = antisense
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Supplementary Table 2
Antibody Manufacturer Order # Dilution 
For flow cytometry
CD71-FITC BD Pharmingen 553266 1:400
Ter119-PE BD Pharmingen 553673 1:400
cKit-PE-Cy7 BD Pharmingen 558163 1:200
CD44-APC BD Pharmingen 559250 1:400
Ly6C-Brilliant Violet 605 BD Horizon 563011 1:500
2,4G2 block Homemade - 1:300
Fixable Viability Dye eFluor® 506 eBioscience 65-0866-14 1:400
CD3-FITC BD Pharmingen 553062 1:320
CD25-PERCP-Cy5.5 BD Pharmingen 551071 1:160 for 

spleen or 
1:640 for 
thymus

CD4-APC-Cy7 BD Pharmingen 560181 1:200
NK1.1-Pacific Blue BD Horizon 560524 1:50
CD8a-PE-Cy7 eBioscience 25-0081-82 1:1600
CD44-PE BD Pharmingen 553134 1:1000
CD62L-APC eBioscience 17-0621-82 1:5000
CD21-FITC eBioscience 11-0212-85 1:500
CD19-PERCP-Cy5.5 eBioscience 45-0193-82 1:320
B220-Alexa Fluor 700 eBioscience 56-0452-82 1:160
IgM-Bio BD Pharmingen 553436 1:80
Streptavidin-APC-eFluor 780 eBioscience 47-4317-82 1:400
CD2-PE eBioscience 12-0021-83 1:2500
CD23-PE-Cy7 eBioscience 25-0232-81 1:500
IgD-APC eBioscience 17-5993-82 1:2500
F4/80-FITC eBioscience 11-4801-85 1:100
CD11b-PERCP-Cy5.5 BD Pharmingen 550993 1:100
MHCII-Alexa Fluor 700 eBioscience 56-5321-82 1:400
Ly6C-Brilliant Violet 605 BD Horizon 563011 1:500
SiglecF-PE PD Pharmingen 552126 1:320
Ly6G-PE-Cy7 BD Pharmingen 560601 1:500
CD11c-PertexRed Invitrogen MDC11c17 1:100
7-aminoactinomycin D Invitrogen A1310 1:400
For western blotting:
Tubulin Thermo Fisher A11126 1:1000
KDM7A Abiocode R0234-2b 1:1000
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Abstract
Protein Arginine Methyl Transferases (PRMTs) are enzymes that 
function in a wide variety of cellular processes. To study their 
role in hematopoiesis in vivo, and in erythropoiesis specifi cally, 
we analzed the hematopoietic compartment in mice harbouring 
fl oxed alleles of Prmt1, Prmt4 and Prmt5 and the pIpC-inducible 
pan-hematopoietic Mx1-Cre recombinase gene. Recombination 
of the fl oxed Prmt4 allele was very effi cient. Deletion of Prmt4
mainly affected T cell development, in agreement with previous 
reports. We observed a low recombination effi ciency of the fl oxed 
Prmt1 and Prmt5 alleles, indicating selective survival of cells in 
which recombination had not occurred. Using tissue-specifi c 
constitutively active Cre lines, Vav1-Cre and Vec-Cre, we found 
more effi cient recombination in Prmt5 fl /wt mice compared 
to Prmt5 fl /fl  littermates. This supports the notion of selection 
for homozygous fl oxed cells that escaped recombination. The 
essential role of PRMT1 and PRMT5 in hematopoiesis  was 
confi rmed by CRISPR targeting in HUDEP-2 cells, a cell line 
modelling adult human erythropoiesis.
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Introduction 
Blood is composed of many different cell types, from immune cells to platelets, but 
the most common cells are the erythrocytes. When reticulocytes are released to 
the blood from the bone marrow (BM), they rapidly mature to erythrocytes that have 
an average lifespan of 120 days.1 Erythrocytes are packed with hemoglobin (Hb), 
which facilitates oxygen uptake in the lungs and transport throughout the body to 
the organs. The composition of Hb changes during development. Before birth fetal 
hemoglobin (HbF) contains 2 a-globin and 2 g-globin peptides to from a tetramer. 
After hemoglobin switching is completed during the first year of life, g-globin is 
silenced to <1% and expression of adult b-globin is fully activated to form adult Hb 
(HbA), composed of 2 a-globin and 2 b-globin peptides.2 
In sickle cell disease (SCD) and b-thalassemia the HBB gene, encoding b-globin, is 
affected. In SCD a point mutation HBB:c.20A>T leads to an amino acid substitution 
(p.Glu6Val) and creates sickle cell hemoglobin (HbS).3,4 HbS is less soluble and 
leads to a disturbed environment within the erythrocyte.4 As a response to low 
oxygen, HbS polymerizes and forces the erythrocytes to adopt a sickle shape. 
Sickled erythrocytes can block the microvasculature leading to local depletion of 
oxygen supply and promoting formation of more sickled erythrocytes. This leads to 
very painful sickle cell crises which may cause permanent damage to any organ.5 In 
b-thalassemia mutations in the HBB gene cause reduced expression of the b-globin 
peptide, resulting in an imbalance with a-globin and insufficient levels of HbA.6 In 
both diseases, most of the symptoms are ameliorated when combined with the 
benign condition of hereditary persistence of HbF (HPFH), which is characterized by 
high levels of HbF in adults.7 Since b-hemoglobinopathy patients with HPFH display 
a more benign course of disease, therapies are aimed to raise levels of HbF in non-
HPFH patients.4 The only FDA-approved drug for SCD is hydroxyurea, which may 
increase the HbF levels up to 30% in some patients.8,9 Other studies revealed that 
>25% HbF gives the best effects in SCD patients.4 Hydroxyurea is not the definitive 
solution to SCD and β-thalassemia: there is a high variability in response between 
the patients, and the mechanisms behind hydroxyurea are poorly understood. 
Therefore, new therapeutic targets need to be revealed. 
Several laboratory and genome-wide association studies (GWAS) have been 
performed in order to understand the mechanisms of high HbF and the hemoglobin 
switch. Some of the genes that are associated with g-globin regulation are: MYB, 
KLF1, SOX6, BCL11A and CHTOP.10-16

We previously identified CHTOP to play a role in HbF repression.14 CHTOP stands 
for Chromatin Target of PRMT1, and has been shown in in vitro studies to suppress 
HbF.14 Upon lentiviral mediated CHTOP knockdown of human erythroid progenitor 
(HEP) cells and cultured mouse fetal liver (FL) cells carrying the human HBB locus 
PAC8, g-globin levels increased up to 31% of total hemoglobin.14 To identify CHTOP 
interacting partners, PRMT1 and PRMT5 were found using mass spectrometry.14,17,18 
We showed that both PRMT1 and PRMT5 can methylate CHTOP.
Previous work linked PRMT1 to HBB locus regulation19 and PRMT5 to repression of 
the HBG1/2 genes.20,21 In addition, PRMT4 (also known as CARM1) is considered as 
a general cofactor for transcriptional activation.22 The aim of this study was therefore 
to characterise the role of PRMT1, PRMT4/CARM1 and PRMT5 in erythropoiesis 
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and developmental regulation of globin expression. To achieve this aim, we used 
mice carrying conditional knockout alleles of Prmt1, 4 and 5, and a single-copy 
transgene of the complete human HBB locus (PAC8.1). These mice were crossed 
with Cre lines to inactivate the floxed Prmt genes gene in a tissue-specific manner.
The mammalian protein arginine methyltransferase (PRMT) family consists of 9 
members, and is divided in 3 groups: Type I, II and III.23,24. PRMTs catalyse the transfer 
of a methyl group from S-adenosyl-L-methionine (SAM) to the guanidino nitrogen 
atom of arginines. Type I is characterized by asymmetric ω-NG,NG-dimethylated 
arginines (ADMA), and includes PRMT1, PRMT2, PRMT3, PRMT4/CARM1, PRMT6 
and PRMT8.23 Type II is characterized by symmetric ω-NG,NG-dimethylation (sDMA), 
and includes PRMT5 and PRMT9.25,26 PRMT7 is thus far the only Type III enzyme 
which is able to form ω-NG-monomethylarginine (MMA) on histones.27 Most PRMTs 
methylate arginine- and glycine rich motifs, called RGG/RG motifs or GAR-domains, 
except for PRMT4/CARM1, which prefers proline, glycine and methionine (PGM)-
rich motifs.28 In general the effect of arginine methylation is changing interacting 
partners, due to steric effects of hydrogen bond interactions without changing the 
charge of the molecule.29 
In our study, we focussed on PRMT1, PRMT4/CARM1 and PRMT5. PRMT1 is a ~42 
kDa protein that forms a homodimer.30 In RAT1 fibroblast cells and mouse liver cells, 
PRMT1 is responsible for about 85% of the protein arginine methylation activity.31 
PRMT1 is associated with a number of proteins, including BTG1 and BTG2.32 
PRMT4/CARM1, a ~60 kDa protein, catalyses the methylation of other substrates 
than PRMT1, for example PABP1.32 Loss of PRMT1 or PRMT4/CARM1 leads to 
perinatal death. The type II PRMT included in our study is PRMT5. This ~72 kDa 
protein is the major Type II enzyme and is able to from complexes in the cytoplasm 
as well as in the nucleus.33-36 Cells lacking PRMT5 show problems with the splicing 
machinery.37 
PRMTs can function both as activators and as repressors of transcription. PRMT1 
and PRMT4/CARM1 are associated with active transcription by methylation of 
specific histones (H4R3me2a), and recruiting other transcriptional activators such as 
p300/CBP.22,38 PRMT5 is associated with repressive functions through methylation of 
H3R3me2s, this will recruit DNA methyltransferase 3a (DNMT3a) leading to further 
gene repression by DNA methylation.39 In contrast, PRMT5 is also able to fortify 
WDR5 mediated activation.40 PRMTs are associated with many functions in vivo: 
from nerves, muscles and the immune system to metabolic diseases, aging and 
cancer.22,41 PRMT1 induction in K562 cells promotes erythroid differentiation, and 
shRNA-mediated PRMT1 knockdown leads to suppressed erythroid differentiation.42 
PRMT1 expression enhances hemoglobin synthesis. According to recent literature 
loss of PRMT4 does not affect erythropoiesis and hematopoiesis, but is essential 
for myeloid leukomogenesis.43 Other K562 and human erythroid progenitor in vitro 
studies revealed that the PRMT5 protein binds to the g-globin promotor, via the nuclear 
zinc finger protein LYAR (Ly-1 antibody reactive clone) and DNA methyltransferase 
DNMT3A.44,45 LYAR binds to the 5’untranslated region and silences g-globin 
expression.44 In vitro studies using the methyl transferase inhibitor Adox led to a 
inhibition of PRMT5 and an increase of g-globin expression in K562 cells.46 Due to 
this multiplicity of the PRMT functions, we hope to be able to link them to g-globin 
regulation and erythroid cell development. Since Prmt1, Prmt4/Carm1 and Prmt5 
full knockouts die before birth, we used mice with floxed alleles of these genes in 
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combination with tissue-specific Cre recombinase knockin and transgenic lines.47-49

Material and Methods
Mice
All animal studies were approved by the Erasmus MC Animal Ethics Committee. 
In this study, transgenic mouse strains were used: human b-globin (HBB) locus 
PAC8.1; Prmt1, Prmt4 and Prmt5 floxed alleles (Eucomm).50,51 We used several 
Cre recombinase lines active in the hematopoietic system: endothelial, germ cell 
and pan hematopoietic Vav1-Cre52; vascular endothelial cadherin (Vec-Cre)53, 
and the interferon inducible Mx1-Cre54. Genotyping was performed by PCR using 
genomic DNA isolated from toe biopsies. Primers are listed in Supplementary Table 
1. Embryos were collected between embryonic day (E) 10.5 and E16.5; genotyping 
was performed by PCR on head DNA. Adults were analysed with a minimum age of 
10 weeks and maximum age of 21 weeks. To detect Cre-mediated recombination of 
the Prmt1, Prmt4 or Prmt5 locus, Southern blot analysis was done on BM, spleen 
and thymus using probes listed in Supplementary Table 1. To induce Mx1-Cre-
mediated recombination, mice were injected subcutaneously (SC) with 20μg/g body 
weight polyinosinic-polycytidylic ribonucleic acid (pIpC; P0913, Sigma Aldrich) for 
3 times every other day starting at the end of the first week after birth. Because 
the animals were still small, we could not take pre-treatment samples to measure 
blood parameters. Instead, we used blood samples from littermates without Mx1-
Cre that were also treated with pIpC. After about 2 months, 1-2 weeks prior to 
analysis, the mice received a final pIpC injection. In some experiments, mice were 
subsequently treated with phenylhydrazine (PHZ P6926; Sigma Aldrich) to induce 
stress erythropoiesis. The mice were injected SC with 0.4% (w/v) PHZ in phosphate 
buffered saline (PBS) (12μl/g body weight) for 2 consecutive days (Day 1 and 2). 
Mice were collected at Day 5 for analysis. 
Blood analysis
Peripheral blood was collected from the mandibular vein of adult mice >10 weeks. 
Standard blood parameters were measured using an automated hematologic 
analyser (Scil Vet ABC). All values were set at 100% for the control mice without 
Cre. We also performed flow cytometry on the blood. Leftovers were stored in TRI-
reagent (93289, Sigma Aldrich) at -20°C for RNA isolation. 
Flow cytometry analysis
Single cell suspensions from blood, bone marrow, spleen and thymus were made 
by flushing and crushing the material and passing through cell strainers (40 μm, 
352340, BD Bioscience). The cells were diluted and washed in PBS containing 1mM 
EDTA. Before staining, the cells were washed in FACS buffer (PBS, 1% (w/v) bovine 
serum albumin (BSA) and 1 mM EDTA). ~106 cells were incubated for 30 minutes 
with the primary antibodies. Antibodies used are listed in Supplementary Table 2. 
Depending on the antibody combination, cells were washed in FACS buffer or PBS. 
Live cells were distinguished negatively by 7-aminoactinomycin D (7-AAD; A1310; 
Invitrogen) staining and were directly analysed. Alternatively, the cells were stained 
for 30 minutes using the Fixable Viability Dye eFluor 506 (eBioscience) and washed 
in PBS. Cells were measured on a Fortessa flow cytometer (BD Bioscience). 
Southern blot analysis
Genomic DNA was isolated from bone marrow, spleen and thymus. No selection was 



72

Chapter 3

performed, unless depicted otherwise. Genomic DNA (20 μg) of Prmt1 conditional 
knockout (cKO) mice was digested with 20 units of DraI enzyme overnight at 37°C, 
for Prmt4 and Prmt5 we used 20 units of EcoRI at 37°C overnight. The fragments 
were separated on a 0.7% agarose gel, and subsequently transferred to a nylon 
membrane. Primers to generate the probes are listed in Supplementary Table 1. The 
probes were labelled with α32P-dATP (PerkinElmer) using a nick translation kit (GE 
Healthcare). For Prmt1 the probe size was 492 base pairs (bp), Prmt4 522 bp and 
Prmt5 428 bp. After hybridisation and washing the blot was exposed to a phosphor 
screen which was scanned using a Typhoon FLA9500 instrument (GE Healthcare). 
The floxed Prmt1 allele will be visualised at 4.87 kb and the recombined allele at 
3.82 kb. The floxed Prmt4 allele will be visualised at 6.8 kb and the recombined allele 
at 5.1 kb. The floxed Prmt5 allele will be visualised at 2.65 kb and the recombined 
allele at 1.8 kb. 
Cell culture 
Human Umbilical cord blood-Derived Erythroid Progenitor (HUDEP-2) cells were 
cultured in StemSpan medium (Stem Cell Technologies), supplemented with 
doxycycline (DOX, 1 mg/ml), stem cell factor (SCF, 100 ng/ml, R&D Systems), 
erythropoietin (EPO, 2 units/ml, Janssen-Cilag), and dexamethasone (1x10-6M, 
Sigma) as described previously.55 To induce differentiation we used StemSpan 
medium supplemented with 500 μg/mL iron-saturated transferrin (Scipac), human 
AB plasma (3%, Sigma), and EPO (10 units/ml). For cell counting we used a CASY 
TTC instrument (Roche).
Lentiviral production and transduction
For knockout experiments of PRMT1, PRMT4 and PRMT5 in HUDEP-2 cells we 
transduced the cells first with lentiCas9-Blast (Addgene plasmid # 52962).56 The 
lentiviral particles were produced in Human Embryonic Kidney (HEK) 293T cells as 
described previously.57 Supernatant from the HEK-293T cells was collected on Day 
1, 2 and 3 after transfection. On the third day, the supernatant was filtered using 
a 0.45μm filter. The virus particles were collected using centrifugation of 20,000 
rpm for 2:15 hours at 4°C. The HUDEP-2 cells were exposed to the lentivirus for 
78-92 hours. Blasticidin S (10 mg/ml; Santa Cruz) was added for the selection of 
transduced cells. After selection, we performed a second transduction with a vector 
containing the guide RNA (gRNA). This vector was made from the pSpCas9(BB)-2A-
Puro (PX459) V2.0 plasmid, which was a gift from Dr. Feng Zhang (Addgene plasmid 
# 62988).58 The gRNAs were designed with the online CRISPR design tool of the 
Zhang laboratory at MIT (http://crispr.mit.edu/). As a threshold, we only used guides 
with a score higher than 85. Furthermore, we blasted the guide targets for predicted 
off-target effects. The gRNA oligonucleotides (Integrated DNA Technologies) are 
listed in Supplementary Table 1. We transferred the gRNA part to a lentiviral vector; 
pLKO.1 puro which was a gift from Bob Weinberg (Addgene plasmid # 8453).59 After 
transduction, we added puromycin (1 μg/mL; Sigma) for 24 hours to the cells.
To check the effect of the CRISPR we designed PCRs around the gRNA target 
regions. Using Platinum Taq polymerase (Invitrogen) according to the manufacturer’s 
instructions, we amplified a product of ~523-553 bp. Subsequently, we used the 
Surveyor Mutation Detection kit (Integrated DNA Technologies) according to the 
manufacturer’s instructions, to detect heteroduplexes indicative of CRISPR-induced 
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mutations. 
PRMT5 inhibiting compound GSK591
The PRMT5 inhibiting compound GSK591 (Sigma ML1751) was dissolved in DMSO 
and used at different concentrations in HUDEP-2 cells.
Protein extraction and western blotting
Whole cell lysates of unselected cells of blood, BM, spleen and HUDEP-2 cells 
were prepared using RIPA buffer (20mM Tris pH7.4, 150 mM NaCl, 1% NP40, 0.1% 
SDS, 0.5 mM EDTA, and 0.5% sodium deoxycholate) supplemented with complete 
protease inhibitor mix (Roche) and Pefablock (Roche).60 The samples were lysed 
on ice for 15 minutes before centrifugation 15 minutes at 10,000 rpm at 4°C. 
Supernatant was collected and mixed with 4x Sample Buffer (0.05M Tris pH6.8, 
0.3 mg/mL, 8% SDS, 40% glycerol). Whole cell lysates were separated by 10% or 
12.5% SDS-PAGE, the gels were transferred to nitrocellulose membranes (0.45 mm, 
GE Healthcare), and probed with antibodies listed in Supplementary Table 2.
TIDE
On the PCR fragments of genomic DNA we performed TIDE (Tracking of Indels by 
DEcomposition) analysis (https://tide.nki.nl/) to check the efficiency of the CRISPR 
guides.61 

Results
PRMT4: analysis of normal hematopoiesis
In previous studies from our laboratory we identified a number of potential 
g-globin repressors. Here we present our findings concerning the protein arginine 
methyltransferases PRMT1, PRMT4 and PRMT5.
According to literature, PRMT4/CARM1 is not essential for normal hematopoiesis 
but necessary for leukemogenesis.43 To test whether PRMT4 modifies functional 
parameters of hematopoietic cells, we crossed with PAC8.1/wt; Prmt4 fl/fl mice with 
Mx1-Cre/wt mice. Mx1-Cre is a pIpC-inducible Cre recombinase, which is active 
from the hematopoietic stem cell, we started the pIpC injection course within one 
week after birth. Blood parameters were analysed when mice were 10 weeks old. 
Blood samples from littermates without Mx1-Cre that were also treated with pIpC 
were used as controls.
We didn’t observe significant differences in the blood parameters between PAC8.1/
wt; Prmt4 fl/fl mice with and without Mx1-Cre (Figure 1A). Cellularity of femur BM, 
spleen and thymus was calculated from cell suspensions using a CASY instrument, 
Figure 1B. Although the number of BM and spleen cells were lower in KO mice, 
this difference was not significant. The only significant difference observed with 
the total cell numbers was in the thymus. RBC size distribution (Figure 1C), and 
expression of globin genes measured by RT-qPCR using RNA isolated from bone 
marrow (figure 1D) and spleen (figure 1E) were also similar between animals with 
and without Mx1-Cre. We also found that the Prmt4 cKO animals weighed slightly, 
but not significantly, less than the controls mice (Figure 1F). This could explain most 
of the observed reductions in cell counts, which were generally also not significant 
except for the thymus. We checked the recombination efficiency on genomic level 
(Figure 1G). Recombination efficiency was very high reaching 100% in some of the 
Prmt4 cKO animals. Since Mx1-Cre is active from an early hematopoietic stem cell, 
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it might affect not only the erythroid cells, but also other cell types. So we extended 
these observations with a pan-hematopoietic flow cytometry analysis. From the 
literature it is known that Prmt4 null embryos display aberrant T cell development 
and maturation in E18.5 embryos.20,62 Here we report the effects of PRMT4 ablation 
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Figure 1. Control and Prmt4 cKO mice. (age 10 weeks WT n=4 and cKO n=4. * indicates a p-value 
<0,05.)  (A) Measured blood parameters: WBC (white blood cells); RBC (red blood cells); HGB 
(hemoglobin); HCT (haematocrit); PLT (platelets); MCV (Mean Corpuscular Volume); MCH (Mean 
Corpuscular Hemoglobin); MCHC (Mean Corpuscular Hemoglobin Concentration); RDW (RBC 
distribution width); MPV (mean platelet volume) measured one day before sacrificing. (B) Number 
of cells per tissue counted using CASY TTC instrument. (C) Size distribution of RBCs. (D) and (E) 
Expression fraction of g-globin and mouse globins were determined using qRT-PCR. Fractions 
were calculated using g/g+b, z/(z+a) and bm/(bm+ey+bH1). (F) Mouse (left panel) and spleen 
weights (right panel). (G) Southern blot analysis of spleen, bone marrow and thymus DNA after 
pIpC treatment. 
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on adult hematopoiesis. 
To analyse the erythroid compartment in more detail, we stained BM, spleen and blood 
with CD71, Ter119 and KIT, Figure 2. Maturation from erythroid cells goes from KIT single 
positive, panel A, then they become KIT/CD71 double positive. After they lose the KIT 
marker, cells will become CD71/Ter119 positive, Figure 2 panel B. Subsequently they 
will lose the CD71 marker as a mature erythroid cell. In Prmt4 cKO mice we observed 
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Figure 2. Flow cytometry analysis of erythroid cells in control and Prmt4 cKO mice. After live/
dead gating, different erythroid progenitor cell populations were measured using CD71/Ter119 
and CD71/KIT. (A) Maturation starts with CD71-/KIT+ and moves counter clock wise. (B) Using 
the Ter119 marker: maturation starts with CD71-/Ter119- and moves clock wise to the mature 
erythrocytes.  (C) graphical repesentation of the distribution of the erythroid facs markers CD71, 
KIT and Ter119.(WT=4 vs cKO n=4. * indicates a p-value of  <0.05).  
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Figure 3. T cell fl ow 
cytometry analysis 
of control and Prmt4 
cKO (A) spleen and 
(B) thymus. After live/
dead marking (not 
shown) CD3/NK1.1 
or NK1.1/FSC-A was 
used to distinguish 
between NK-cells 
(NK1.1+) and T cells 
(NK1.1- /(CD3+)). 
Different populations 
of T cells are further 
specifi ed using CD4/
CD8. CD4-/CD8- 
double negative (DN) 
cells are immature 
T cells, in thymus 
they are located in 
the capsule. In the 
thymus (panel A), 
they move to the 
cortex and become 
CD8+/CD4+ double 
positive (DP) which 
are precursor cells. 
Mature T cells are 
characterized which 
are located in the 
medulla of the thymus 
are marked as single 
positive (SP) for CD4 
or CD8. From here 
the gating strategy 
differs between 
spleen and thymus. 
In spleen (panel B) 
the CD4+ population 
is CD62L/CD44 used 
to distinguish CD4 
memory (CD62L-/
CD44+) and naïve 
CD4 T cells (CD62L+/
CD44-and+). Within 
the CD8+ population 
we can specify 
activated (CD62L+/
CD44+), effector 
(CD62L-/CD44+) and 
naïve (CD62L+/CD44-) 
T cells. In thymus DN 
and SPs are further categorized using CD3/FSC-A, to distinguish immature negative and mature 
positive cells. Subsequently, different maturation stadia of the DN immature cells are marked using 
CD25/CD44. DN1 is CD25-/CD44+, DN2 CD25+/CD44+, DN3 CD25+/CD44- and DN4 is CD25-/CD44-. 
The mature SP cells are further analysed using CD62L/CD44: effector T cells are characterized by 
CD62L-/CD44+, central memory T cells carry CD62L+/CD44+, and naïve T cells are CD62L+/CD44-. 
Immature single positive (ISP) cells are marked by CD8 SP and then CD3-. (WT n=4 vs cKO n=4. * 
indicates a p-value of  < 0.05). 
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two differences that were signifi cant, both in the peripheral blood. One was in the 
CD71-/KIT+ population, which is an increase of immature cells, that goes from 
0.0027% to 0.0064%, which is so small that it is irrelevant. Those cells might be 
non-erythroid progenitors. The second difference was found in the CD71-/Ter119+ 
population, representing mature erythrocytes, which was decreased by ~3% in the 
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Figure 4. B cell fl ow cytometry analysis of control and Prmt4 cKO (A) spleen cells and (B) bone 
marrow. First, we gated for single cells, and lymphocytes using FSC-A/FSC-H and FSC-A/SSC-A. 
Subsequently we used the markers B220/CD19 markers to distinguish the plasmacytoid dendritic 
cells (pDC; CD19-/B220+) and B cells (CD19+/B220+ and -). The B cell population is thereafter 
subdivided in six groups. Three subpopulations are divined using CD23/CD21; follicular (CD23+/
CD21 medium); marginal zone (CD23-/CD21+) and newly formed (CD23-/CD21-) B cells. IgM/IgD 
markers are used to distinguish immature (IgM+/IgD-); recirculating (IgM+/IgD+) and pro/pre (IgM-/
IgD-) B cells. The last group is in BM cells further specifi ed as pro/pre-B cells (CD2-) and small 
pre-B cells (CD2+) using CD2/FSC-A. (WT n=4 vs  cKO n=4) .
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Prmt4 cKO animals. But this was not refl ected in the blood parameters (Figure 1A).
With specifi c interest, we looked at the different T cells populations, because we 
observed a reduced thymus in Prmt4-deleted mice (fi gure 1B), and because literature 
describes aberrant T cell development and maturation in embryos.62 Figure 3 shows 
the different T cell populations in the spleen (panel A) and in the thymus (panel B). 
After gating for live/dead cells, we gated for CD3/FSC-A, as T cells are CD3- and 
NK cells CD3+. Immature T cells within the capsule of the thymus are CD8-/CD4- 
negative (DN). After moving to the cortex, the precursor T cells become CD8+/CD4+ 
positive (DP). Subsequently, the T cells become single positive (SP) for CD4 or CD8 
and move to the spleen. Using CD62L and CD44 we can specify these cells further.
CD4+ SP cells are subdivided in memory (CD62L-/CD44+) and naïve (CD62L+/
CD44-and+) T cells. CD8 SP cells are divided in activated (CD62L+/CD44+), effector 
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Figure 5. Flow 
cytometry analysis 
for myeloid cells in 
spleen from control 
and Prmt4 cKO 
mice. After gating 
for living cells and 
lymphocytes, we 
could distinguish 
7 different types 
of myeloid cells: 
eosinophils (F4-
8 0 - / S i g l e g F + ) , 
macrophages (F4-
8 0 + / S i g l e g F + ) , 
c o n v e n t i o n a l 
dendritic cells (DCs: 
CD11c+/CD11b+) , 
immature DCs 
(CD11c+/CD11b-) , 
other myeloid cells 
(CD11c-/CD11b+), 
neutrophils (Ly6G+/
CD11b+) and 
monocytes (Ly6G-/
CD11b+). The 
immature DCs are 
further categorised 
as small DCs 
( C D 11 c - / M H C I I + ) 
and large DCs 
(CD11b+/MHCII+) . 
Monocytes are 
subdivided in novel/
resident monocytes 
( C D 1 1 b + / L y 6 C - ) 
and infl ammatory 
monocytes (CD11b+/
Ly6C+). (WT n=4 vs. 
cKO n=4. * indicates 
 p<0.05).
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(CD62L-/CD44+), and naïve (CD62+/CD44-) CD8+T cells. 
In spleen, we observed a significant increase of almost 12% of CD4 SP cells, and 
a decrease of 11% of CD8 SP cells. Other populations were not affected by the 
conditional knockout of PRMT4.
In thymus, we observed a small decrease of 2% in the CD4 SP population. So, the 
differences in spleen are more pronounced than in the thymus. This could be caused 
by the maturation of the T cells, which first are DN, then become DP and then SP 
for CD4 or CD8. In thymus, the main population are the DP CD8+/CD4+ cells. When
maturation is complete, the cells leave the thymus. Since the genotype of the Prmt4 
conditional knockout affects the SP CD4 and CD8 T cells, this would be observed 
more easily in the spleen where these cells accumulate, rather than in the thymus.
Next, we analysed the mice for different B cell populations present in spleen and BM 
using flow cytometry. After gating for living, single cells and lymphocytes, we used 
B220/CD19 to distinguish the plasmacytoid dendritic cells (pDCs: CD19-/B220+) 
from the total B cell population (CD19+/B220+and-). Subsequently we can specify 6 
different B cell categories: follicular (CD23+/CD21-), marginal zone (CD23-/CD21+) 
and newly formed (CD23-/CD21-) B cells, and immature (IgM+/IgD-), recirculating 
(IgM-/IgD+), and pro/pre- (IgM-/IgD-) B cells. The last group can be further specified 
in BM using CD2/FSC-A, the small pre-B cells are CD2+ and conventional pro/pre-B 
cells are CD2 low. Figure 4 shows the percentages of those different cell populations 
in spleen (panel A) and BM (panel B). Two changes in the splenic B cell populations 
can be observed. The immature B cells (IgM+/IgD-) are increased by 7% in the Prmt4 
cKO animals compared to the controls. In contrast, the percentage of recirculating 
mature B cells was decreased by 8%. This suggests delayed B cell maturation in the 
absence of PRMT4. The other measurements of B cell populations did not reveal 
significant differences between the controls and the Prmt4 cKO animals. 
For different myeloid cell populations, we checked the spleen. First, we gated for 
living cells and leukocytes. Using F4-80/SiglegF we distinguished eosinophils (F4-
80-/SiglegF+) and macrophages (F4-80+/SiglegF+). In addition, with the help of 
markers CD11c/CD11b, we distinguished different dendritic cell (DC) populations: 
conventional DCs are CD11c+/CD11b+, immature DCs are CD11c+/CD11b- and 
other myeloid cells within this staining are CD11c-/CD11b+. Finally, neutrophils are 
Ly6G+/CD11b+, and monocytes are Ly6G-/CD11b+. Monocytes are further specified 
in novel/resident (CD11b+/Ly6C-) and inflammatory (CD11b+/Ly6C+) monocytes. 
Figure 5 shows our findings concerning the myeloid cells in the Prmt4 cKO mice; no 
significant changes were found in any of the myeloid populations analysed.

PRMT4: analysis of stress hematopoiesis
In mice, steady state erythropoiesis is located in BM. Stress erythropoiesis initiated 
by anemia, however, takes place in the spleen, and is controlled by distinct 
environmental factors. To investigate whether Prmt4 affects stress erythropoiesis in 
the spleen, anemia was induced in Prmt4 cKO mice by administration of PHZ on 2 
subsequent days. Three days after the second PHZ injection, blood was taken from 
the mandibular vein and analysed on the animal blood cell counter (Figure 6A and 
B). No significant differences were found between control and Prmt4 cKO littermates. 
The number of cells in the BM, spleen and thymus were also not significantly different 
(Figure 6C). 
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Histograms of RBCs size distribution revealed clear differences before and after PHZ 
treatment; in response to the anemia, a population of newly formed reticulocytes 
appears (Figure 6D). This response is similar between the control and Prmt4 cKO 
littermates. This is in agreement with the MCV/MCH/MCHC values measured on the 
animal blood cell counter (Figure 6A). In addition, the body and spleen weights were 
not signifi cantly different between the two groups of mice (Figure 6E). PHZ treatment 
did result in a ~5-fold increase in spleen weight (compare Figure 1), as a result of the 
stress erythropoiesis response.
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Figure 5. Flow cytometry analysis for myeloid cells in spleen from control and Prmt4 cKO mice. 
After gating for living cells and lymphocytes, we could distinguish 7 different types of myeloid 
cells: eosinophils (F4-80-/SiglegF+), macrophages (F4-80+/SiglegF+), conventional dendritic 
cells (DCs: CD11c+/CD11b+), immature DCs (CD11c+/CD11b-), other myeloid cells (CD11c-/
CD11b+), neutrophils (Ly6G+/CD11b+) and monocytes (Ly6G-/CD11b+). The immature DCs are 
further categorised as small DCs (CD11c-/MHCII+) and large DCs (CD11b+/MHCII+). Monocytes 
are subdivided in novel/resident monocytes (CD11b+/Ly6C-) and infl ammatory monocytes 
(CD11b+/Ly6C+). (WT n=4 vs. cKO n=4. * indicates p<0.05).
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Figure 6F shows the accompanying Southern blot analysis. Unfortunately, the 
recombination rate was much lower, compared to the previous Southern blot (Figure 
1G). In the best recombined samples, we observed a recombination of about 50%. 
Also, there are two animals with some recombination in the spleen, but not in BM, 
and vice versa. This is remarkable, since the recombination was 80-100% in all 
tissues in the experiment without PHZ. Apparently, the PHZ treatment results in the 
selection of cells that escaped Mx1-Cre mediated recombination. Therefore, we 
analysed erythropoiesis in more detail, using expression of KIT, CD71 and Ter119 to 
stage differentiation. The effect of PHZ treatment on the erythroid compartment was 
clearly observed in animals of both genotypes (compare Figure 7 with Figure 2). For 
example, blood is normally composed of 95% CD71-/Ter119+ erythrocytes; 
after PHZ treatment this was reduced to about 5-10%, while many 
more CD71+/Ter119+ cells (reticulocytes) were found. This confi rms the hemolytic 
effect of PHZ in the mice. It is striking that the variation in Prmt4 cKO samples 
is much larger than among control mice. As a result, we did not observe major 
differences. Yet, we observed two minor but signifi cant differences between the 
control and Prmt4 cKO animals after PHZ treatment. The CD71-/Ter119+ population 
halved from 0.4% to 0.2% (Figure 7) in bone marrow. These are mature cells within 
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Figure 7. Flow 
c y t o m e t r y 
analysis of 
erythroid cells 
in control and 
Prmt4 cKO 
mice after PHZ 
treatment. After 
live/dead gating 
we distinguished 
different erythroid 
progenitor cell 
p o p u l a t i o n s 
using  (A) CD71/
KIT and (B) CD71/
KIT. (WT=4 vs cKO 
n=4. * indicates a 
p-value of <0 .05).
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Figure 8. T cell fl ow 
cytometry analysis of 
control and Prmt4 cKO 
mice after PHZ treatment. 
After live/dead marking 
(not shown) CD3/NK1.1 
or NK1.1/FSC-A was used 
to distinguish between 
NK-cells (NK1.1+) and T 
cells (NK1.1- /(CD3+)). 
Different populations 
of T cells were further 
specifi ed using CD4/
CD8. CD4-/CD8- double 
negative (DN) cells are 
immature T cells, in 
thymus they are located 
in the capsule. In the 
thymus, they move to the 
cortex and become CD8+/
CD4+ double positive 
(DP) which are precursor 
cells. Mature T cells 
located in the medulla of 
the thymus are marked 
as single positive (SP) 
for CD4 or CD8. From 
here the gating strategy 
differs between spleen 
and thymus. In spleen, 
the CD4+ population 
is CD62L/CD44 used 
to distinguish CD4 
memory (CD62L-/
CD44+) and naïve 
CD4 T cells (CD62L+/
CD44-and+). Within the 
CD8+ population we 
can specify activated 
(CD62L+/CD44+), effector 
(CD62L-/CD44+) and 
naïve (CD62L+/CD44-
) T cells. In thymus DN 
and SPs are further 
categorized using CD3/
FSC-A, to distinguish 
immature negative and 
mature positive cells. 
Subsequently, different 
maturation stadia of the 
DN immature cells are 
marked using CD25/
CD44. DN1 is CD25-/
CD44+, DN2 CD25+/
CD44+, DN3 CD25+/CD44- 
and DN4 is CD25-/CD44-. 
The mature SP cells are further analysed using CD62L/CD44: effector T cells are characterized by 
CD62L-/CD44+, central memory T cells carry CD62L+/CD44+, and naïve T cells are CD62L+/CD44-. 
Immature single positive (ISP) cells are marked by CD8 SP and then CD3-. (WT n=4 vs cKO n=4. * 
indicates a p-value of < 0 .05).



83

Conditional knockout of protein arginine methyl transferase 1, 4 and 5 in 
the hematopoietic system. 

3

PAC8.1; Prmt4 fl/fl PAC8.1; Prmt4 fl/fl; 
Mx1-Cre

spleen

Ig
D

IgM

C
D

21

CD23

C
D

19

B220

PAC8.1; Prmt4 fl/fl PAC8.1; Prmt4 fl/fl; 
Mx1-Cre

PAC8.1; Prmt4 fl/fl PAC8.1; Prmt4 fl/fl; 
Mx1-Cre

bone marrow

PAC8.1; Prmt4 fl/fl PAC8.1; Prmt4 fl/fl; 
Mx1-Cre

PAC8.1; Prmt4 fl/fl PAC8.1; Prmt4 fl/fl; 
Mx1-Cre

PAC8.1; Prmt4 fl/fl PAC8.1; Prmt4 fl/fl; 
Mx1-Cre

PAC8.1; Prmt4 fl/fl PAC8.1; Prmt4 fl/fl; 
Mx1-Cre

Ig
D

IgM

C
D

21

CD23

C
D

2

FSC-A

PAC8.1; Prmt 4 fl/fl PAC8.1; Prmt 4 fl/fl; Mx1-cre

after PHZ

pDC: B
22

0-,
 C

D19
+

B ce
ll: 

B22
0- 

+, 
CD19

+
0

10

20

30

40

%
 o

f p
os

iti
ve

 c
el

ls

follic
ular

 B
-ce

lls
; C

D23
+, 

CD21
 m

ed

marg
inal 

zo
ne B

-ce
lls

; C
D23

-, C
D21

 +

new
ly 

form
ed

 ce
lls

; C
D23

-, C
D21

-
0

20

40

60

80

100
%

 o
f p

os
iti

ve
 c

el
ls

Im
matu

re 
B-C

ell
s, 

IgM+, 
IgD -

rec
irc

ulat
ing m

atu
e B

-C
ell

s: 
IgM,+ 

IgD +

pro
 pre 

B-C
ell

s
0

20

40

60

80

100

%
 o

f p
os

iti
ve

 c
el

ls

4,61

80,9

9,61

0 104 105

0

-10 4

104

105

15,3
82,0

0,66

0-104 104 105

0

-10 4

10434,7

2,31

0 104 105

0

104

105

4,60

80,3

10,7

0 104 105

0

-10 4

104

105

15,5
81,6

1,06

0-104 104 105

0

-10 4

10423,7

1,86

0 104 105

0

104

105

C
D

19

B220

pDC: B
22

0-,
 C

D19
+

B ce
ll: 

B22
0- 

+, 
CD19

+
0

5

10

15

20

%
 o

f p
os

iti
ve

 c
el

ls

follic
ular

 B
-ce

lls
; C

D23
+, 

CD21
 m

ed

marg
inal 

zo
ne B

-ce
lls

; C
D23

-, C
D21

 +

new
ly 

form
ed

 ce
lls

; C
D23

-, C
D21

-
0

20

40

60

80

100

%
 o

f p
os

iti
ve

 c
el

ls

Im
matu

re 
B-C

ell
s, 

IgM+, 
IgD -

rec
irc

ulat
ing m

atu
e B

-C
ell

s: 
IgM,+ 

IgD +

pro
 pre 

B-C
ell

s
0

20

40

60

80

100

%
 o

f p
os

iti
ve

 c
el

ls

*

*

*

pro
 an

d pre 
B ce

lls

sm
all

 pre 
B

0

50

100

150

%
 o

f p
os

iti
ve

 c
el

ls

3,34

1,70

0-103 103 104 105

0

-10 4

104

105

42,543,4

7,35

0-103 103 104 105

0

-10 3

103

104

105

16,4

0,10

79,0

0-103 103 104 105

0

-10 4

104

105

22,4

73,6

0 50K 100K 150K 200K 250K

0

-10 3

103

104

105
8,39

0,48

0-103 103 104 105

0

-10 4

104

105

4,6372,3

21,8

0-103 103 104 105

0

-10 3

103

104

105

20,1

10,4

49,4

0-103 103 104 105

0

-10 4

104

105

93,4

5,70

0 50K 100K 150K 200K 250K

0

-10 3

103

104

105

B

A

F igure 9. B cell fl ow cytometry analysis of control and Prmt4 cKO mice after PHZ treatment. First, 
we gated for single cells, and lymphocytes using FSC-A/FSC-H and FSC-A/SSC-A. Subsequently 
we used the markers B220/CD19 markers to distinguish the plasmacytoid dendritic cells (pDC; 
CD19-/B220+) and B cells (CD19+/B220+ and -). The B cell population is thereafter subdivided in 
six groups. Three subpopulations are divined using CD23/CD21; follicular (CD23+/CD21 medium); 
marginal zone (CD23-/CD21+) and newly formed (CD23-/CD21-) B cells. IgM/IgD markers are used 
to distinguish immature (IgM+/IgD-); recirculating (IgM+/IgD+) and pro/pre (IgM-/IgD-) B cells. The 
last group is in BM cells further specifi ed as pro/pre-B cells (CD2-) and small pre-B cells (CD2+) 
using CD2/FSC-A. (WT n=4 vs cKO n=4. * indicates a p-value of <0. 05).
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the bone marrow, which are rare. In blood we also observed a decrease 2.3% in the 
controls to 0.9% of the early progenitor BFU-E cells (KIT+/CD71-) in the cKO animals. 
Although PHZ mainly affects erythropoiesis, the large scale decay of erythrocytes 
will also trigger an immunoreaction. The analysis of T cells is shown in Figure 8. In 
spleen (upper panel), we observed no signifi cant differences between the control 
and Prmt4 cKO mice. When comparing Figure 8 with Figure 3, we observed changes 
induced by the PHZ, but these were genotype independent. We can see the increase 
of CD8+ naïve cells and reduced activated and effector memory CD8+ T cells. So, 
the PHZ affects also the T cells maturation.
In the thymus, we didn’t fi nd any signifi cant differences between the control and 
Prmt4 cKO mice. CD3 positivity of SP cells, but mainly the activated CD8+ cell 
population is decreased from 50-60% to 10%, and the naïve CD8+ cell population is 
increased from 28% to 88 %.Figure 4 we can
For the B cells, we didn’t observe signifi cant differences between the PHZ-treated 
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Fi gure 10. Flow 
cytometry analysis for 
myeloid cells in spleen 
from control and 
Prmt4 cKO mice after 
PHZ treatment. After 
gating for living cells 
and lymphocytes, 
we could distinguish 
7 different types 
of myeloid cells: 
eosinophils (F4-
8 0 - / S i g l e g F + ) , 
macrophages (F4-
8 0 + / S i g l e g F + ) , 
conventional dendritic 
cells (DCs: CD11c+/
CD11b+), immature 
DCs (CD11c+/
CD11b-), other 
myeloid cells (CD11c-/
CD11b+), neutrophils 
( L y 6 G + / C D 1 1 b + ) 
and monocytes 
(Ly6G-/CD11b+). The 
immature DCs are 
further categorised 
as small DCs (CD11c-/
MHCII+) and large 
DCs (CD11b+/MHCII+). 
Monocytes are 
subdivided in novel/
resident monocytes 
( C D 1 1 b + / L y 6 C - ) 
and infl ammatory 
monocytes (CD11b+/
Ly6C+). (WT n=4 vs. 
cKO n=4).
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control and Prmt4 cKO mice the spleen (Figure 9). Compared with see a decrease 
of follicular and increase of marginal zone B cells. Also, the recirculating B cells 
were decreased, and the pro/pre-B cell populations were highly increased after PHZ 
treatment. 
PHZ treatment also caused changes in the BM B cell populations (Figure 9, lower 
panel). Whereas immature/recirculating B cells were decreased, the immature pro/
pre-B cells were significantly increased compared to the control littermates. The 
pro/pre-B cells and small pre-B cells were highly variable, while these populations 
displayed stable values in the experiments without PHZ treatment (Figure 4). 
Figure 10 shows our findings concerning the myeloid cells after pIpC induction 
and PHZ treatment. All myeloid cell populations were changed compared to the 
experiment without PHZ (Figure 5). PHZ treatment increased macrophages, and the 
dendritic cell population, especially the immature population. This was accompanied
by a decrease in small and large conventional DCs, neutrophils and monocytes. 
However, we did not observe a significant difference between Mx1-Cre and control 
mice, the differen ces appear after the PHZ treatment.
In conclusion, lack of Prmt4 hardly affects erythropoiesis and only results in a small 
but significant reduction in peripheral blood erythrocytes. The thymus is hypocellular, 
and CD4+CD8- T cells are increased in peripheral blood at the expense of CD4-CD8+ 
T cells. In the B cell lineage immature cells are increased, whereas mature cells are 
decreased. Upon PHZ treatment, recovery of erythropoiesis was independent of 
Prmt4, and the block of B cell maturation persisted (increased immature B cells and 
a decrease of mature B cells). Following PHZ treatment, however, the percentage 
of cells in which the floxed Prmt4 locus was recombined (and deleted) was clearly 
reduced. This suggests that Prmt4-deficient cells are less competitive compared to wt 
cells during stress erythropoiesis. Due to the PHZ treatment many erythrocytes were 
lysed in the blood stream, this massive lysis apparently affects other hematopoietic 
cell lineages. New erythroid cells are created quickly, which may affect the balance 
between the cells. Cells that have escaped recombination may contribute more 
efficiently to the fast generation of new cells. This might explain the observed low 
recombination frequency at the Prmt4 locus after PHZ treatment.

We performed similar experiments for the genes Prmt1 and Prmt5, and for the 
combination of Prmt1 with Prmt4, and Prmt4 with Prmt5. We will discuss these 
experiments less extensively and will mainly focus on potential differences.

PRMT1: analysis of normal hematopoiesis
We crossed PAC8.1; Prmt1 fl/fl mice with Mx1-Cre. Figure 11A shows blood parameters 
after pIpC injection. Most of the parameters showed no significant changes due 
to the loss of Prmt1, only the white blood cell (WBC) and platelets (PLT) counts 
were decreased. All red blood cell (RBC) values and the related hemoglobin (HGB), 
haematocrit (HCT), mean corpuscular hemoglobin (MCH), red blood cell distribution 
(RDW) were not changed. The RDW is a shows the variation in RBC size. Figure 
11B shows the number of cells in BM, spleen and thymus measured on a CASY 
instrument. The Prmt1 cKO appeared to have less BM cells and more spleen cells, 
but these differences were not significant. Figure 11C displays histograms of RBCs 
after pIpC induction of Mx1-Cre. Also, here no significant changes were observed.
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To measure globin expression levels, we performed qRT-PCR on RNA isolated 
from BM and spleen (Figure 11D,E). We checked the human g and mouse ey, 
bH1, bmajor, and z-globins. The expression of g-globin was normalized against the 
PAC8.1-originated human b-globin. The mouse globins were normalized against 
a-globin. Here we did not observe any differences. In Figure 11F we show at the left 
panel the weights of the mice and at the right panel the spleen weights. There was 
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Figure 11. Control and Prmt1 cKO mice.(WT n=8 and cKO n=6. * indicates a p-value <0,05.) (A) 
Measured blood parameters: WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); 
HCT (haematocrit); PLT (platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpuscular 
Hemoglobin); MCHC (Mean Corpuscular Hemoglobin Concentration); RDW (RBC distribution 
width); MPV (mean platelet volume) measured one day before sacrifice. (B) Number of cells 
counted per tissue using a CASY TTC instrument. (C) Size distribution of RBCs after pIpC 
treatment, one day before sacrifice. (D) and (E) Expression of g-globin and mouse globins were 
determined using qRT-PCR. Fractions were calculated using g/g+b, z/(z+a) and bm/(bm+ey+bH1). 
Values were normalized to control littermates with no Mx1-Cre. (F) Mice were weighed (left panel), 
after sacrifice the spleen weight was determined (right panel). (G) Western blot analysis of RIPA 
lysates of spleen, BM and thymus. Shown are 2 representatives of each condition of each tissue. 
Tubulin was used as a loading control. We stained for PRMT1 and its interacting partner CHTOP. 
(H) Southern blot of spleen and bone marrow cells after pIpC induction. Left panel shows control 
littermates without Mx1-Cre, and right panel cKOs with Mx1-Cre.
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no signifi cant difference in spleen size and animal weight between the controls and 
the Prmt1 cKO animals. We also performed Southern and western blotting to check 
recombination at genomic and expression at protein level, respectively (Figure 
11G,H). The Southern blot revealed that recombination effi ciency was 
much lower than expected, reaching ~50% at best. As a consequence, 
PRMT1 protein levels remain virtually unchanged (Figure 11G). 
In some Prmt1 cKO animals, PRMT1 protein levels were slightly
reduced, and this varied between the different tissues tested. For example, 
almost no differences were observed in spleen, while the effect was more 
pronounced in BM and thymus. This could be partly caused by our experimental 
setup, we did not select for erythroid cells in spleen. We also stained the western 
blot for the PRMT1 interaction partner CHTOP. In some samples, for example 
in BM where we observed less PRMT1, we also observed reduced levels of 
CHTOP. We therefore further analysed the effects of the reduction of PRMT1 in 
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Figure 13. T cell fl ow 
cytometry analysis 
of control and Prmt1 
cKO (A) spleen and 
(B) thymus cells after 
pIpC treatment. After 
live/dead marking (not 
shown) CD3/NK1.1 (for 
spleen cells) or NK1.1/
FSC-A (for thymus 
cells) was used to 
distinguish between 
NK-cells (NK1.1+) and 
T cells (NK1.1- /(CD3+)). 
Different populations 
of T cells are further 
specifi ed using CD4/
CD8. CD4-/CD8- double 
negative (DN) cells are 
immature T cells, in 
thymus they are located 
in the capsule. In the 
thymus, they move to 
the cortex and become 
CD8+/CD4+ double 
positive (DP) which are 
precursor cells. Mature 
T cells are characterized 
which are located in the 
medulla of the thymus 
are marked as single 
positive (SP) for CD4 
or CD8. From here the 
gating strategy differs 
between spleen and 
thymus. In spleen, 
the CD4+ population 
is CD62L/CD44 used 
to distinguish CD4 
memory (CD62L-/
CD44+) and naïve 
CD4 T cells (CD62L+/
CD44-and+). Within the 
CD8+ population we 
can specify activated 
( C D 6 2 L + / C D 4 4 + ) , 
effector (CD62L-/
CD44+) and naïve 
(CD62L+/CD44-) T cells. 
In thymus DN and SPs 
are further categorized 
using CD3/FSC-A, to 
distinguish immature negative and mature positive cells. Subsequently, different maturation 
stadia of the DN immature cells are marked using CD25/CD44. DN1 is CD25-/CD44+, DN2 CD25+/
CD44+, DN3 CD25+/CD44- and DN4 is CD25-/CD44-. The mature SP cells are further analysed 
using CD62L/CD44: effector T cells are characterized by CD62L-/CD44+, central memory T cells 
carry CD62L+/CD44+, and naïve T cells are CD62L+/CD44-. Immature single positive (ISP) cells are 
marked by CD8 SP and then CD3-. (WT n=6 vs cKO n=6 * indicates a p-value of < 0.05. ** indicates 
a p-valu e <0.01). 
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hematopoiesis by pan-hematopoietic fl ow cytometry analysis of spleen, BM, thymus 
and blood.
For the erythroid cells, we stained BM, spleen and blood with CD71, Ter119 and KIT, 
Figure 12. In Prmt1 cKO mice no signifi cant changes were observed in the Ter119+ 
compartments. In the spleen, we observed an increase of ~15% in the CD71+/KIT- 
population, and a ~15% decrease in the CD71-/KIT- population. 
Additionally, we analysed T cells in the spleen and thymus (Figure 13). In the spleen 
(upper panel), using NK1.1. and CD3, the total population of T cells was reduced with 
~ 9%. Within this T cell population the CD8/CD4 double negatives (DN) and double 
positives (DP) were slightly but signifi cantly changed. CD8/CD4 DN are immature 
cells, and DP cells are precursor cells. DN cells within the spleen are thought to be 
activated SP cells that lost their marker and are DN cells that migrated already.63,64

No differences between the cKO and control mice were observed within the single 
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Figure 14. B cell fl ow 
cytometry analysis of 
control and Prmt1 cKO 
(A) spleen and (B) bone 
marrow cells after pIpC 
treatment. First, we 
gated for single cells, 
and lymphocytes 
using FSC-A/FSC-H 
and FSC-A/SSC-A. 
Subsequently we 
used the markers 
B220/CD19 markers 
to distinguish the 
plasmacytoid dendritic 
cells (pDC; CD19-/
B220+) and B cells 
(CD19+/B220+ and -). 
The B cell population is 
thereafter subdivided 
in six groups. Three 
subpopulations are 
divided using CD23/
CD21; follicular 
( C D 2 3 + / C D 2 1 
medium); marginal 
zone (CD23-/CD21+) 
and newly formed 
(CD23-/CD21-) B cells. 
IgM/IgD markers are 
used to distinguish 
immature (IgM+/IgD-
); recirculating (IgM+/
IgD+) and pro/pre 
(IgM-/IgD-) B cells. In 
BM cells, the last group 
is further specifi ed as 
pro/pre-B cells (CD2-) 
and small pre-B cells 
(CD2+) using CD2/
FSC-A. (WT n=6 vs 
c KO n=6).
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CD8 or CD4 positive T cell populations (Figure 13). Only further in the differentiation 
stage of CD8 SP cells, within the CD3+ group, the proportion of CD62L/CD44 double 
positives are decreased from 76% to 68%, and the CD62L/CD44 double negatives 
are increased from 2.7% to 3.7%.
Next, we analysed the B cell populations. Figure 14 shows the percentages of these 
populations in spleen (upper panel) and BM (lower panel). No signifi cant changes 
were observed. This is in contrast with the literature; Infantion et al. found that 
PRMT1 is required for B cell activation and maturation in vitro.65 The low recombination 
effi ciency in the Prmt1 cKO mice provides a likely explanation for this discrepancy.
For different myeloid cell populations, we checked the spleen. There was some 
variation in these populations between the control and Prmt1 cKO mice (Figure 15). 
The immature CD11c+/CD11b- DCs were not signifi cantly decreased in the Prmt1
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Figure 15. Flow 
cytometry analysis 
of myeloid cells in 
spleen from control 
and Prmt1 cKO mice 
after pIpC treatment. 
After gating for 
living cells and 
lymphocytes, we 
could distinguish 
7 different types 
of myeloid cells: 
eosinophils (F4-
8 0 - / S i g l e g F + ) , 
macrophages (F4-
8 0 + / S i g l e g F + ) , 
c o n v e n t i o n a l 
dendritic cells (DCs: 
CD11c+/CD11b+) , 
immature DCs 
(CD11c+/CD11b-) , 
other myeloid cells 
(CD11c-/CD11b+), 
neutrophils (Ly6G+/
CD11b+) and 
monocytes (Ly6G-/
CD11b+). The 
immature DCs are 
further categorised 
as small DCs 
( C D 11 c - / M H C I I + ) 
and large DCs 
(CD11b+/MHCII+) . 
Monocytes are 
subdivided in novel/
resident monocytes 
( C D 1 1 b + / L y 6 C - ) 
and infl ammatory 
monocytes (CD11b+/
Ly6C+). (WT n=6 vs. 
cKO n=6. * indicates 
p< 0.05)
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 Figure 16. Control and Prmt1 cKO mice after treatment with pIpC and induction of stress 
erythropoiesis by PHZ treatment. (WT n=6 and cKO n=6). (A) Measured blood parameters: 
WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); HCT (haematocrit); PLT 
(platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpuscular Hemoglobin); MCHC (Mean 
Corpuscular Hemoglobin Concentration); RDW (RBC distribution width); MPV (mean platelet 
volume) measured one day before sacrifi cing. (B) Number of cells counted per tissue using CASY 
TTC instrument. (C) Size distribution of RBCs after PHZ treatment. (D) and (E) Expression ration 
of g-globin and mouse globins were determined using qRT-PCR. Fractions were calculated using 
g/g+b, bm/(bm+a) and bm/(bm+ey+bH1). Values were normalized to control littermates. (F) Mouse 
(left panel) and spleen weights (right panel) after PHZ treatment. (G) Southern blot of spleen, bone 
marrow and thymus cells after pIpC treatment. It looks like all except one  contain Cr e. 



92

Chapter 3

cKO mice. The only signifi cant change concerned the population of novel/resident 
monocytes, which was increased with 4.3% in the Prmt1 cKO animals. 
In summary, in the pan-hematopoietic fl ow cytometry analysis we found no major 
differences between the control and Prmt1 cKO animals. Whereas the total number of 
cells in the spleen was not altered, the KIT negative erythroid precursors were increased 
whereas (CD71-) CD3 positive T cells were decreased negative cells were  decreased. 
In the B cell analysis we did not observe any signifi cant changes. However, the low 
recombination effi ciency in the Prmt1 cKO animals indicate that PRMT1 activity has 
an important functional role in several hematopoietic lineages, resulting in selection 
of non-recombined cells. The low recombination also implies  that the effect in various
lineages is underestimated.
.

PRMT1: analysis of stress hematopoiesis
We also induced stress erythropoiesis by treating the mice with phenylhydrazine 
(PHZ). Blood parameters after PHZ treatment are shown in Figure 16A. We didn’t 
observe signifi cant differences between the controls and the Prmt1 cKO animals. 
Total cell numbers of BM, spleen and thymus cells were counted on the CASY 
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Figure 17. Flow 
cytometry analysis 
of erythroid cells 
in control and 
Prmt1 cKO mice 
after induction 
with pIpC and PHZ 
treatment. After 
life/dead gating we 
distinguish different 
erythroid progenitor 
cell populations 
using (A) CD71/KIT 
and (B) CD71/Ter119 
(WT=3 vs  cKO n=3).
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Figure 18. T cell fl ow 
cytometry analysis of 
control and Prmt1 cKO 
(A) spleen and (B) thymus 
cells after pIpC induction 
and PHZ treatment. After 
life/dead marking (not 
shown) CD3/NK1.1 or 
NK1.1/FSC-A was used 
to distinguish between 
NK-cells (NK1.1+) and T 
cells (NK1.1- /(CD3+)). 
Different populations of T 
cells are further specifi ed 
using CD4/CD8. CD4-/
CD8- double negative 
(DN) cells are immature T 
cells, in thymus they are 
located in the capsule. In 
the thymus, they move to 
the cortex and become 
CD8+/CD4+ double 
positive (DP) which are 
precursor cells. Mature 
T cells are characterized 
which are located in the 
medulla of the thymus are 
marked as single positive 
(SP) for CD4 or CD8. From 
here the gating strategy 
differs between spleen 
and thymus. In spleen, 
the CD4+ population is 
CD62L/CD44 used to 
distinguish CD4 memory 
(CD62L-/CD44+) and naïve 
CD4 T cells (CD62L+/
CD44-and+). Within the 
CD8+ population we 
can specify activated 
(CD62L+/CD44+), effector 
(CD62L-/CD44+) and naïve 
(CD62L+/CD44-) T cells. In 
thymus DN and SPs are 
further categorized using 
CD3/FSC-A, to distinguish 
immature negative and 
mature positive cells. 
Subsequently, different 
maturation stadia of the 
DN immature cells are 
marked using CD25/CD44. 
DN1 is CD25-/CD44+, 
DN2 CD25+/CD44+, DN3 
CD25+/CD44- and DN4 
is CD25-/CD44-. The 

mature SP cells are further analysed using CD62L/CD44: effector T cells are characterized by 
CD62L-/CD44+, central memory T cells carry CD62L+/CD44+, and naïve T cells are CD62L+/CD44-. 
Immature single positive (ISP) cells are marked by CD8 SP and then CD3-. (WT n=3 vs  cKO n=3).
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instrument (Figure 16B). Histograms of erythrocyte size distributions after PHZ 
treatment are shown in Figure 16C. After PHZ treatment a second peak appears 
(compare Figure 11A), representing newly formed reticulocytes in response to the 
PHZ-induced anaemia. No differences were found between the control and Prmt1
cKO mice, indicating that mice of both genotypes are able to adequately mount the 
stress response. Expression of the globin genes was also similar between the two 
groups of mice (Figure 16D,E), as were animal and spleen weights (Figure 16F). Of
note, spleen weights were increased ~5-fold upon PHZ treatment (compare Figure 
11F) due to the fact that stress erythropoiesis had been activated in the spleen.
Because in our previous experiment the Southern blots revealed poor recombination 
rates, we repeated that for these animals, Figure 16G. Recombination is better than 
observed in Figure 11H, but it appears that the genotyping by PCR on genomic DNA 
is not always correct. This shows the importance to double-check genotyping using 
independent methods: PCR and Southern blotting. For further analysis, we used the 
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Figure 19. B cell fl ow 
cytometry analysis 
of control and Prmt1 
cKO (A) spleen and (B) 
bone marrow cells after 
pIpC induction and 
PHZ treatment. First, 
we gated for single 
cells, and lymphocytes 
using FSC-A/FSC-H 
and FSC-A/SSC-A. 
Subsequently we used 
the markers B220/CD19 
markers to distinguish 
the plasmacytoid 
dendritic cells (pDC; 
CD19-/B220+) and B 
cells (CD19+/B220+ and 
-). The B cell population 
is thereafter subdivided 
in six groups. Three 
subpopulations are 
divined using CD23/
CD21; follicular 
(CD23+/CD21 medium); 
marginal zone (CD23-/
CD21+) and newly 
formed (CD23-/CD21-) B 
cells. IgM/IgD markers 
are used to distinguish 
immature (IgM+/IgD-
); recirculating (IgM+/
IgD+) and pro/pre (IgM-/
IgD-) B cells. The last 
group is in BM cells 
further specifi ed as pro/
pre-B cells (CD2-) and 
small pre-B cells (CD2+) 
using CD2/FSC-A. (WT 
n=3 vs  cKO n=3).
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Southern blotting results to group the data to cKO or control animals.
We also performed the same pan hematopoietic flow cytometry analysis on spleen, 
BM, blood and thymus cells of these mice. We started with the erythroid analysis on 
BM, spleen and blood. In BM, spleen and blood we observed changes due to PHZ 
treatment. There are more progenitor cells present in all the tissues analysed, in 
agreement with 
Figure 16D, histogram of blood (Figure 17). The significant differences before 
PHZ treatment (Figure 11) are no longer observed after PHZ treatment. Figure 18 
represents the T cells in spleen (upper panel) and thymus (lower pane). Although 
the significant differences observed before PHZ treatment (Figure 13) were not 
detected, we did observe the same trends. The lack of significance is likely explained 
by the fact that fewer animals were used for the PHZ treatment. In Figure 13 (lower 
panel), the differences between PAC8.1/wt; Prmt1 fl/fl and PAC8.1/wt; Prmt1 fl/fl; 
Mx1-Cre/wt mice after pIpC treatment are shown for T cells of the thymus. For B cells 
(Figure 14 and Figure 19), we observed that the percentage of B cells was reduced 
in spleen. This may be the result of the increase of spleen size due to activation of 
stress erythropoiesis in the PHZ treated mice (Figure 16B). In addition, in spleen the 
proportion of immature and pro/pre-B cells was increased. The decrease in marginal 
zone B cells in spleen could be caused by the enlargement of the spleen. Other B 
cell proportions in the spleen were not changed. In BM, we observed that the total 
proportion of B cells was reduced when comparing the mice without PHZ to the mice 
that received the PHZ. This affected a number of B cell subpopulations in the BM: 
follicular, newly formed and pro/pre-B cells, the immature B cells (IgM+/IgD-) were 
decreased with almost 20%. 
This trend continued for the myeloid cells, where almost all the myeloid cell 
populations were decreased in spleen (compare Figure 20 to Figure 15). Interestingly, 
we also observed altered B cell populations after PHZ treatment of control and 
Prmt4 cKO mice (Figure 9), but in the Prmt4 fl/fl mice the effect of PHZ treatment is 
different. For example, in the Prmt4 fl/fl mice the marginal zone cells and pro/pre-B 
cells were both increased within the spleen, where we observed decreases in the 
cKO Prmt1 fl/fl. Those differences are less pronounced in BM.
In conclusion, the observed recombination efficiency of the floxed Prmt1 allele 
after pIpC treatment is low (at best 50%). Since full knockouts of Prmt1 die before 
birth because of developmental problems,47 it is likely that Prmt1 is also crucial 
for hematopoietic cells. If fully recombined cells die, the remaining heterozygote 
or unrecombined cells have a selective advantage and are apparently able to 
compensate for the lost cells. To tackle this problem, a Cre recombinase specific for 
B or T cells could be used. Examples are Mb1-Cre for B cells, and Lck-Cre for the T 
cells.66,67 Since B and T cells are not essential for survival of the animal, this should 
show whether Prmt1 has an essential role in these cells.
  
PRMT5: analysis of normal hematopoiesis
Next, we investigated conditional knockout mice for the Type II symmetric protein 
arginine methyl transferase Prmt5. In the blood parameters, we observed a decrease 
of WBC in general in the cKO animals compared to the control mice (Figure 21A). 
The other parameters were unaffected. The cellularity of BM and spleen was similar 
in cKO and the control mice. The cellularity of the thymus was almost 10-fold 
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increased in the control mice compared to control mice in litters of Prmt4 and Prmt1
mice, which may be due to the fact that these mice were analysed at a younger 
age Figure 21B. Cellularity of Prmt5 cKO does not show this increase and is much 
lower compared to wt littermates. The erythrocyte size distribution was not altered 

Figure 20. Flow cytometry analysis for myeloid cells in spleen from control and Prmt1 cKO 
mice after PHZ treatment. After gating for living cells and lymphocytes, we could distinguish 7 
different types of myeloid cells: eosinophils (F4-80-/SiglegF+), macrophages (F4-80+/SiglegF+), 
conventional dendritic cells (DCs: CD11c+/CD11b+), immature DCs (CD11c+/CD11b-), other 
myeloid cells (CD11c-/CD11b+), neutrophils (Ly6G+/CD11b+) and monocytes (Ly6G-/CD11b+). The 
immature DCs are further categorised as small DCs (CD11c-/MHCII+) and large DCs (CD11b+/
MHCII+). Monocytes are subdivided in novel/resident monocytes (CD11b+/Ly6C-) and infl ammatory 
monocytes (CD11b+/Ly6C+). (WT n=3 vs. cKO n=3. * indicates p<0.05).
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Figure 21. Control and Prmt5 cKO mice. (WT n=4 and cKO n=4. * indicates a p-value <0.05). (A) 
Measured blood parameters: WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); 
HCT (haematocrit); PLT (platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpuscular 
Hemoglobin); MCHC (Mean Corpuscular Hemoglobin Concentration); RDW (RBC distribution 
width); MPV (mean platelet volume) measured one day before sacrificing. (B) Number of cells 
counted per mice per tissue using CASY TTC instrument. (C) Blood parameter histograms of the 
red blood cells after pIpC treatment: one day before PHZ treatment and on the day of sacrificing 
after PHZ treatment. On the y-axis amount and x-axis, the size of the RBCs. (D) and (E) Expression 
ration of human g- and b-globin and mice globins were determined in BM and spleen using qRT-
PCR Fractions were calculated using g/g+b, z/(z+a) and bm/(bm+ey+bH1). Values were normalized 
to WT littermates with no Mx1-Cre. (F) The mice were weighed (left panel), after sacrificing also 
the spleen weight was determined (right panel). (G) Southern blot analysis of spleen, bone marrow 
and thymus cells after pIpC induction. Left panel show ‘WT’ littermates without Mx1-Cre, and right 
panel cKO’s with Mx1-Cre. 
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between Prmt5 wt and cKO (Figure 21C). 
The expression of the different globin genes was quantifi ed using RT-qPCR in BM 
(Figure 21D) and spleen (Figure 21E). In BM we observed no signifi cant changes. In 
spleen, we didn’t observe any differences between the control and Prmt5 cKO mice. 
Compared to the controls, the body weights of Prmt5 cKO mice was signifi cantly 
reduced from a mean of 24.5 grams to a mean of 19.9 grams (Figure 21F). This 
is partly caused by the male/female balance, as all mice were male in the control 
group, while this was 50% in the cKO group (2 out of 4). The average weight of the 
two male Prmt5 cKO mice was 22.7 grams.
Southern blot of DNA isolated from spleen, BM and thymus demonstrated that  
recombination at the Prmt5 locus was very ineffi cient in the Prmt5 cKO animals 
(Figure 21G), indicating that, similar to the Prmt1 cKO animals, cells that had 
escaped recombination had outcompeted the cells with recombination at both fl oxed 
alleles. We isolated DNA from cells passed through a sieve. The signifi cant effect of 
Prmt5 cKO on thymus cellularity, may imply that selection for non-recombined cells 
was insuffi cient for the thymic cells, or may be due to changes in the stromal cells of 
the thymus that are not represented in the DNA tested by Southern blot.  
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22. Flow 
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analysis of 
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cells in 
control and 
Prmt5 cKO 
mice. After 
l i v e / d e a d 
gating we 
dist inguish 
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e r y t h r o i d 
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populations 
using (A) 
C D 7 1 / K I T 
and (B) 
CD71/Ter119. 
(WT=4 vs 
cKO n=4. * 
indicates a 
p-value  of 
<0.05 )
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Figure 23. T cell fl ow 
cytometry analysis 
of Control and Prmt5 
cKO (A) spleen and 
(B) thymus cells  after 
PHZ treatment. After 
live/dead marking (not 
shown) CD3/NK1.1 or 
NK1.1/FSC-A was used 
to distinguish between 
NK-cells (NK1.1+) and 
T cells (NK1.1- /(CD3+)). 
Different populations 
of T cells are further 
specifi ed using CD4/
CD8. CD4-/CD8- double 
negative (DN) cells 
are immature T cells, 
in thymus they are 
located in the capsule. 
In the thymus, they 
move to the cortex and 
become CD8+/CD4+ 
double positive (DP) 
which are precursor 
cells. Mature T cells 
are characterized 
which are located in 
the medulla of the 
thymus are marked as 
single positive (SP) for 
CD4 or CD8. From here 
the gating strategy 
differs between spleen 
and thymus. In spleen, 
the CD4+ population 
is CD62L/CD44 used 
to distinguish CD4 
memory (CD62L-/
CD44+) and naïve 
CD4 T cells (CD62L+/
CD44-and+). Within the 
CD8+ population we 
can specify activated 
( C D 6 2 L + / C D 4 4 + ) , 
effector (CD62L-/
CD44+) and naïve 
(CD62L+/CD44-) T 
cells. In thymus DN 
and SPs are further 
categorized using CD3/
FSC-A, to distinguish 

immature negative and mature positive cells. Subsequently, different maturation stadia of the 
DN immature cells are marked using CD25/CD44. DN1 is CD25-/CD44+, DN2 CD25+/CD44+, DN3 
CD25+/CD44- and DN4 is CD25-/CD44-. The mature SP cells are further analysed using CD62L/
CD44: effector T cells are characterized by CD62L-/CD44+, central memory T cells carry CD62L+/
CD44+, and naïve T cells are CD62L+/CD44-. Immature single positive (ISP) cells are marked by 
CD8 SP and then CD3-. (WT n=4 vs cKO n=4. * indicates a p-value  of < 0.05 ).
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Chapter 3

Nevertheless, in the pan-hematopoietic fl ow cytometry analysis we observed some 
signifi cant differences between the control and Prmt5 cKO mice.
In BM, the erythroid CD71+/Ter119+ population was increased from 6.5% in the 
controls to 15.5% in the Prmt5 cKO mice, while the CD71 intermediate/Ter119+ 
population was decreased from 22% in the controls to 13% in the Prmt5 cKO mice 
(Figure 22). This may be the result of delayed maturation of the erythroid cells, or 
reduced cell survival during maturation. In blood the CD71-/Ter119- population was 
reduced from 0.4% to 0.2% which are probably not erythroid cells but contamination 
of other cells, which is in accordance with the lower WBC count. All other populations 
were not signifi cantly different, and especially with the CD71/KIT markers the values 
were very similar between the control and Prmt5 cKO mice. 
The analysis of the T cell compartment is shown in Figure 23. In the spleen, we 
observed a signifi cant but small decrease of NK cells from 0.91% in the controls 
to 0.55% in the Prmt5 cKO mice. In the T cells within the spleen, we observed a 
reduction in mature CD4 SP cells from 49% in the controls to 43% in the Prmt5
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Figure 24. B cell fl ow 
cytometry analysis 
of Control and Prmt5 
cKO (A) spleen cells 
and (B) spleen. First, 
we gated for single 
cells, and lymphocytes 
using FSC-A/FSC-H 
and FSC-A/SSC-A. 
Subsequently we used 
the markers B220/CD19 
markers to distinguish 
the plasmacytoid 
dendritic cells (pDC; 
CD19-/B220+) and B 
cells (CD19+/B220+ and 
-). The B cell population 
is thereafter subdivided 
in six groups. Three 
subpopulations are 
divined using CD23/
CD21; follicular 
(CD23+/CD21 medium); 
marginal zone (CD23-/
CD21+) and newly 
formed (CD23-/CD21-) B 
cells. IgM/IgD markers 
are used to distinguish 
immature (IgM+/IgD-
); recirculating (IgM+/
IgD+) and pro/pre (IgM-/
IgD-) B cells. The last 
group is in BM cells 
further specifi ed as 
pro/pre-B cells (CD2-) 
and small pre-B cells 
(CD2+) using CD2/
FSC-A. (WT n=4 vs 
cKO n=4. * indicates a 
p-value < 0.05).
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Conditional knockout of protein arginine methyl transferase 1, 4 and 5 in 
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3

cKO mice. This population was also reduced signifi cantly in the thymus, from 
8.4% to 6.9%. The double-positive progenitors CD8+/CD4+ were slightly but 
signifi cantly increased from 80% in the controls to 83% in the Prmt5 cKO mice. 
These small changes reach signifi cance due to the fact that there was very little 
variation between the animals in each group. In the CD4 SP and CD8 SP T cell 
populations we observed that the effector memory (2,8% to 4.6%) and activated SP 
T cells (4,2% to 8.7%) populations were both signifi cantly increased in thymus.
In the CD8 SP T cells also the naïve cells were decreased compared to the controls. 
Within the CD8 SP population, the ISP cells were slightly signifi cantly increased in 
the Prmt5 cKO mice from 21% to 22.9%. 
It appears that in Prmt5 cKO mice the balance in T cell populations is shifted slightly 
to the effector memory and activated side, and there are fewer naïve T cells present. 
Thus, the reduced cellularity of the thymus may be due to enhanced activation and 
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Figure 25. Flow 
cytometry analysis 
for myeloid cells in 
spleen from Control 
and Prmt5 cKO 
mice. After gating 
for living cells and 
lymphocytes, we 
could distinguish 
7 different types 
of myeloid cells: 
eosinophils (F4-
8 0 - / S i g l e g F + ) , 
macrophages (F4-
8 0 + / S i g l e g F + ) , 
c o n v e n t i o n a l 
dendritic cells (DCs: 
CD11c+/CD11b+), 
immature DCs 
(CD11c+/CD11b-), 
other myeloid cells 
(CD11c-/CD11b+), 
neutrophils (Ly6G+/
CD11b+) and 
monocytes (Ly6G-/
CD11b+). The 
immature DCs are 
further categorised 
as small DCs 
( C D 11 c - / M H C I I + ) 
and large DCs 
(CD11b+/MHCII+). 
Monocytes are 
subdivided in novel/
resident monocytes 
( C D 11 b + / L y 6 C - ) 
and infl ammatory 
monocytes (CD11b+/
Ly6C+). (WT n=4 vs. 
cKO n=4. * indicates 
p<0.05).
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Figure 26. Control and Prmt1::Prmt4 cKO mice. (age of the mice at the moment of analysis 10-15 
weeks) WT n=4 and cKO n=4). (A) Measured blood parameters before and (B) after pIpC treatment: 
WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); HCT (haematocrit); PLT 
(platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpuscular Hemoglobin); MCHC (Mean 
Corpuscular Hemoglobin Concentration); RDW (RBC distribution width); MPV (mean platelet 
volume) measured one day before sacrificing. (C) Number of cells counted per mice per tissue 
using CASY TTC instrument. (D) Blood parameter histograms of the red blood cells one day 
before pIpC induction and one day before sacrificing after pIpC induction. On the y-axis amount 
and x-axis, the size of the RBCs. (E) The mice were weighed (left panel), after sacrificing also the 
spleen weight was determined (right panel). (F) Southern blot analysis for both genes on spleen 
and bone marrow cells after pIpC induction. Left panel show ‘WT’ littermates without Mx1-Cre, and 
right panel cKOs with Mx1-Cre.

maturation of T cells, since the cells migrate from the thymus to the peripheric tissues 
in this stage.68 
The analysis of the B cell compartment is presented in Figure 24. In the spleen 
(upper panel) we didn’t observe any significant differences between the B cell 
populations of the control and Prmt5 cKO mice. In BM (lower panel), we observed 
a reduction in follicular B cells from 12% in the controls to 6% in the Prmt5 cKO 
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animals. An increase was observed for the newly formed B cells, from 87% 
to 92 % and a decrease from 10% to 5% of the recirculating mature B cells.
Although not all changes were significant, compared to the controls the Prmt5 cKO 
animals displayed a shift to more progenitor-like B cells. 
Figure 25 represents the flow cytometry results of the myeloid cells in the control 
and Prmt5 cKO mice. Most of the values were very similar between the two groups 
of mice. For example, the populations of eosinophils, macrophages and neutrophils 
appeared to be stable. The conventional DCs (CD11c+/CD11b+) were significantly 
increased from 1.2% to 1.7% and the monocytes from 6% to 7%. The subpopulations 
within these groups didn’t show any changes. 
In conclusion, interpretation of these data is limited by the low recombination efficiency 
observed in the Prmt5 cKO animals. Nevertheless, the changes we observed in the 
hematopoietic cell populations point in general at an increase of progenitor cells 
populations, suggesting that PRMT5 is required for hematopoietic differentiation.

PRMT1 +PRMT4: analysis of normal hematopoiesis
In the next experiments, we bred mice compound homozygous for two Prmt 
conditional knockout alleles. We started with the combination of the PRMTs catalysing 
asymmetric arginine methylation: Prmt1 and Prmt4. 
Because the Prmt1 floxed allele did not show efficient recombination after pIpC 
induction (Figure 11), we treated adult mice with pIpC, with the idea that the animals 
will have less time to mobilize unrecombined cells to take over from recombined 
cells. We injected mice between 8-13 weeks old every other day in a 3-treatment 
course, after 2 weeks we sacrificed the mice for analysis. 
Measuring the blood parameters before and after pIpC induction, we didn’t observe 
statistically significant differences between the controls and the Prmt1::Prmt4 cKOs 
(Figure 26A and B). Similar to what was observed for Prmt1 cKO mice, however, 
WBC and PLT count is decreased in Prmt1::Prmt4 cKO animals.  Cellularity of BM 
and spleen, as well as red cell width distribution were similar between Prmt1::Prmt4 
cKO  and wt mice  (Figure 26C,D). After pIpC the RDW curves were changed, they 
were wider and less smooth. 
Body and spleen weights were not affected by pIpC treatment (Figure 26E). To check 
recombination, we performed a Southern blot of spleen and BM cells (Figure 26F). 
Whereas the Prmt4 floxed alleles showed very efficient recombination upon pIpC 
treatment (Figure 1) this was no longer the case in the compound Prmt1::Prmt4 cKO 
animals. This strongly supports the notion that unrecombined cells have a strong 
selective advantage upon depletion of PRMT1 by recombination of the floxed Prmt1 
alleles (Figure 11).
PRMT4 and PRMT5: analysis of normal hematopoiesis
The final experiments were performed with PAC8.1/wt; Prmt4 fl/fl; Prmt 5 fl/fl and 
PAC8.1/wt; Prmt4 fl/fl; Prmt5 fl/fl; Mx1-Cre/wt mice. This combines conditional 
knockout alleles for two major PRMTs: PRMT4 belongs to the type 1 PRMTs and 
PRMT5 belongs to the type 2 PRMTs. The results are shown in Figure 27-35.
Analysis of blood parameters (Figure 27A), cell numbers (Figure 27B), RBC size 
distributions (Figure 27C), qRT-PCR results of the globins in BM and spleen (Figure 
27 D,E), body- and spleen weights of the pIpC treated mice (Figure 27F) didn’t 
reveal any significant differences between the control and Prmt4::Prmt5 cKO mice.  
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Figure 27. Control and Prmt4::Prmt5 cKO mice. (WT n=5 and cKO n=5). (A) Measured blood 
parameters: WBC (white blood cells); RBC (red blood cells); HGB (hemoglobin); HCT (haematocrit); 
PLT (platelets); MCV (Mean Corpuscular Volume); MCH (Mean Corpuscular Hemoglobin); MCHC 
(Mean Corpuscular Hemoglobin Concentration); RDW (RBC distribution width); MPV (mean 
platelet volume) measured one day before sacrificing. (B) Number of cells counted per mice per 
tissue using CASY TTC instrument. (C) Blood parameter histograms of the red blood cells one 
day before sacrificing after pIpC induction. On the y-axis amount and x-axis, the size of the RBCs. 
(D) and (E) Expression ration of g-globin and mice globins were determined in BM and spleen 
using qRT-PCR. Fractions were calculated. (F) The mice were weighed (left panel), after sacrificing 
also the spleen weight was determined (right panel). (G) Southern blot analysis for both genes 
on spleen, bone marrow and thymus cells after pIpC induction. Left panel show ‘WT’ littermates 
without Mx1-Cre, and right panel cKO’s with Mx1-Cre. (H) Western blot analysis of RIPA lysates of 
complete tissues: spleen and BM. Shown are 2 representatives of each condition of each tissue. 
Tubulin was used as a loading control. 
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Southern blot analysis (Figure 27G) showed that there is some variation in 
recombination effi ciency between the Prmt4::Prmt5 cKO mice, but on the whole the 
Prmt4 and Prmt5 fl oxed alleles displayed very ineffi cient recombination. 
Western blot analysis of spleen and BM whole cell lysates (Figure 27H) could only 
be performed for PRMT5, since there is currently no antibody available for specifi c 
detection of PRMT4 in mouse tissues. For PRMT5 we observed that there appears to 
be some reduction in protein levels in some of the Prmt4::Prmt5 cKO tissues, but the 
great variability in expression between mice and tissues precludes a straightforward 
interpretation of these data.
Not surprisingly, the fl ow cytometry analyses did not reveal any exacting differences 
(Figure 28 to 35). The erythroid lineage displays a reduction of 0.5% of mature cells 
in the BM of Prmt4::Prmt5 cKO mice (Figure 28). For T cells we found a minor 
increase from 3% to 5% of the CD62-/CD44+ cell population within the CD3+ real 
CD4 SP cells of the thymus of Prmt4::Prmt5 cKO mice (Figure 29).
In the B cell lineage, no signifi cant differences were found between the control and 
Prmt4::Prmt5 cKO mice (Figure 30).
For the myeloid cells we observed two increased cell populations, the CD11b DCs 
and the monocytes in the Prmt4::Prmt5 cKO mice (Figure 31).
We conclude that the minor differences between the controls and Prmt4::Prmt5 cKO 
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Figure 28. Flow 
c y t o m e t r y 
analysis for 
erythroid cells 
in control and 
Prmt4::Prmt5 
cKO mice. 
After live/
dead gating 
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Figure 29. T cell fl ow 
cytometry analysis of 
control and Prmt4::Prmt5 
cKO (A) spleen and 
(B) thymus cells. After 
live/dead marking (not 
shown) CD3/NK1.1 or 
NK1.1/FSC-A was used 
to distinguish between 
NK-cells (NK1.1+) and T 
cells (NK1.1- /(CD3+)). 
Different populations of T 
cells are further specifi ed 
using CD4/CD8. CD4-/
CD8- double negative 
(DN) cells are immature T 
cells, in thymus they are 
located in the capsule. In 
the thymus, they move to 
the cortex and become 
CD8+/CD4+ double 
positive (DP) which are 
precursor cells. Mature 
T cells are characterized 
which are located in the 
medulla of the thymus are 
marked as single positive 
(SP) for CD4 or CD8. From 
here the gating strategy 
differs between spleen 
and thymus. In spleen, 
the CD4+ population is 
CD62L/CD44 used to 
distinguish CD4 memory 
(CD62L-/CD44+) and naïve 
CD4 T cells (CD62L+/
CD44-and+). Within the 
CD8+ population we 
can specify activated 
(CD62L+/CD44+), effector 
(CD62L-/CD44+) and naïve 
(CD62L+/CD44-) T cells. In 
thymus DN and SPs are 
further categorized using 
CD3/FSC-A, to distinguish 
immature negative and 
mature positive cells. 
Subsequently, different 
maturation stadia of the 
DN immature cells are 
marked using CD25/CD44. 
DN1 is CD25-/CD44+, 
DN2 CD25+/CD44+, DN3 
CD25+/CD44- and DN4 is 
CD25-/CD44-. The mature 
SP cells are further 

analysed using CD62L/CD44: effector T cells are characterized by CD62L-/CD44+, central memory 
T cells carry CD62L+/CD44+, and naïve T cells are CD62L+/CD44-. Immature single positive (ISP) 
cells are marked by CD8 SP and then CD3-. (WT n=5 vs cKO n=5. * indicates a p-value of < 0 .05).
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Conditional knockout of protein arginine methyl transferase 1, 4 and 5 in 
the hematopoietic system. 

3

mice may refl ect reduced expression of PRMT4/PRMT5 in a subset of the cells of the 
hematopoietic system. Since differences in the T cell compartment that were found 
with the Prmt4 single cKO mice were no longer detectable, the very low recombination
effi ciency obtained with the compound Prmt4::Prmt5 fl oxed mice indicates that 
cells escaping recombination have a selective advantage. This further supports the 
interpretation of the results obtained with the Prmt5 single cKO mice: the changes 
in the hematopoietic cell populations of Prmt5 single cKO mice point in general at 
an increase of progenitor cells populations, suggesting that PRMT5 is required for 
hematopoietic different iation.

Experiments with Vav1-Cre
Because we could not exclude that pIpC-induced activation of CRE in the Mxi-Cre
mice gave insuffi cient recombination of the Prmt1 and Prmt5 loci, we used tissue-
specifi c, constitutively expressed, Cre recombinase lines. We chose Vav1-Cre, 
which drives Cre expression in the HSPC compartment 45, and Vec-Cre, which is 
already activated in endothelial cells before the fi rst HSCs are formed 46. Due to 
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F igure 30. B cell fl ow 
cytometry analysis 
of control and 
Prmt4::Prmt5 cKO (A) 
spleen cells and (B) 
bone marrow. First, 
we gated for single 
cells, and lymphocytes 
using FSC-A/FSC-H 
and FSC-A/SSC-A. 
Subsequently we used 
the markers B220/CD19 
markers to distinguish 
the plasmacytoid 
dendritic cells (pDC; 
CD19-/B220+) and B 
cells (CD19+/B220+ and 
-). The B cell population 
is thereafter subdivided 
in six groups. Three 
subpopulations are 
divined using CD23/
CD21; follicular 
(CD23+/CD21 medium); 
marginal zone (CD23-/
CD21+) and newly 
formed (CD23-/CD21-) B 
cells. IgM/IgD markers 
are used to distinguish 
immature (IgM+/IgD-
); recirculating (IgM+/
IgD+) and pro/pre (IgM-/
IgD-) B cells. The last 
group is in BM cells 
further specifi ed as pro/
pre-B cells (CD2-) and 
small pre-B cells (CD2+) 
using CD2/FSC-A. (WT 
n=5 vs cKO n =5).
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Chapter 3

expected embryonic lethality of loss of PRMT5, and to decrease selection of cells 
with non-recombined Prmt-loci, we chose a window for analysis during embryonic 
development. Timed matings were set up of mice harbouring PAC8.1; Prmt5 fl oxed 
alleles, and Vav1-Cre recombinase, and embryos were collected on embryonic day 
(E) E13.5, E14.5, and E15.5. Western blot analysis was used to determine PRMT5 
levels in RIPA lysates of fetal liver cells, and fl ow cytometry analysis was used to 
characterize cord blood and fetal liver cells.
All embryos collected at E13.5 contained Vav1-Cre, hence embryos with Prmt5     fl /wt were 
used as controls. Western blot analysis revealed a reduction in PRMT5 protein in Prmt5
fl /fl  embryos (Figure 32). Protein levels were halved in the embryos containing Vav1-Cre. 
Some of the embryos collected at E14.5 did not contain Vav1-Cre. Surprisingly, one 
of these appears have to lower levels of PRMT5 protein in the fetal liver than the 
embryos with Vav1-Cre. But in general the protein levels were reduced with 20%-
50% in the embryos with Vav1-Cre. 
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Fi gure 31. Flow 
cytometry analysis 
for myeloid cells in 
spleen from Control 
and Prmt4::Prmt5 
cKO mice. After 
gating for living cells 
and lymphocytes, 
we could distinguish 
7 different types 
of myeloid cells: 
eosinophils (F4-
8 0 - / S i g l e g F + ) , 
macrophages (F4-
8 0 + / S i g l e g F + ) , 
conventional dendritic 
cells (DCs: CD11c+/
CD11b+), immature 
DCs (CD11c+/
CD11b-), other 
myeloid cells (CD11c-/
CD11b+), neutrophils 
( L y 6 G + / C D 1 1 b + ) 
and monocytes 
(Ly6G-/CD11b+). The 
immature DCs are 
further categorised 
as small DCs (CD11c-/
MHCII+) and large 
DCs (CD11b+/MHCII+). 
Monocytes are 
subdivided in novel/
resident monocytes 
( C D 1 1 b + / L y 6 C - ) 
and infl ammatory 
monocytes (CD11b+/
Ly6C+). (WT n=5 vs. 
cKO n=5. * indicates 
p<0.05).
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Fig ure 32. Western blot of 
fetal livers of E13.5, E14.5, 
and E15.5 embryos carrying 
PAC8.1/wt; Prmt5 fl /fl  with(out) 
the Vav1-Cre recombinase. 
* heterozygote for Prmt5 
fl oxed allele. Anti-tubulin was 
used as a loading control. 

Figu re 33. Flow cytometry analysis of erythroid cells in cord blood of PAC8.1/wt; Prmt5 fl /fl , PAC8.1/
wt; Prmt5 fl /wt; Vav1-Cre/wt and PAC8.1/wt; Prmt5 fl /fl ; Vav1-Cre/wt embryos at E13.5, E14.5, and 
E15.5. After live/dead gating we distinguished different erythroid progenitor cell populations using 
CD71/Ter119 and CD71/KIT. (E13.5 WT=2, cKO=7; E14.5 WT=5, cKO=4; E15.5 WT=4, cKO =6).  
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At E15.5 the fetal liver is no longer composed predominantly of erythroid cells, which 
could explain why there is so much PRMT5 protein left in E15.5 embryos containing 
Vav1-Cre. In conclusion, depletion of PRMT5 protein using Vav1-Cre was only 
partially successful; the best reduction was observed in E13.5 fetal livers.
Flow cytometry analysis did not reveal any major differences between the embryos 
of different genotypes in cord blood cells (Figure 33) and fetal liver cells (Figure 
34). In E15.5 fetal liver, the CD71-/Ter119- population was reduced from 6% in the 
controls to 4.2% in the Vav1-Cre containing embryos. Because PRMT5 protein was 
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Figur e 34. Flow cytometry analysis of erythroid cells of fetal livers of PAC8.1/wt; Prmt5 fl /fl , PAC8.1/
wt; Prmt5 fl /wt; Vav1-Cre/wt and PAC8.1/wt; Prmt5 fl /fl ; Vav1-Cre/wt embryos at E13.5, E14.5, and 
E15.5. After life/dead gating we distinguish different erythroid progenitor cell populations using 
CD71/Ter119 and CD71/KIT. (E13.5 WT=2, cKO=7; E14.5 WT=5, cKO=4; E15.5 WT=4, cKO=6). 
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still present, we did not perform a Southern blot.
Experiments with Vec-Cre
Since the results obtained with Vav1-Cre indicated incomplete recombination, we 
switched to the Vec-Cre line46 which is active before the endothelial to hematopoietic 
transition during mouse development. Thus, recombination should have occurred 
before the appearance of the first HSCs. 
Southern blot analysis was performed on fetal livers at E12.5, E13.5, E14.5, and 
E16.5 of PAC8.1/wt; Prmt5 fl/fl and fl/wt embryos with and without Vec-Cre (Figure 
35). Lanes containing DNA from Prmt5 fl/wt fetal livers are marked with an asterisk.  
Of note, the recombination efficiency observed in Prmt5 fl/fl::Vec-Cre fetal liver DNA 
is comparable to, or even less than the efficiency in Prmt5 fl/wt::Vec-Cre littermates. 
This difference becomes more marked at later developmental stages. This finally 
proofs that non-recombined cells have a selective advantage over PRMT5 depleted 
cells.
In Figure 36 we show the results of the erythroid flow cytometry analysis of fetal 
livers and cord blood. We did not observe significant changes in Prmt5 Vec-Cre cKO 

embryos. 

CRISPR
Because of apparent selection for unrecombined cells in the conditional knockout 
mouse experiments, we wished to explore the role of the PRMT genes in the 
HUDEP-2 cell line55 using CRISPR technology69,70. 
First, we lentivirally transduced HUDEP-2 cells using the lentiCas9-Blast vector, and 
we selected for the transduced cells with Blasticidine S. Cas9 expression in the 
pool of transduced cells was analysed by western blotting (Figure 37A, left panel). 
We noted that Cas9 expression was silenced upon removal of Blasticidine S from 

* ** �/wt
- cre +Vec-cre

E12.5

* �/wt
- cre +Vec-cre

E13.5

* �/wt
- cre +Vec-cre

E14.5

* * �/wt
- cre +Vec-cre

E16.5

*

�oxed

recombined

�oxed

recombined

�oxed

recombined

�oxed

recombined

Figure 35. Southern blotting of PAC8.1/wt; Prmt5 fl/fl or fl/wt mice and PAC8.1/wt; Prmt5 fl/fl or fl/
wt; Vec-Cre/wt fetal livers of embryos at E12.5, E13.5, E14.5, and E16.5. * Prmt5 fl/wt. 
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fetal livers
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the medium (Figure 37A, midle and right panels); by selecting for Blasticidine S 
resistance again (not shown), high Cas9 expression levels can be restored.
After introducing the gRNAs into the HUDEP-2/Cas9 cells, we PCR-amplified the 
part of the target on the genomic DNA. For PRMT1, PRMT4, and PRMT5, this 
resulted in a product of ~523-553 bp. After gel purification of the PCR fragments, 
we used the surveyor assay to detect heteroduplexes (Figure 37B). Indels can be 

PRMT4

ADMA

GFP

tubulin

pAD5-
GFP

pLKO-
TRC

pLKO-
P4V2

pLKO-
P4V1

PR MT5

γ-globin

tubulin

pLKO-
TRC

pLKO-
P5V1

pLKO-
P5V2

TRC V1 TRC V1 TRC V1 TRC V2V2 MM

PRMT1 PRMT4 PRMT5

whole PCR fragment
biggest fragment after cut

smalest fragment after cut

414+139 197+318 237+286 expected fragment sizes

807
514468448
339264247216211200 169150 94

A

B

C D E

h-β (vs. h-γ)

h-γ (vs h-β)

TRC 

PRMT4.v
1

PRMT4.v
2

0.0000
0.0001
0.0002
0.0003
0.0004
0.0005

0.8

1.0

1.2

fra
ct

io
n 

of
 g

lo
bi

ns

˿  Figure 36. Flow cytometry analysis of erythroid cells in cord blood and fetal livers of PAC8.1/
wt; Prmt5 fl/fl, and PAC8.1/wt; Prmt5 fl/fl; Vec-Cre/wt embryos at E10.5 until E14.5. After live/dead 
gating we distinguished different erythroid progenitor cell populations using CD71/Ter119 and 
CD71/KIT. (E10.5 WT=3, cKO=3; E11.5 WT=6, cKO=2; E12.5 WT=4, cKO=5; E13.5 WT=2, cKO=7; 
E14.5 WT=6, cKO=2)

Figure 37. Results of CRISPR used in HUDEP-2 cells. (A) Western blot with anti-flag to check 
Cas9 expression in transduced HUDEP-2 cells after Blasticidine S selection. (B) Agarose /EtBr gel 
electrophoresis scan of the PCR fragments on genomic DNA of transduced HUDEP-2/Cas9 cells 
with the guide RNAs and controls after digestion with the surveyor endonuclease. (C) Western 
blot of the HUDEP-2/Cas9 cells after transduction with two different guide RNAs against PRMT4 
and two controls. Single blot stained for PRMT4, tubulin as a loading control and asymmetric 
dimethyl arginine (ADMA). GFP of the first control gives non-specific signal.  (D) Western blot of 
the HUDEP-2/Cas9 cells after transduction with two different guide RNAs against PRMT5 and one 
control. Single blot stained for PRMT5, tubulin as a loading control, and g-globin. (E) qRT-PCR 
results on mRNA of HUDEP-2/Cas9 cells after transduction with two different guide RNAs against 
PRMT4. g/g+b Normalized to TRC control.
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detected specifically in the V1 samples of PRMT1, PRMT4, and PRMT5. 
To confirm the effect of CRISPR-induced mutations on PRMT protein levels, we 
performed western blots for PRMT4 (Figure 37C) and PRMT5 (Figure 37D). In addition 
we also tested the PRMT4 blot for ADMA and the PRMT5 blot for g-globin. HUDEP-2/
Cas9 cells targeted by PRMT4-V1 displayed a strongly reduced PRMT4 protein 
level. In sharp contrast, HUDEP-2/Cas9 cells targeted by the two PRMT5 gRNAs did 
not display reduced PRMT5 reduced protein levels, despite the positive surveyor as
say. This suggests that complete PRMT5 depletion is not compatible with survival of 
HUDEP-2 cells, a result that is in line with our observations on the Prmt5 cKO mice. 
In Figure 37C at the lower panel, we checked whether the reduced protein levels of 
the PRMT4 protein were affecting asymmetric dimethyl arginine (ADMA) levels. We 
observed indeed a reduced ADMA level corresponding with the reduced PRMT4 
protein. In Figure 37D we also tested for g-globin levels, but as expected after the not 
reduced PRMT5 levels, there are no detectable g-globin levels present. 
To check the effect of the reduced PRMT4 level on globin expression, we 
performed qRT-PCR on mRNA of the CRISPRed HUDEP-2/Cas9 cells. Similar to 
the observations in the Prmt4 cKO mice, we observed that depletion of PRMT4 
had a minimal effect on expression of the g-like and b-like globins, (Figure 37E). 
This indicates that PRMT4 is not involved in developmental regulation of globin 
expression.
For the PRMT1 CRISPRed HUDEP-2 cells we performed TIDE analysis on genomic 
DNA. Here we observed that only 9.4% was mutated due to the guide RNA (not 
shown). Because of this low efficiency we did not continue with this experiment. 
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In addition to the PRMT5 CRISPR experiments, we also tested the compound 
GSK591, an inhibitor of PRMT5 function. HUDEP-2 cells were seeded at 0,5x10^6 
cells/ml and treated for 7 days with 10, 100 and 1000 nM GSK591 under proliferation 
and differentiation conditions. HUDEP-2 cells without any additives and with only 
DMSO were used as a control. The concentrations had no effect on the differentiation 
capacity of the cells (Figure 38A). In proliferation medium, cell expansion slightly 
is increased which already might an effect of the DMSO. In Figure 38B we show 
the Western blot stained with an antibody specific for symmetric dimethyl arginine 
(SDMA). The treated cells were showing depletion of SDMA, indicating that the 
inhibitor worked. Using RT-qPCR, we tested the mRNA levels of b- and g-globin. 
We see an increase of g-globin expression in the differentiated cells treated with 
the highest dose of GSK591(Figure 38C). Although the induction is ~10-fold, the 
absolute level of g-globin is still very low. We conclude that inhibition of PRMT5 by 
GSK591 does not result in significantly increased g-globin levels.
  

Discussion 
Here we present our findings concerning conditional knockout mice of three different 
protein arginine methyl transferases: Prmt1, Prmt4/Carm1, and Prmt5. First, we will 
summarize the consequences of the cKOs in PAC8.1/wt mice with and without the 
hematopoietic specific Mx1-Cre/wt Cre-recombinase with a focus on erythroid cells 
and hemoglobin expression. 
Earlier findings of our lab (not shown) revealed that use of the erythroid-specific 
EpoR-Cre line, which expresses Cre in erythroid progenitors, may leave residual 
mRNA and protein during terminal erythroid differentiation.
In literature, a defect of the earliest thymocyte progenitor subset is described at 
E18.5.62 At the PAC8.1/wt; Prmt4 fl/fl mice with and without Mx1-Cre/wt we can 
confirm changes within the T cell populations, but this is measured in adult spleen. 
Most of the changes that were found in literature we cannot find back in the thymus, 
where the T cells are originated from, although the cellularity of the thymus is reduced. 
Also, some B cell populations show a shift to the immature side due to the knockout. 
But this is only found in spleen and not in BM. After PHZ treatment we can’t confirm 
the observed deregulations. But we found that the B cells are shifted to the pro/
pre-B cells in BM instead of immature/recirculating B cells. Also, here we observed 
major changes in all cell populations, after PHZ addition compared to the experiment 
without PHZ. 
For the PAC8.1/wt; Prmt1 fl/fl and PAC8.1/wt; Prmt5 fl/fl with and without Mx1-Cre/
wt, we observed that the induction of recombination failed, probably due to selection 
for unrecombined cells. Nevertheless, we have described the observations made. 
Within the PAC8.1/wt; Prmt1 fl/fl mice with and without Mx1-Cre/wt, we see in spleen 
a small shift of early erythroid progenitor cells in the cKO animals, but this does not 
influence the other cell populations in BM and blood. In the other cells types we see 
some significant differences, but those are mostly shifts of few percentages from the 
progenitor-like stage(s) to the more mature-like cell stages. 
Previously, a defect in B cell maturation when PRMT1 is absent has been reported.65 
sWe don’t observe this. We only see some T cell and monocyte subpopulations that 
are shifting a few percentages to the more progenitor/immature like cells. After PHZ 
treatment all these significant deregulations have disappeared, but we can see major 
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shifts in all cells types to the progenitor/ immature cells presumably as a reaction to 
the red blood cell lysis, this is not due to the Mx1-Cre since the recombination was 
inefficient. 
With PRMT5 we observe some shifts within the BM of the Mx1-Cre carrying 
animals. Also, the T cells in spleen and thymus show some altered cell population 
compositions, but more towards the mature cells.
Whereas the B cells are shifting in the BM more to the newly formed cells, this is not 
detected in spleen. Myeloid cells in spleen only show some minor changes due to 
activation of  Mx1-Cre. 
In the compound lines of Prmt1 fl/fl with Prmt4 fl/fl and Prmt4 fl/fl line with Prmt5 
we didn’t observe any significant changes in the pan-hematopoietic flow cytometry 
analysis.
To check recombination of the floxed allels, we analysed genomic DNA by Southern 
blotting. When we look at the Prmt1 fl/fl mice and compare Southern blots of genomic 
DNA from spleen and BM of the mice with Mx1-Cre, we find considerable differences 
between animals. Also, there is fluctuation between the spleen and BM. This is also 
confirmed by western blot analysis; in some mice there is a clear protein reduction, 
and in other mice the protein is still abundant. 
In the Prmt4 fl/fl mice an even more interesting phenomenon is shown. In the normal 
Mx1-Cre pIpC induced mice we observe efficient recombination of close to 100%. 
If we treat these animals with PHZ, the recombination rate drops to 50% or even 
lower when comparing to the experiment without PHZ. Because the animals are 
sacrificed for analysis we cannot measure whether the recombination was better 
before the PHZ treatment. PHZ treatment causes massive lysis of the erythrocytes. 
As a result, new cells are quickly created, which might affect the balance between 
the hematopoietic lineages. Cells that escape recombination may contribute more 
efficiently to the newly formed cells. This would contribute to the observed low 
recombination frequency at the Prmt4 locus after PHZ treatment.
When we look at the recombination efficiency of Prmt5 fl/fl mice this is even more 
dramatic than the Prmt1 fl/fl mice. If we combine Prmt1 fl/fl with Prmt4 fl/fl or Prmt5 
fl/fl with Prmt4 fl/fl, recombination at the Prmt4 locus is now also very inefficient. 
This indicates that the lack of efficient recombination of the floxed Prmt1 and Prmt5 
alleles is not a locus-specific phenomenon, but more likely a consequence of strong 
selection bias for cells that have escaped recombination. This strongly suggests that 
PRMT1 and PRMT5 are essential proteins in the hematopoietic system.
According to literature, Vav1-Cre should have an effect from E11.5-E13.5 this is why 
we looked from E13.5. but we did not observe any effects of the cKO.53,71 
In the embryo experiments with Vec-Cre and Prmt5 floxed alleles we find that 
recombination of a heterozygous floxed Prmt5 allele is efficient. In contrast, 
recombination rates of homozygous floxed Prmt5 alleles is too inefficient to effectively 
deplete PRMT5 from the hematopoietic cells. These observations also support the 
notion that recombination of the Prmt5 floxed locus is not intrinsically inefficient, and 
that PRMT5 is essential for hematopoietic cells. Collectively, our data shows that the 
conditional knockout approach can be applied successfully to non-essential Prmt 
genes such as Prmt4. For the study of essential Prmt genes such as Prmt1 and Prmt5, 
it would be prudent to delete these genes in lineages not essential for survival of the 
animal such as megakaryocytes (Pf4-Cre), B (Mb1-Cre) and T cells (Lck-Cre).67,68 
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For the erythroid lineage, we used the human HUDEP-2 cell line as an alternative. 
We designed guide RNAs targeting the PRMT1, PRMT4 and PRMT5 genes. For 
PRMT1 we performed TIDE analysis to check CRISPR-mediated genomic changes 
at the PRMT1 locus. We found these to be too inefficient for analysis at population 
level. Improved gRNAs and/or selection of PRMT1-depleted cells will be required to 
study PRMT1 function in HUDEP-2 cells. For PRMT5, although one of the gRNAs 
appeared to be very efficient according to the Surveyor assay, PRMT5 protein was 
not successfully depleted from the cell population. As an alternative approach to 
PRMT5 inactivation, we tested GSK591 to inhibit PRMT5 catalytic activity. This 
resulted in clearly reduced levels of symmetric dimethyl arginines. We found a small 
increase in expression of g-globin, although this remained well below therapeutically 
relevant levels. 
Concerning the PRMT4 cells, the surveyor assay showed efficient modification of 
the genomic DNA. In HUDEP-2/Cas9 cells targeted by PRMT4-V1 gRNA a strongly 
reduced PRMT4 protein level was measured. But looking at the globin levels in 
these cells, we observed only minor g-globin changes.
What changes did you observe?
 These findings are in agreement with the data obtained with the Prmt4 floxed mice 
that PRMT4 is not essential for the hematopoietic system and does not have a role 
in developmental regulation of globin expression. 
In conclusion, PRMT4 yielded technically the best results in mice and HUDEP-2 
cells, but the biological effects of PRMT4 depletion in hematopoietic cells appear 
to be very limited. Inactivation of PRMT1 and PRMT5 was technically challenging, 
most likely due to strong selection for cells with remaining activity of these proteins.   
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Supplementary Figure 3. Injection scheme for induction of Mx1-Cre and phenylhydrazine (PHZ) 
treatment. (A) Administration of pIpC in adult mice. (B) administration of pIpC in young mice. (C) 
Administration of PHZ. This can be combined with A and B .  
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Supplementary Table 1. List of primers used.
Gene2 Sequence Purpose 

PAC8.1_Fw GCTGCTGTTATGACCACTAGAGGG Genotyping

PAC8.1_Rv AGACAGGGAAGGAGGTGTGG Genotyping 

EpoR-Cre_Fw GTGTGGCTGCCCCTTCTGCCA Genotyping

EpoR-Cre_Rv CAGGAATTCAAGCTCAACCTCA Genotyping

general-Cre_Fw ACCCTGTTACGTATAGCCGA Genotyping

general-Cre_Rv CTCCGGTATTGAAACTCCAG Genotyping

Vav-Cre_Fw GGCGACAGTTACAGTCACAGAAGAGG Genotyping

Vav-Cre_Rv GCCTGGCGATCCCTGAACATG Genotyping

CAG_Flp_Fw CCCATTCCATGCGGGGTATCG Genotyping

CAG_Flp_Rv GCATCTGGGAGATCACTGAG Genotyping

Prmt1_m_Fw GAGTGCTTGCCATACAAGAGATCC Genotyping

Prmt1_m_Rv TACAAGGCCAGCCCTTAGATCACC Genotyping

Prmt4_m_Fw TACAAGGCCAGCCCTTAGATCACC Genotyping

Prmt4_m_Rv CTCTGATATGAGGGCATGACTGCG Genotyping

Prmt5_m_Fw CCAGAACTTCCTCTGGTTTCTGG Genotyping

Prmt5_m_Rv GAAAGCTGTGTGTCCTCACAC Genotyping

Prmt1_m_Probe_Fw GAGAAGGGACCAAAGGAATG Southern blotting

Prmt1_m_Probe_Rv TACAGACAGGGTCAGATGAG Southern blotting

Prmt4_m_Probe_Fw GCTCATCCAGGCTTTAG Southern blotting

Prmt4_m_Probe_Rv CAGACCCAATCCCATAG Southern blotting

Prmt5_m_Probe_Fw ACAAGCTAGGTATTTACACAAGGA Southern blotting

Prmt5_m_Probe_Rv GTCACACAGAGTCCGAAAGTTA Southern blotting

Gapdh_m_qPCR_Fw CTACTGGTGTCTTCACCACC qPCR 

Gapdh_m_qPCR_Rv TCGTGGTTCACACCCATCAC qPCR

α_m_qPCR_Fw TTGGCTAGCCACCACCCT qPCR

α_m_qPCR_Rv CCAAGAGGTACAGGTGCA qPCR

βmajor_m_qPCR_Fw ATGGCCTGAATCACTTGGAC qPCR

βmajor_m_qPCR_Rv ACGATCATATTGCCCAGGAG qPCR

βH1_m_qPCR_Fw TGG ACA ACC TCA AGG AGA CC qPCR

βH1_m_qPCR_Rv ACC TCT GGG GTG AAT TCC TT qPCR

εy_m_qPCR_Fw TGGCCTGTGGAGTAAGGTCAA qPCR

εy_m_qPCR_Rv GAAGCAGAGCACAAGTTCCCA qPCR

β_h_qPCR-Fw TACAATTTGCTTCTGACACAAC qPCR

β_h_qPCR-Rv ACAGATCCCCAAAGGAC qPCR

γ_h_qPCR-Fw AGGTGCTGACTTCCTTGGG qPCR

γ_h_qPCR-Rv GGGTGAATTCTTTGCCGAA qPCR

hPRMT1_5Fw1 CACCGCTGGACGTCGGCTCGGGCAC CRISPR guide

hPRMT1_5Rv1 AAACGTGCCCGAGCCGACGTCCAGC CRISPR guide

hPRMT1_deltest_Fw1 TGGTGGTGTGCACCTATAATC CRISPR surveyor

hPRMT1_deltest_Rv1 CCCATCACCTCCATCCAATC CRISPR surveyor

hPRMT4_exFw1 CACCGTGTGTTCAGCGAGCGGACGG CRISPR guide

hPRMT4_exRv1 AAACCCGTCCGCTCGCTGAACACAC CRISPR guide

hPRMT4_exFw2 CACCGGGAGCGGTCTGTGTTCAGCG CRISPR guide

hPRMT4_exRv2 AAACCGCTGAACACAGACCGCTCCC CRIPSR guide

hPRMT4_deltest_Fw1 CCCTGTATGTTCAAGGGAGAAA CRISPR surveyor

hPRMT4_deltest_Rv1 AGGGCATTGTAACTGCTCTAC CRISPR surveyor

hPRMT5_5Fw1 CACCGCTAATCATGTCATTGATCGC CRISPR guide

hPRMT5_5Rv1 AAACGCGATCAATGACATGATTAGC CRISPR guide

hPRMT5_5Fw2 CACCGGACCAATAAGAAGGGATTTC CRISPR guide

hPRMT5_5Rv2 AAACGAAATCCCTTCTTATTGGTC CRISPR guide

hPRMT5_deltest_Fw1 ATGGGTGTGGCTTCTCTTAC CRISPR surveyor

hPRMT5_deltest_Rv1 CTAGGGCTACTACTGGCATTTAC CRISPR surveyor

2	  m_ = mouse; h_=human; Fw = sense; Rv = antisense



124

Chapter 3

Supplementary Table 2 list of antibodies used
Flow cytometry

Antibody Manufacturer Order # Dilution 

CD71-FITC BD Pharmingen 553266 1:400

Ter119-PE BD Pharmingen 553673 1:400

KIT-PE-Cy7 BD Pharmingen 558163 1:200

CD44-APC BD Pharmingen 559250 1:400

Ly6C-Brilliant Violet 605 BD Horizon 563011 1:500

2,4G2 block Homemade - 1:300

Fixable Viability Dye eFluor® 506 eBioscience 65-0866-14 1:400

CD3-FITC BD Pharmingen 553062 1:320

CD25-PERCP-Cy5.5 BD Pharmingen 551071 1:160 for spleen or 
1:640 for thymus

CD4-APC-Cy7 BD Pharmingen 560181 1:200

NK1.1-Pacific Blue BD Horizon 560524 1:50

CD8a-PE-Cy7 eBioscience 25-0081-82 1:1600

CD44-PE BD Pharmingen 553134 1:1000

CD62L-APC eBioscience 17-0621-82 1:5000

CD21-FITC eBioscience 11-0212-85 1:500

CD19-PERCP-Cy5.5 eBioscience 45-0193-82 1:320

B220-Alexa Fluor 700 eBioscience 56-0452-82 1:160

IgM-Bio BD Pharmingen 553436 1:80

Streptavidin-APC-eFluor 780 eBioscience 47-4317-82 1:400

CD2-PE eBioscience 12-0021-83 1:2500

CD23-PE-Cy7 eBioscience 25-0232-81 1:500

IgD-APC eBioscience 17-5993-82 1:2500

F4/80-FITC eBioscience 11-4801-85 1:100

CD11b-PERCP-Cy5.5 BD Pharmingen 550993 1:100

MHCII-Alexa Fluor 700 eBioscience 56-5321-82 1:400

Ly6C-Brilliant Violet 605 BD Horizon 563011 1:500

SiglecF-PE PD Pharmingen 552126 1:320

Ly6G-PE-Cy7 BD Pharmingen 560601 1:500

CD11c-PertexRed Invitrogen MDC11c17 1:100

7-aminoactinomycin D Invitrogen A1310 1:400

Western blotting 

Antibody Manufacturer Order # Dilution 

Prmt1 Upstate/Millipore 07-404 1:1000

Prmt4 Upstate/Millipore 09-818 1:1000

Prmt5 Upstate/Millipore 07-4051 1:1000

Gamma Santa Cruz sc-21756 1:1000

Actin Santa Cruz sc-1616 1:1000

tubulin  Thermo Fisher A11126 1:100-

Asymmetric DMA Cell Signalling 13522 1:1000

Symmetric DMA Cell Signalling 13222 1:1000
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Abstract
In an effort to fi nd new therapeutic targets for the most common 
monogenetic diseases, b-thalassemia and sickle cell anaemia, 
Chromatin Target of Prmt1 (CHTOP) was previously found as 
a g-globin regulator. In cell culture studies, where short hairpin-
mediated knockdown of CHTOP was achieved in primary human 
erythroid progenitor cells, g-globin levels of up to 25% of total b-like 
globin were found. Animal studies were hampered by the fact that 
constitutive Chtop knockout mice die around E16.5. Here we report 
results obtained with mice carrying a human HBB locus transgene, 
Chtop fl oxed alleles, and Cre recombinases specifi c for the erythroid 
and hematopoietic system. Using the EpoR-Cre line we observed a 
high recombination effi ciency in erythroid cells. However, the protein 
levels of CHTOP were not affected, presumably due to the stage of 
differentiation at which Cre-mediated recombination occurs. We then 
switched to the pan-hematopoietic inducible Mx1-Cre line. Induction 
of Mx1-Cre in young mice resulted in effi cient recombination, and 
importantly reduced CHTOP protein expression. These reduced 
levels of CHTOP protein did not increase g-globin expression or lead 
to other strong hematopoietic phenotypes. To investigate the role of 
CHTOP in embryos, in utero induction of Mx1-Cre was not successful, 
and the constitutive pan-hematopoietic Vav-Cre line displayed poor 
recombination effi ciency. With the constitutive hemo-endothelial Vec-
Cre line we achieved effi cient recombination and CHTOP protein 
reduction in fetal livers and cord blood of E12.5-E16.5 embryos. This 
had no discernible effect on g-globin expression or the other erythroid 
parameters measured. Finally, we depleted CHTOP protein in Human 
Umbilical cord blood-Derived Erythroid Progenitor 2 (HUDEP-2) cells 
using CRIPSR technology. The CHTOP gene was targeted effi ciently 
as shown by surveyor assays and TIDE analysis. However, we did 
not observe increased expression of g-globin in CHTOP-depleted 
HUDEP-2 cells.
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Introduction
In humans, the hemoglobin tetramer changes composition during the embryonic/
fetal and fetal/adult transition. The first switch occurs halfway the first trimester 
when the major embryonic hemoglobin, a tetramer of z-globin and e-globin peptides, 
changes to the fetal hemoglobin (HbF) tetramer composed of a-globin and g-globin 
peptides. Around birth, a second switch occurs from HbF to adult hemoglobin (HbA), 
which is composed of a tetramer of a-globin peptides and b-globin peptides. In mice, 
there is only one switch, between embryonic day 11.5-13.5 the embryonic/fetal 
globins z, ey, and bh1 are replaced by the fetal/adult a, bmajor, and bminor globins. 
Every year around 300,000 people are born with the most common monogenetic 
disorders in the human population: b-thalassemia and sickle cell disease. In 
these diseases, the level and/or function of b-globin is disturbed due to mutations. 
Researchers discovered a benign condition called Hereditary Persistence of Fetal 
Hemoglobin (HPFH), whereby the affected people maintain increased g-globin levels 
in adulthood.1 When HPFH is combined with sickle cell disease or b-thalassemia, 
the disease burden of the patients is reduced.2 Several therapeutic strategies to 
improve the condition of sickle cell disease and b-thalassemia patients aim to raise 
g-globin levels in adults. An example is hydroxyurea treatment which elevates HbF 
to over 15% in some patients, but is ineffective in a sizeable fraction of patients.3,4 
Genome-wide association studies (GWAS) revealed several g-globin regulators, 
including BCL11A and MYB.5-7 About 50% of the variability in HbF levels can be 
assigned to the known g-globin modifier loci.7,8 An experimentally identified potential 
g-globin modifier is Chromatin Target of Prmt1 (CHTOP), previously known as Friend 
of Prmt1 (FOP)9 and small protein rich in arginine and glycine (SRAG). CHTOP is 
conserved in vertebrates. It is a 27 kDa nuclear protein, and also has isoforms of 25 
kDa and 23 kDA.9

In studies of cultured human adult erythroid progenitor (HEP) cells, g-globin levels 
of up to 30% of total hemoglobin were reached using short hairpin-mediated 
knockdown of CHTOP. 10 In mice, a full knockout of CHTOP is lethal around E16.5 
due to multiple defects, including placental defects, precluding the use of this model 
to study developmental regulation of globin expression.9,11 
Using mass spectroscopy, PRMT1 and PRMT5 were identified as CHTOP interacting 
partners.9,10,12 Previous work linked those proteins to globin regulation.13 
The protein arginine methyltransferase (PRMT) family consists of 9 members which 
are divided in 3 groups: Type I, II and III.14,15 PRMTs catalyse the transfer of a methyl 
group from S-adenosyl-L-methionine (SAM) to the guanidino nitrogen atom of 
arginine. CHTOP interacting partner PRMT1 is a type I PRMT and is characterized 
by catalysing asymmetric w-NG,NG-dimethylated arginines (aDMA). The type I 
enzymes include PRMT1, PRMT2, PRMT3, PRMT4/CARM1, PRMT6 and PRMT8. 
Type II enzymes are characterized by formation of symmetric w-NG,NG-dimethylated 
arginines (sDMA), and include PRMT5 and PRMT9.16,17 PRMT7 is thus far the 
only type III enzyme which is able to form w-NG-monomethyl arginine (MMA) on 
histones.18 Most PRMTs methylate arginine- and glycine rich motifs, called RGG/RG 
motifs or GAR-domains, except for PRMT4/CARM1, which prefers proline, glycine 
and methionine (PGM)-rich motifs.19 In general arginine methylation brings about 
changes in interacting partners, due to steric effects of hydrogen bond interactions 
without changing the charge of the molecule.20 Full knockouts of PRMT1 and PRMT5 
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are, similar to the CHTOP full knock out, lethal in mice.21,22 
The interaction between PRMT1 and CHTOP requires the GAR-domain of the 
CHTOP protein. CHTOP is ADMA-methylated by PRMT1. PRMT5 can also methylate 
CHTOP in vitro and in vivo.9 Within the cell, CHTOP colocalizes with heterochromatin 
and is required for oestrogen-depended transcription of the TTF1 gene.9

Another function of CHTOP works via a methylosome complex, which consists of 
the proteins PRMT1, PRTM5, methylosome protein 50 (MEP50) and enhancer of 
rudimentary homolog (ERH).23,24 The CHTOP-methylosome complex is recruited 
by 5-hydroxymethylcytosine (5hmC), which are increased in glioblastoma cells.23,24 
Recruitment of the methylosome by 5hmC leads to methylation of histone H4 
arginine 3 (H4R3), and the transcriptional activation of cancer-related genes such as 
ten-eleven translocation 1 (TET1).23,24 
Furthermore, CHTOP is recruited by the UAP56 protein from the ‘transcription/
export’ complex TREX, together with the protein Alyref.25 Together these factors 
show ATPase and RNA helicase activity. Within whole cell lysates, CHTOP is found 
to be hyper-methylated. In contrast, fractionation experiments show that CHTOP 
is hypo-methylated in the nuclear fraction.25 In addition, hypo-methylated CHTOP 
crosslinks more efficiently to mRNA than the methylated form.25 
Stable protein level of CHTOP is maintained via a negative feedback loop whereby 
CHTOP protein is binding to a stem-loop region in intron 2 within its own RNA, 
preventing splicing. As a stop codon is present in this sequence, this leads to 
degradation via nonsense-mediated mRNA decay (NMD).26

CHTOP has been shown to regulate g-globin expression in cultured human 
erythroblasts.10 Here, we present our findings concerning CHTOP function within 
the erythroid and hematopoietic system in the mouse. For this we used transgenic 
mice carrying the human b-globin (HBB) locus, floxed alleles of the Chtop gene, 
and Cre recombinase lines specific for the erythroid and hematopoietic system. We 
show here that although the erythroid-specific EpoR-Cre line efficiently activates 
recombination during erythroid differentiation, CHTOP protein remains abundantly 
present in the erythroid cells. For adult animals, we found that the inducible Mx1-Cre 
line effectively reduced CHTOP protein levels in the hematopoietic system, while for 
embryos the Vec-Cre line displayed efficient recombination in the fetal liver. Finally, 
we used CRISPR to deplete CHTOP protein from HUDEP-2 cells, a model for adult 
human erythropoiesis.27

Material and Methods
Mice
All animal studies were approved by the Erasmus MC Animal Ethics Committee. In 
this study, the following transgenic mouse strains were used: the human b-globin 
(HBB) locus PAC8.1 transgene 28, floxed Chtop alleles and Cre recombinase lines 
specific for the hematopoietic sytem. The JM8A3.N1 embryonic stem (ES) cell clone 
EPD0635_2_D03 with ‘knockout first’ L1L1_Bact_P cassette in the Chtop gene 
was obtained from the Wellcome Trust Sanger Institute (Hinxton, UK), as part of 
the International Mouse Knockout (now Phenotyping) Consortium. Supplementary 
Figure 1 displays the organization of the FRT/neo/LacZ and LoxP elements and the 
BclI restriction sites used for Southern blotting. Chimeras were derived by injecting 
ES cells into C57BL/6 blastocysts. Male chimeras were mated with C57BL/6 females 
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and the agouti offspring selected for presence of the targeted Chtop allele. To remove 
the LacZ-neo cassette, the mice were crossed with CAG-Flp mice. Offspring was 
selected for presence of floxed Chtop exon 4 (Supplementary Figure 1 lower panel).
In addition, we used several Cre recombinase lines active in the hematopoietic 
system: the Epo Receptor locus (EpoR-Cre)29, the endothelial, germ cell and pan 
hematopoietic Vav1-Cre30; vascular endothelial cadherin Vec-Cre31, and interferon 
inducible Mx1-Cre line32. 
Genotyping was performed by PCR using genomic DNA isolated from toe biopsies. 
Primers are listed in Supplementary Table 1. Embryos were collected between 
embryonic day (E) 10.5 and E16.5; genotyping was performed by PCR on head 
DNA. Adults were analysed with a maximum age of 21 weeks. To detect Cre-
mediated recombination of the Chtop locus, Southern blot analysis was done on 
erythroid tissues. The probes used listed in Supplementary Table 1. To induce Mx1-
Cre mediated recombination, mice were injected subcutaneously (SC) 20mg/g body 
weight polyinosinic-polycytidylic ribonucleic acid (pIpC; P0913, Sigma Aldrich) for 3 
times every other day starting at the end of the first week after birth, Supplementary 
Figure 2. After about 2 months, 1-2 weeks prior to collect, mice received one 
last pIpC injection. In some experiments, mice were subsequently treated with 
phenylhydrazine (PHZ P6926; Sigma Aldrich) to induce stress erythropoiesis. The 
mice were injected SC with 0.4% (w/v) PHZ in phosphate buffered saline (PBS) 
(12μl/g body weight) for 2 consecutive days (Day 1 and 2). Mice were collected at 
Day 5 for analysis. 
Blood analysis
Peripheral blood was collected from the mandibular vein of adult mice (>10 weeks of 
age). Standard blood parameters were measured using an automated hematologic 
analyser Scil Vet Animal Blood Counter (Scil Vet ABC). Leftovers were stored in TRI-
reagent (93289, Sigma Aldrich) at -20°C for RNA isolation. 
Flow cytometry analysis
Single cell suspensions from blood, bone marrow, spleen, and thymus were made 
by flushing and crushing the material and passing through cell strainers (40 mm, 
352340, BD Bioscience). The cells were diluted and washed in PBS containing 1mM 
EDTA. Before staining, the cells were washed in FACS buffer (PBS, 1% (w/v) bovine 
serum albumin (BSA) and 1 mM EDTA). ~106 cells were incubated for 30 minutes 
with the primary antibodies. Antibodies used are listed in Supplementary Table 2. 
Depending on the antibody combination, cells were washed in FACS buffer or PBS. 
Live cells were distinguished negatively by 7-aminoactinomycin D (7-AAD; A1310; 
Invitrogen) staining, and were directly analysed. Alternatively, the cells were stained 
for 30 minutes using the Fixable Viability Dye eFluor 506 (eBioscience), and washed 
in PBS. Cells were measured on the on a Fortessa flow cytometer (BD Bioscience). 
MACS selection of CD71+ BM cells
To check recombination in erythroid cells, we selected for CD71 using the FITC 
labelled antibody annotated in Supplementary Table 2. We used MACS separation 
columns (Miltenyi Biotec) or FACS tubes and the EasySep kit (#18555; Stem Cell 
Technologies) and a magnet (18000; Stem Cell Technologies), according to the 
manufacturer’s instructions. 
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Southern blot analysis
Genomic DNA (20 μg) of Chtop cKO mice was digested with 20 units of BclI 
enzyme overnight at 50°C. The fragments were separated on a 0.7% agarose gel, 
and subsequently transferred to a nylon membrane. Primers to generate the probe 
are listed in Supplementary Table 1. The probes were labelled with a32P-dATP 
(PerkinElmer) using a nick translation kit (GE Healthcare). After hybridisation and 
washing, the blot was exposed to a phosphor screen which was scanned using 
a Typhoon FLA9500 instrument (GE Healthcare). The floxed Chtop allele will be 
visualised at 3.5 kb and the recombined allele at 2.7 kb. 
Cell culture 
Human Umbilical cord blood-Derived Erythroid Progenitor (HUDEP-2) cells 
were cultured in proprietary Cellquin medium (Sanquin Research, Amsterdam), 
supplemented with doxycycline (DOX, 1 mg/ml), stem cell factor (SCF, 100 ng/ml, 
R&D Systems), erythropoietin (EPO, 2 units/ml, Janssen-Cilag), and dexamethasone 
(1x10-6M, Sigma) as described previously.27 To induce differentiation, we used 
Cellquin medium supplemented with 500 mg/mL iron-saturated transferrin (Scipac) 
and EPO (10 units/ml). For cell counting we used a CASY TTC instrument (Roche).
Lentiviral production and transduction
For knockout experiments of CHTOP in HUDEP-2 cells, we transduced the cells 
first with lentiCas9-Blast (Addgene plasmid # 52962).33 The lentiviral particles were 
produced in Human Embryonic Kidney (HEK) 293T cells as described previously.34 
Supernatant from the HEK-293T cells was collected and mixed on Day 1, 2, and 3 
after transfection. On the third day, the supernatant was filtered using a 0.45mm filter. 
The virus particles were collected using centrifugation at 20,000 rpm for 2:15 hours at 
4°C. The HUDEP-2 cells were exposed to the lentivirus for 78-92 hours. Blasticidin S 
(10 mg/mL; Santa Cruz #sc-495389) was added for the selection of transduced cells. 
After selection, we performed a second transduction with a vector containing the 
guide RNA (gRNA). This vector was made from the pSpCas9(BB)-2A-Puro (PX459) 
V2.0 plasmid, which was a gift from Feng Zhang (Addgene plasmid # 62988).35 The 
gRNAs were designed with the online CRISPR design tool of the Zang lab at MIT 
(http://crispr.mit.edu/). As a threshold, we only used guides with a score higher than 
85. Furthermore, we blasted the guide targets for predicted off target effects. The 
gRNA oligonucleotides (Integrated DNA Technologies) are listed in Supplementary 
Table 1. We transferred the gRNA part to a lentivirus producing vector, pLKO.1 puro, 
which was a gift from Bob Weinberg (Addgene plasmid # 8453). After transduction, 
we added puromycin (1 mg/mL; Sigma) for 24 hours to select for transduced cells.
To check the effect of the CRISPR, we designed a PCR around the gRNA target 
region. Using Platinum Taq polymerase (Invitrogen), we amplified a product of ~626 
bp. Subsequently, we used the Surveyor Mutation Detection kit (Integrated DNA 
Technologies) according the manufacturer’s instructions, to detect heteroduplexes 
indicative of CRISPR-induced mutations. When CRISPR succeeded, fragments of 
~285 bp and ~341 bp are expected.
TIDE
On genomic DNA we performed TIDE analysis to check the efficiency of the CRISPR 
guides.36 
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Protein extraction and western blotting
Whole cell lysates of blood, BM, spleen, and HUDEP-2 cells were prepared using 
RIPA buffer (20mM Tris pH 7.4, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% mM EDTA 
and 0.5% sodium deoxycholate) supplemented with complete protease inhibitor mix 
(Roche) and Pefablock (Roche).37 The samples were lysed on ice for 15 minutes 
before centrifugation 15 minutes at 10,000 rpm at 4°C. Supernatant was collected 
and mixed with 4x Sample Buffer (50mM Tris pH6.8, 0.004% Bromophenol Blue, 8% 
SDS, 40% glycerol, 10% b-mercaptoethanol). To visualize g-globin expression at the 
protein level, whole cell lysates were loaded on 10% or 12.5% SDS-PAGE, the gels 
were transferred to nitrocellulose membranes and probed with antibodies listed in 
Supplementary Table 2.

Results
In primary adult human erythroid progenitor (HEP) cells, CHTOP is associated with 
g-globin regulation10. Upon shRNA-mediated knockdown, HbF levels of up to 30% of 
total Hb can be reached.10 To test this in vivo, we performed knockout experiments 
in mice. Since the full knockout of Chtop is lethal in mice 9, we used a conditional 
knockout system.
We used mice carrying floxed Chtop alleles, the human HBB locus single copy 
transgene PAC8.1 28, and a specific Cre recombinase. We started with the 
erythroid-specific EpoR-Cre line, containing a Cre recombinase knockin allele of the 
erythropoietin receptor gene 29. This Cre recombinase will become active from the 
burst forming unit erythroid (BFU-E) progenitor stage and is specific for the erythroid 
linage. 
The PAC8.1/wt; Chtop fl/fl; EpoR-Cre/wt mice were compared with littermates without 
EpoR-Cre. We also tested stress erythropoiesis induced by phenylhydrazine (PHZ) 
treatment. Before sacrificing the mice, we collected blood from the mandibular vein 
to measure blood parameters. We observed no differences comparing the PAC8.1/
wt; Chtop fl/fl mice to the PAC8.1/wt; Chtop fl/fl; EpoR-Cre/wt mice (Figure 1A-B). 
As expected, there were significant effects on the erythroid compartment due to 
PHZ treatment; during stress erythropoiesis increased numbers of reticulocytes 
are released into the bloodstream. The histograms of the red blood illustrate these 
differences induced by PHZtreatment (Figure 1C), . However, when comparing the 
EpoR-Cre/wt mice with the controls no major differences were observed in  the PHZ-
treated mice. Figure 1D is showing the total body and spleen weights of animals 
without PHZ treatment. In addition, Figure 1E is showing the weights after PHZ 
treatment. No significant differences were found between the mice with EpoR-Cre 
and the controls. Comparing mice with and without PHZ treatment we observed, 
as expected, a significant increase in spleen size due to the activation of stress 
erythropoiesis.
Figure 1F-I shows the analysis of human and mouse b-like globin expression in bone 
marrow and spleen cells. An increase of almost 7% for g-globin and 10% for e-globin 
was found in PHZ-treated animals carrying EpoR-Cre, but due to the high variability 
between the animals, this did not reach statistical significance. To determine the 
recombination efficiency, we performed Southern blotting on spleen and bone 
marrow DNA (Figure 1J). For the mice without PHZ treatment we performed CD71+ 
cell selection to enrich for erythroid progenitor cells. This revealed very efficient 
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4

˿Figure 1. PAC8.1/wt; Chtop fl/fl mice with and without EpoR-Cre/wt before and after 
phenylhydrazine (PHZ) treatment (*indicates a p-<0.05 WT no PHZ n=8 / cKO no PHZ n=12 / 
WT after PHZ n=2 / cKO after PHZ n=4).(A-B) Blood parameters measured on the animal blood 
cell counter before (A) and after (B) PHZ treatment. White blood cells (WBC); red blood cells 
(RBC); hemoglobin (HGB); hematocrit (HCT); platelets (PLT); mean corpuscular volume (MCV); 
mean corpuscular hemoglobin (MCH); mean corpuscular hemoglobin concentration (MCHC); 
red blood cell distribution width (RDW); mean platelet volume (MPV). (C) RBC histograms, 
x-axis represents the size, y-axis the number of cells. After PHZ treatment, an additional peak 
is detected, representing larger non-nucleated RBCs: reticulocytes. (D-E) Average mouse body 
weights (left y-axis; two left bars), and spleen weights (right y-axis; two right bars) of mice before 
(D) and after (E) PHZ treatment. (F-I), Relative contribution of human (F, H) and mouse (G, I) b-like 
globins in bone marrow (F, G) and spleen (H, I) as measured by RT-qPCR. Relative fractions are 
calculated like g/(g +b) and bm/(bm + bH1 + ey). (J) Southern blot of genomic DNA after overnight 
digestion with the BclI enzyme at 50°C. Upper panel: CD71+ selected bone marrow cells; middle 
panel: spleen cells from PHZ treated mice; lower panel: total bone marrow (no selection) after 
PHZ treatment. (K) Western blot of spleen (upper panels) and BM (lower panels) cells after PHZ 
treatment. Blots were stained with anti- (a) actin, CHTOP and g-globin.

recombination of the Chtop locus, up to 100%, in the animals carrying EpoR-Cre. 
After PHZ treatment, the observed recombination rate was reduced to about 50%. 
Possibly, this can be explained by the fact that cells escaped recombination during 
the fast stress erythropoiesis response. 
Figure 1K shows western blot results of spleen and bone marrow whole cell lysates. 
This confirmed that there was still CHTOP protein left owing to the incomplete 
recombination after PHZ treatment, although this varied between individual mice. In 
the first lane, containing protein of an EpoR-Cre mouse, less CHTOP protein was 
visible, but in the third lane, which also contains protein of an EpoR-Cre mouse, 
the level of CHTOP protein was similar to that observed in the second lane which 
contained protein isolated from a control mouse. We also stained the western blot for 
human g-globin, but expression of g-globin could not be detected.
Next, we performed CD71/Ter119 flow cytometry analysis on the bone marrow, 
spleen, and blood cells after PHZ treatment. We observed that there were no 
significant differences between the mice with and without EpoR-Cre (Figure 2). In 
conclusion, in the EpoR-Cre carring mice we detected a recombination efficiency of 
up to 100%, but no differences in erythroid parameters were observed. In addition, 
continued presence of CHTOP protein upon PHZ-induced stress erythropoiesis may 
have obscured any significant CHTOP-dependent changes in blood parameters, 
spleen and body weights, and alterations in globin expression. To circumvent this 
problem, we crossed the PAC8.1/wt; Chtop fl/fl mice with a line containing Mx1-Cre. 
This Cre is active from the early hematopoietic stem cell, so any remaining CHTOP 
protein should be diluted to undetectable levels due to the many cell divisions from 
that point when fully recombined. The Mx1-Cre line has the advantage that Cre 
expression is induced by activating the interferon response through injection of 
double stranded RNA (pIpC). 
We measured the blood parameters before induction with pIpC, after pIpC induction, 
and after pIpC induction followed by PHZ treatment (Figure 3A-C). Most of the 
measured blood parameters were unaffected after Mx1-Cre induction by pIpC, 
(Figure 3B). We observed a reduction of 23% of the WBC in mice treated with pIpC 
and carrying Mx1-Cre (Figure 3B). We observed that in the control mice the RBCs 
were decreased with 19% after pIpC treatment, but that this did not occur in 
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Figure 2. Flow cytometry analysis of bone marrow, spleen, and blood cells of PAC8.1/wt; Chtop fl /
fl  mice with and without EpoR-Cre/wt after PHZ treatment using the erythroid markers CD71 and 
Ter119. Maturation goes clockwise from CD71-/Ter119- � CD71+/Ter119- � CD71+ / Ter119+ � CD71 
intermediate / Ter119+ � CD71- / Ter119+.  (WT after PHZ n=2 / cKO after PHZ n=4).

mice with Mx1-Cre, where these values remained stable (not shown). Many blood 
parameters were affected by PHZ treatment in mice of both genotypes. The RBC 
size histograms (Figure 3D) illustrate the effect of PHZ treatment, with a peak of 
larger, newly-formed, reticulocytes appearing. We also measured the body and 
spleen weights (Figure 3E).
Although the body weights were slightly reduced within the group of Mx1-Cre/wt mice 
compared to the control mice, these differences were not signifi cant. Interestingly the 
spleen weights of the PHZ treated mice showed a signifi cant difference between the 

͢  Figure 3. (next page) PAC8.1/wt/ Chtop fl /fl  mice with and without Mx1-Cre/wt, before and after 
pIpC induction, before and after PHZ treatment. (*indicates a p-<0,05 WT no pIpC no PHZ n=9 / cKO 
no pIpC no PHZ n=11 / WT after pIpC no PHZ n=8 / cKO after pIpC no PHZ n=10 / WT after pIpC and 
PHZ n=4 / cKO after pIpC and PHZ n= 4). (A) Before pIpC induction and before PHZ treatment, (B) 
After pIpC induction and before PHZ treatment and (C) after pIpC induction and after PHZ treat-
ment: Blood parameters measured on the animal blood cell counter: White blood cells (WBC); 
red blood cells (RBC); hemoglobin (HGB); hematocrit (HCT); platelets (PLT); mean corpuscular 
volume (MCV); mean corpuscular hemoglobin (MCH); mean corpuscular hemoglobin concentra-
tion (MCHC); red blood cell distribution with (RDW); mean platelet volume (MPV). (D) Histograms 
of the red blood cells. X-axis represents the size, y-axis the number of cells. After PHZ treatment 
an extra peak is observed, representing larger non-nucleated RBCs: reticulocytes. (E) Body and 
spleen weights of the three conditions, on the left y-axis mouse weights are noted, and on the 
right y-axis the spleen weights. (F-G) Relative contribution of human and mouse b-like globins in 
bone marrow and spleen, after pIpC (F) and after pIpC and PHZ (G) as measured by RT-qPCR. Rel-
ative fractions are calculated like g / (g + b)  and bm / (bm + bh1 +ey). (H) Southern blot of the BclI 
digested genomic DNA after pIpC induction of spleen cells and CD71+ and CD71- bone marrow 
cells. (I) Western blot of whole cell protein extracts after pIpC induction of spleen cells and CD71+ 
and CD71- bone marro˿w cells. Blots are stained with anti-tubulin and anti-CHTOP or anti-actin 
and anti g-globin. (J) Southern blot of BCLI digested genomic DNA of spleen and non-selected 
bone marrow cells after pIpC and PHZ treatment. (K) Western blot of whole cell protein extracts 
after pIpC and PHZ treatment of spleen and non-selected bone marrow cells. Blots were stained 
with anti-tubulin and anti-CHTOP.

CD71
- T

er1
19

-

CD71
+ T

er1
19

-

CD71
+ T

er1
19

+

CD71
 im

. T
er1

19
+

CD71
- T

er1
19

+
0

20

40

60

80

%
 o

f p
os

iti
ve

 c
el

ls

CD71
- T

er1
19

-

CD71
+ T

er1
19

-

CD71
+ T

er1
19

+

CD71
 im

. T
er1

19
+

CD71
- T

er1
19

+
0

10

20

30

40

50

%
 o

f p
os

iti
ve

 c
el

ls

CD71
- T

er1
19

-

CD71
+ T

er1
19

-

CD71
+ T

er1
19

+

CD71
 im

. T
er1

19
+

CD71
- T

er1
19

+
0.00
0.75
1.50

20

40

60

80

%
 o

f p
os

iti
ve

 c
el

ls

62,1 1,33

20,2

14,2

0,94

0-103 103 104 105

0

-10 3

103

104

105

25,0 2,27

51,2

15,8

3,60

0-103 103 104 105

0

-10 3

103

104

105

24,7 3,14

29,8

33,2

3,40

0-103 103 104 105

0

-10 3

103

104

105

19,4 1,76

31,9

32,3

7,34

0-103 103 104 105

0

-10 3

103

104

105

0,83
4,51

62,1

31,0

0,17

0-103 103 104 105

0

-10 3

103

104

105

0,25
17,4

50,3

30,1

0,024

0-103 103 104 105

0

-10 3

103

104

105

PAC8.1; Chtop fl/fl
bone marrow

PAC8.1; Chtop fl/fl; 
EpoR-Cre

PAC8.1; Chtop fl/fl
spleen

PAC8.1; Chtop fl/fl; 
EpoR-Cre

PAC8.1; Chtop fl/fl
blood

PAC8.1; Chtop fl/fl; 
EpoR-Cre

C
D

71

Ter119

PAC8.1; Chtop fl/fl PAC8.1; Chtop fl/fl; EpoR-Cre



135

Chromatin Target of Prmt1 protein reduction does not affect fetal globin 
regulationthe hematopoietic system. 

4

no pIpC / no PHZ after pIpC / no PHZ

after pIpC / after PHZ 

30 100 200 30 100 200

30 100 200 30 100 200

30 100 200 30 100 200

PAC8.1/wt; Chtop �/� PAC8.1/wt; Chtop �/�;
Mx1-Cre/wt

no pIpC
no PHZ

after pIpC
no PHZ

after pIpC
after PHZ

A B

C D

E

- C
re

+ M
x1

-cr
e
- C

re

+ M
x1

-cr
e
- C

re

+ M
x1

-cr
e
- C

re

+ M
x1

-cr
e
- C

re

+ M
x1

-cr
e

0

10

20

30

40

0.0

0.2

0.4

0.6

w
ei

gh
t m

ou
se

 (g
)

- Cre + Mx1-cre

after pIpC
after PHZ

mouse spleen

after pIpC
no PHZ

no pIpC
no PHZ

spleen mouse

* w
eight  spleen (g)

*
*

* * * *

spleen

bone
marrow recombined

�oxed

recombined

�oxed
Mx1-Cre/wt

PAC8.1/wt; Chtop �/�
after pIpC after PHZ

spleen

bone
marrow

recombined

�oxed

recombined

�oxed

PAC8.1/wt; 
Chtop �/�

after pIpC / no PHZ

recombined

�oxed

CD71+
cells

CD71-
cells

PAC8.1/wt; Chtop �/�
Mx1-Cre/wt

spleen

bone
marrow

Mx1-Cre/wt
PAC8.1/wt; Chtop �/�
after pIpC / no PHZ

α-Chtop

α-tubulin

CD71+
cells

CD71-
cells

*

blood

α-tubulin

α-Chtop

α-tubulin

α-Chtop

α-Actin

α-γ-globin

* * * * * *

spleen

bone
marrow

Mx1-Cre/wt
PAC8.1/wt; Chtop �/�

after pIpC / after PHZ

α-Chtop

α-tubulin
*

α-Actin
α-Chtop

* **

F G

IH

WBC 10
E9/l

RBC 10
E12

/l

HGB m
mol/l

HCT l/l

PLT
 10

E9/l

MCV fl

MCH fm
ol

MCHC m
mol/l

RDW L%
MPV fl

0

50

100

150

pe
rc

en
ta

ge
 o

f W
T

PAC8.1; Chtop fl/fl PAC8.1; Chtop fl/fl; Mx1-Cre/wt
WBC 10

E9/l

RBC 10
E12

/l

HGB m
mol/l

HCT l/l

PLT
 10

E9/l

MCV fl

MCH fm
ol

MCHC m
mol/l

RDW L%
MPV fl

0

50

100

150

pe
rc

en
ta

ge
 o

f W
T

PAC8.1; Chtop fl/fl PAC8.1; Chtop fl/fl; Mx1-Cre/wt

*

WBC 10
E9/l

RBC 10
E12

/l

HGB m
mol/l

HCT l/l

PLT
 10

E9/l

MCV fl

MCH fm
ol

MCHC m
mol/l

RDW L%
MPV fl

0

50

100

150

200

pe
rc

en
ta

ge
 o

f W
T

PAC8.1; Chtop fl/fl PAC8.1; Chtop fl/fl; Mx1-Cre/wt

KJ

-C
re

+M
x1

-C
re

-C
re

+M
x1

-C
re

-C
re

+M
x1

-C
re

0.0

0.1

0.2

0.3

0.4
0.75

1.00

1.25
after pIpC

h-β h-γ
BM CD71-BM CD71+spleen

-C
re

+M
x1

-C
re

-C
re

+M
x1

-C
re

-C
re

+M
x1

-C
re

-C
re

+M
x1

-C
re

-C
re

+M
x1

-C
re

-C
re

+M
x1

-C
re

0.0

0.1

0.2

0.3

0.4

0.5
0.8
1.0
1.2

after pIpC after PHZ

h-β
h-γ

m-ɛy (vs. m-βm)
m-βm (vs. m-ɛy)

m-βm (vs. m-α)
m-α (vs. m-βm)

BM spleen



136

Chapter 4

Figure 4. Flow cytometry analysis of bone marrow, spleen and blood cells of PAC8.1/wt; Chtop 
fl /fl  mice with and without Mx1-Cre/wt after pIpC and PHZ treatment using the erythroid markers 
CD71, Ter119 and KIT. Maturation goes fi rst from CD71-/KIT+, CD71+/KIT+, CD71+/KIT-, CD71-/KIT-
. Using the CD71 and Ter119 combination, the maturation continues from CD71-/Ter119-, CD71+/
Ter119-, CD71+/Ter119+, CD71+/Ter119 intermediate, CD71-/Ter119+, as described in the lower 
panel. HSC (hematopoietic stem cell), MEP (myeloid erythroid progenitor), BFU-E (burst forming 
unit erythroid), CFU-E (colony forming unit erythroid), pro-EB (pro-erythroblast), baso-EB (baso-
erythroblast), poly-EB (poly-erythroblast), orto-EB (orto-erythroblast), reticulocytes, erythrocytes. 
(WT after pIpC and PHZ n=4 / cKO after pIpC and PHZ n=4).  
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mice with Mx1-Cre recombinase and without. We observed a reduction of 0.1 grams 
(median 0.415 grams without Mx1-Cre, 0.315 grams with Mx1-Cre) after pIpC and 
PHZ treatment. Due to PHZ-induced stress erythropoiesis, spleen sizes massively 
increased compared to the mice only treated with pIpC (0.07 grams in mice of both 
genotypes). Looking at g-globin expression using qRT-PCR , we didn’t observe 
changes in spleen, CD71-, and CD71+ bone marrow after Mx1-Cre induction (Figure 
3F). We also quantified the expression of human and mouse b-like globins after PHZ 
treatment. Again, no changes due to the Mx1-Cre activity were found (Figure 3F).
To check the recombination efficiency and its effect on CHTOP protein levels, we 
performed Southern and western blotting on protein extracts of spleen and BM 
cells. In mice that were only treated with pIpC, we observed a lower recombination 
rate than observed with EpoR-Cre (compare Figure 3H with Figure 1J). Highest 
recombination efficiency was observed in CD71+ selected bone marrow cells, and 
reached levels of ~33%. On the western blot of these samples, we observed a 
slight reduction in CHTOP protein levels, but the effect was minimal (Figure 3I). 
In blood, no g-globin protein could be detected by western blot analysis (Figure 3I 
lower panel). Figure 3J shows the Southern blot of the mice induced with pIpC and 
treated with PHZ. In both spleen and BM, the recombination efficiency was higher 
than observed in the animals without PHZ treatment.  Furthermore, recombination in 
the BM appeared more efficient than in the spleen, with levels up to ~66%. Western 
blot analysis confirmed these results (Figure 3K).
In addition, we performed flow cytometry analysis after PHZ treatment. Figure 4 
shows the flow cytometry results of the PAC8.1/wt; Chtop fl/fl with and without Mx1-
Cre after pIpC induction and PHZ treatment. Here we included the cell surface 
markers CD71, Ter119, and KIT. 
Comparing the PHZ treated (Figure 4) to the non-PHZ treated mice (not shown), it 
is clear that there were more CD71+/Ter119+ cells present after PHZ treatment. No 
significant differences were found between the conditional knockout mice with Mx1-
Cre and their control littermates. The western and Southern blots (Figure 3 H-K) 
indicate that the poor recombination efficiency and the abundant presence of CHTOP 
protein could be the cause of the apparent lack of phenotype within the erythroid 
compartment. It is possible that we induced Mx1-Cre too late and/or analysed the 
mice too soon. The average lifespan of a mouse erythrocyte is 60 days; we analysed 
these mice already 1 month after induction. It is therefore possible that we were 
looking at a cell population that in part originated from before the pIpC treatment. To 
circumvent this problem, we repeated the experiment by inducing Mx1-Cre earlier, 
within the first week after birth. We waited until the mice reached an age of 16 weeks, 
so all newly formed cells should be derived from the hematopoietic system after Cre-
mediated recombination of the Chtop locus. Because CHTOP depletion might also 
affect other blood cell populations originated form the hematopoietic stem cell, we 
set up a pan-hematopoietic flow cytometry analysis to observe whether there were 
changes due to Mx1-Cre activity.
After pIpC induction, just before sacrificing the mice, we measured the blood 
parameters (Figure 5A-C). We observed an effect of pIpC only within the conditional 
knockout mice carrying Mx1-Cre versus no pIpC at the RBC, HCT, MCH and MCHC 
levels, which all decreased. The RBC cell size histograms did not reveal any obvious 
changes (Figure 5C). The mouse and spleen weights were not affected 
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Figure 5. PAC8.1/wt/ Chtop fl/fl mice with and without Mx1-Cre/wt after starting the pIpC induction 
at a young age, including non-injected controls. (A) control littermates before and (B) after pIpC 
induction. Blood parameters were measured on the animal blood cell counter: White blood cells 
(WBC); red blood cells (RBC); hemoglobin (HGB); haematocrit (HCT); platelets (PLT); mean 
corpuscular volume (MCV); mean corpuscular hemoglobin (MCH); mean corpuscular hemoglobin 
concentration (MCHC); red blood cell distribution with (RDW); mean platelet volume (MPV). (C) 
Histograms of the RBCs. X-axis represents the size, y-axis the number of cells.  (D) Mouse body 
and spleen weights after pIpC induction, on the left y-axis mouse weights are noted, and on the 
right y-axis spleen weights. (E) mRNA of bone marrow and (F) spleen cells was tested using RT-
qPCR for human b and g globin and mouse ey, bH1, bmajor and z globins. (G) and (I) Southern 
blots of BCLI digested genomic DNA after pIpC of spleen and bone marrow cells. (H) and (J) 
Western blot of whole cell protein extracts after pIpC and PHZ treatment of spleen and non-
selected bone marrow cells and thymus (J). Blots are stained with anti-tubulin, anti-CHTOP and 
its binding partner PRMT1. E=empty lane.  (*indicates p-<0,05 or which samples carry Mx1-Cre 
recombinase, WT no pIpC no PHZ n=5 / cKO no pIpC no PHZ n=2 / WT after pIpC n=12 / cKO after 
pIpC n=12).
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by the presence of Mx1-Cre (Figure 5D). Measuring the relative globins levels of 
human g and mouse ey, bH1, bmajor, and z in bone marrow (Figure 5E) and spleen 
(Figure 5F) only small but not significant increases were observed. In Figure 5 G-J 
the Southern (G and I) and western blots (H and J) of the samples are shown. 
Interestingly, the recombination efficiency has considerably improved compared with 
the previous results obtained with Mx1-Cre, but it was still not as good as with EpoR-
Cre (Figure 1J) although that was on CD71+ selected cells. 
Western blots (Figure 5 H and J) demonstrated that there were samples with strongly 
reduced CHTOP protein signals. In conclusion, although there was considerable 
variation in the recombination efficiency, CHTOP protein signals were reduced in 
several samples after pIpC induction in young mice. Thus, Mx1-Cre pIpC in young 
animals yields better results than when induced in adult mice. 
In Figure 6 – 9 we present our findings concerning the pan-hematopoietic flow 
cytometry analysis on blood, spleen, bone marrow, and thymus cells.
Figure 6 displays flow cytometry of the erythroid markers CD71/Ter119/KIT on 
bone marrow, spleen, and blood cells. We observed a large population of CD71-/
Ter119- BFU-E/CFU-E cells and a smaller population of CD71+/Ter119+ basophilic/ 
polychromatic erythroblast in spleen and BM. This is expected in an experiment 
without stress erythropoiesis. When comparing the samples with Mx1-Cre and with
out Mx1-Cre, we observed some differences, but due to variation between animals of 
the same group these did not reach statistical significance. Altogether, the reduction 
in CHTOP protein did not appear to affect the erythroid cell populations.
We tested thymus and spleen cells using a variety of markers (Figure 7). T cells start 
as CD3-/CD4-/CD8- cells within the outer cortex of the thymus, which are called 
double negative (DN) T cells. Four different DN stages can be distinguished using 
CD44 and CD25. DN stage 1 (DN1) CD25-/CD44+, they become double positive in 
DN2 (CD25+/CD44+) after with they lose CD44 activity in DN3 (CD25+/CD44-) and 
finally in DN4 they are double negative (CD25-/CD44-). Subsequently, the cells move 
to the inner cortex of the thymus, where the T cells become double positive (DP) 
for CD4+/CD8+/CD3+. Then the T cells are moving to the medulla and peripheral 
tissues such as the spleen. In this process, they become single positive for CD4 or 
CD8 and will remain CD3+. Using CD62L/CD44 different types of mature T cells can 
be distinguished: naïve T cells (CD62L+/CD44-), central memory (CD62L+/CD44+) 
and effector memory (CD62L-/CD44+) T cells. Our observations did not reveal any 
aberrations in the T cell compartment upon CHTOP depletion. As expected, many 
immature and precursors were found within the thymus and the populations of 
mature cells were smaller. Also within the SP groups, the most abundant were the 
naïve SP T cells. In the spleen, the SP populations were larger than the immature 
/ precursor populations. There were virtually no differences between the mice with 
Mx1-Cre and without Mx1-Cre, in fact the spread and variation within the groups was 
low. In conclusion, a reduction in the CHTOP protein does not appear to affect the T 
cell populations.
Subsequently, we looked at different B cell populations in spleen and bone marrow 
(Figure 8). In general, from progenitor to mature cell, B cells carry the markers B220/
CD19, the progenitors start expressing CD2, and when they become a mature B cell 
they start expressing IgM and later IgD. Finally, the marginal zone and follicular B 
cells can be distinguished using the CD21/CD23 markers. Also, here we observed 
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Figure 6. Flow cytometry analysis of bone marrow, spleen, and blood cells of PAC8.1/wt; Chtop 
fl /fl  mice with and without Mx1-Cre/wt after pIpC induced at young age using the markers CD71, 
Ter119 and KIT. Maturation goes fi rst from CD71-/KIT+, CD71+/KIT+, CD71+/KIT-, CD71-/KIT-. Using 
the CD71 and Ter119 combination, the maturation continues from CD71-/Ter119-, CD71+/Ter119, 
CD71+/Ter119+, CD71+/Ter119 intermediate, CD71-/Ter119+, as described in Figure 4 lower panel. 
(WT after pIpC n=4 / cKO after pIpC n=5).

changes in some cell populations. Due to the variation between the mice these 
differences did not reach statistical signifi cance. In conclusion, reduction of CHTOP 
protein levels does not appear to affect the B cell populati ons within the spleen and 
bone marrow.
Finally, we checked different myeloid cells: granulocytes subdivided in eosinophils 
(F4-80-/SiglecF+) and neutrophils (Ly6G+/CD11b+); monocytes subdivided in novel/
resident (Ly6G-/CD11b+/Ly6C-) and infl ammatory (Ly6G-/CD11b+/Ly6C+) cells, 
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Figure 7. Flow 
cytometry T cell 
analysis of spleen 
(upper panel) and 
thymus (lower 
panel) cells after 
pIpC induction of 
PAC8.1/wt; Chtop 
fl /fl  mice with 
and without Mx1-
Cre/wt. After life/
dead selection 
(not shown), 
natural killer cells 
(NK) were fi rst 
d i s t i n g u i s h e d 
from T cells 
using CD3/NK1.1 
(spleen) or NK1.1/
FSC-A (thymus). 
S u b s e q u e n t l y 
the main 
categorisation of 
T cells within the 
spleen and thymus 
was done using 
CD4/CD8 markers: 
immature T cells 
are CD4-/CD8- 
double negative 
(DN), then the 
progenitor T cells 
become CD4+/
CD8+ double 
positive (DP), then 
the mature T cells 
will lose one of 
the markers and 
become single 
positive (SP) CD4+/
CD8- or CD4-/
CD8+. Within the 
DN population in 
the thymus, CD3- 
cells were selected, 
using CD25/CD44 
four different 
DN stages are 
distinguished in 
order of maturity: 
DN1 (CD25-/
CD44+), DN2 
(CD25+ /CD44+) , 
DN3 (CD25+/CD44-

) and DN4 (CD25-/CD44-). Subsequently the single positive cells in thymus the CD3+ selection 
was done to distinguish the real SP cells and also the immature single positives (ISP) CD8+. In 
spleen as well the thymus, CD44/CD63 was used to distinguish within the single positive groups 
the: naïve (CD62L+/CD44-), central memory (CD62L+/CD44+) and central memory (CD62L-/CD44+) 
T cells. (WT after pIp C no PHZ n=4 / cKO after pIpC no PHZ n=5).
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and dendritic cells (DCs) subdivided in pDCs (B220+/CD19-) (see Figure 8) imma-
ture LDCs/CD11b DCs (CD11c-/CD11b+, conventional DP DCs (CD11c+/CD11b+), 
small CD11c DCs (CD11c+/CD11b-/MHC-II intermediate/low) and large CD11c DCs 
(CD11c+/CD11b-/MHC-II high) (Figure 9).
Also here no significant differences were found following induction of Mx1-Cre. 
Collectively, induction of Mx1-Cre with pIpC in the first week after birth resulted in 
more efficient recombination at the Chtop locus than when treatment was started at 
adult age. The CHTOP protein levels were also more reduced when the pIpC treat-
ment was started in animals less than 7 days old. The protein reduction did affect 
the RBCs and some related parameters measured on the animal blood cell counter, 
but this could not be confirmed with the flow cytometry analysis. Hematopoietic de-
letion of CHTOP protein did not affect spleen and body weights, and also the globin 
mRNA levels measured using RT-qPCR did not change significantly. Since Mx1-Cre 
induction is active from the hematopoietic stem cell, we also looked at the T cell, B 
cell and myeloid cell populations, but we did not find any significant alterations due to 
the lowered CHTOP protein levels. Possibly, lowered protein levels are not enough 
to create a phenotype, and the protein should be removed completely.
Because our aim is to understand hemoglobin switching in order to increase g-globin 
levels, we wished to extend the analysis of CHTOP function to embryonic devel-
opment. For this purpose, we first setup a trial to induce Mx1-Cre in the embryos. 
We injected the pregnant mothers with the same doses as the adults (20 μg/g body 
weight) on E10.5 and E12.5. We analysed the embryos at E14.5 by Southern (Fig-
ure 10A and B) and western blotting (Figure 10 C and D). In DNA isolated from fetal 
livers of Mx1-Cre embryos isolated from mothers injected at E10.5 (Figure 10A and 
C) or E12.5 (Figure 10 B and D), we failed to observe recombination. In agreement 
with this observation, CHTOP protein levels remained similar to those observed in 
fetal livers from embryos without Mx1-Cre.
We therefore switched to the Vav1-Cre line, in which Cre recombinase is constitu-
tively active in the hematopoietic stem cells. We tested recombination at the Chtop 
locus by Southern blotting of E14.5 fetal liver DNA (Figure 11). We also tested Chtop 
+/fl heterozygotes, since recombination might be more efficient if only one allele can 
be recombined. We observed recombination at the Chtop locus with a maximum 
efficiency of ~40%, in DNA isolated from Chtop fl/fl fetal livers. In DNA isolated from 
Chtop +/fl fetal livers no recombination was observed. However, we note that the 
genotyping does not match completely with the samples that show recombination. 
It is therefore possible that the Chtop +/fl fetal liver did not contain Vav1-Cre. Since 
40% recombination efficiency in Chtop fl/fl fetal livers, is too low, we did not continue 
with Vav1-Cre. 
We finally crossed the mice with the Vec-Cre line, which also expresses Cre recom-
binase constitutively in hematopoietic stem cells. We isolated fetal livers of E12.5/
E14.5/E15.5/E16.5 embryos. On the Southern blot (Figure 12A) we observed effi-
cient recombination rates varying between 60-90%. To confirm this, we also per-
formed western blots (Figure 12B) which revealed a major reduction in CHTOP pro-
tein levels in the fetal livers from the samples with high recombination efficiency.
At E16.5 it was clear that liver cells, which are not affected by Vec-Cre, become 
more abundant. From the samples of E12.5, E14.5 and E16.5 that showed efficient 
recombination, we performed qRT-PCR to check the globin levels (Figure 12C-F). 
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Figure 8. Flow 
cytometry B 
cell analysis 
of spleen 
(upper panel) 
and bone 
m a r r o w 
( l o w e r 
panel) cells 
after pIpC 
i n d u c t i o n 
of PAC8.1/
wt; Chtop fl /
fl  mice with 
and without 
Mx1-Cre/wt. 
After life/dead 
selection (not 
shown), we 
fi rst gated 
for single 
cells (FSC-A/
FSC-H) and 
lymphocytes 
( F S C - A /
SSC-A) (not 
s h o w n ) . 
Subsequent, 
B 2 2 0 / C D 1 9 
m a r k e r s 
were used to 
d is t ingu ish 
t h e 
plasmacytoid 
dendritic cells 
(pDCs: B220-/
CD19+) and B 
cells (CD19+/
B220+and-). 
These B cell 
populations 
w e r e 
there after 

subdivided into six specifi ed groups: immature B cells (IgM+/IgD-), recirculating B cells (IgM+/
IgD+), pro/pre-B cells (IgM-/IgD-/CD2-), small pre-B cells (IgM-/IgD-/CD2+), newly formed B cells 
(CD23-/CD21-), marginal zone B cells (CD23-/CD21+), follicular B cells (CD23+/CD21-). (WT after 
pIpC  no PHZ n=4 / cKO after pIpC no PHZ n=5).

At E12.5 we used fetal liver and yolk sac RNA for the RT-qPCRs (Figure 12 C/D). 
Figure 12E shows the results of E14.5 fetal liver RNA and Figure 12F of E16.5 
fetal liver RNA. We tested the relative levels of human globins g and e, and the 
mouse globins bmajor, bH1 and ey. In E12.5 yolk sac mRNA there appeared to be an 
increase of g-globin and e-globin expression, but these changes were not signifi cant. 
In fetal liver RNA of E12.5 there was also an increase visible, but it is not signifi cant. 
Fetal liver globin mRNA of E14.5 and E16.5 did not show any changes due to the 
reduction of CHTOP protein in the embryos with Vec-Cre. 
We also performed fl ow cytometry analysis of cord blood (Figure 13) and fetal 
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Figure 9. Flow cytometry analysis of myeloid spleen cells after pIpC induction of PAC8.1/wt; 
Chtop fl /fl  mice with and without Mx1-Cre/wt. After life/dead marking and lymphocyte selection 
(FSC-A/SSC-A), we distinguished nine different myeloid cell types: eosinophils (F4-80-SiglegF+), 
macrophages (F4-80+/SiglegF + and -), neutrophils (Ly6G+/CD11b+), novel/resident monocytes 
(Ly6G-/CD11b+/Ly6C-), infl ammatory monocytes (Ly6G-/CD11bb+/Ly6C+); immature LDCs /CD11b 
dendritic cells (DCs) (CD11c-/CD11b+), conventional DCs (CD11c+/CD11b+), large CD11c DCs 
(CD11c+/CD11b-/MHCII high) and small CD11c DCs (CD11c+/CD11b-/MHCII intermediate/low). (WT 
after pIpC  no PHZ n=4 / cKO after pIpC no PHZ n=5).
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Figure 10. Induced PAC8.1/wt/ Chtop fl/fl embryos with and without Mx1-Cre/wt after induction with 
pIpC by injecting pregnant dams on E10.5 or E12.5. (A) Southern blot of fetal liver (FL) genomic 
DNA BclI digests of mice dams at E10.5 and sacrificed at E14.5 embryos. (B) Southern blot of FL 
genomic DNA BclI digests of injected at E12.5 and sacrificed at E14.5 embryos. (C) Western blot of 
fetal liver whole cell RIPA lysates; embryos isolated from dams injected at E10.5 and sacrificed at 
E14.5. Western blot is stained with anti-tubulin, anti-CHTOP and anti g-globin. (D) Western blot of 
fetal liver whole cell RIPA lysates; embryos isolated from dams injected at E12.5 and sacrificed at 
E14.5. Western blot is stained with anti-tubulin an anti-CHTOP. Embryos with Mx1-Cre are marked 
with *.

* ***** * ** *** *
+/- -/- +/- +/- +/-+/-+/-+/- +/--/- -/--/- -/--/- -/-+/- +/- +/- +/- +/-+/-+/--/- -/-

E14.5

�oxed

recombined

Figure 11. Southern blot of fetal liver genomic DNA BclI digests of E14.5 fetal livers of PAC8.1/wt; 
Chtop +/fl (+/-) or fl/fl (-/-) and with or without the Vav1-Cre recombinase allele. Embryos genotyped 
with Vav1-Cre are marked with *. Clearly genotyping is problematic.

liver cells (Figure 14) of E12.5-E16.5 embryos for the markers CD71/Ter119/KIT. 
Especially within the cord blood, almost no changes were detected. In the fetal liver 
samples we found more variation but no significant changes were detected. 
We conclude that in fetal liver, cord blood, and yolk sac no significant changes are 
observed in the erythroid compartment due to the reduction of CHTOP protein. Of 
course, CHTOP is a crucial protein, since the full knockout is lethal.9 The high g-globin
levels, up to 30%, in human erythroid progenitor cells (HEP) that were detected 
after depletion of CHTOP using short hairpins, suggested a major role for CHTOP in 
globin regulation. 
While this work was in progress, the CRISPR technique was developed and we 
obtained access to a novel human erythroid cell line, HUDEP-2 (human umbilical 
cord-derived)27, which is a model for adult human erythropoiesis. We therefore 
applied CISPR to deplete CHTOP from HUDEP-2 cells (Figure 15). As a first 
experiment, we used a lentiviral vector with blasticidin resistance to deliver Cas9 
to the cells. Since we were unable to grow HUDEP-2 cells clonally, we selected an 
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Figure 12. PAC8.1/wt; Chtop fl/fl embryos with or without Vec-Cre/wt at different days of gestation. 
(A) Southern blot of BclI digests of genomic DNA from fetal livers of E12.5 / E14.5 / E15.5 / E16.5 
embryos. (B) Western blot of RIPA lysates of fetal livers of E12.5 / E14.5 / E15.5 / E16.5 fetal livers. 
The blot is stained with anti-tubulin and anti-CHTOP. (C-F) RT-qPCR relative fractions levels of 
human b-, g- and e-globin, and the mouse b-major, bH1 and ey globins of E12.5 fetal liver (C), 
E12.5 yolk sac (D), E14.5 fetal liver (E) and E16.5 fetal liver (F).
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Figure 13. Flow cytometry analysis of PAC8.1/wt; Chtop fl /fl  cord blood with and without Vec-Cre 
of E12.5 unti l E16.5 using the markers CD71/Ter119/KIT.

oligo-clonal culture of HUDEP-2 cells with average Cas9 expression. Subsequently 
we transferred the guide RNA expressing part of the pX459 vector including the guide 
RNA for CHTOP into the pLKO vector. We fi rst tested functionality of the guide RNA 
targeting CHTOP by isolating genomic DNA from the cell pool, PCR the targeting 
region from 5’ to 3’ fl anking part. These PCR fragments were purifi ed and digested 
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Figure 14. Flow cytometry analysis of PAC8.1/wt; Chtop fl /fl  fetal liver cells with and 
without Vec-Cre of E12.3 until E16.5 using the markers CD71/Ter119/KIT. 
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using the Surveyor kit. After digestion, the samples were analysed on a 2% agarose 
(Figure 15A). We found that within the cell pool treated with the guide RNA targeting 
CHTOP two fragments were created from the PCR fragment. This indicated that 
there were hetero-duplexes within the pool of PCR fragments due to the action of 
Cas9. Subsequently we performed a western blot to see the effects on CHTOP 
protein levels, and whether the g-globin levels were increased. In Figure 15B we 
observed a reduced amount of CHTOP protein in the cells treated with the guide 
RNA compared to the TRC and GFP controls. In addition to this we sequenced PCR 
fragments used TIDE analysis38 to check the efficiency of our guide RNA (Figure 
15C). Here we obtained a TIDE score of 61%, which is quite efficient. To check 
the effects on the levels of g-globin and e-globin we performed RT-qPCR on RNA 
isolated from the cell pool (Figure 15). We observed no alterations in the g- and 
e-globin levels in the CHTOP CRISPR cells.  We conclude that although the CRISPR 
approach was successful, as shown by the surveyor assays and TIDE analysis, and 
led to a reduction of CHTOP protein, this did not appear to affect the g-globin levels 
in HUDEP-2 cells. 

Discussion
Previous work in cultured human primary erythroid progenitor cells showed an 
increase to 31% of g-globin levels when CHTOP expression was depleted using 
shRNA constructs.9,10  In addition, full Chtop knockout mice die from multiple 
defects.9,10 Here, we investigated the function of CHTOP using conditional knockout 
mice carrying the human HBB locus, Chtop floxed alleles and Cre recombinases 
specific for the erythroid / hematopoietic system. We first started with EpoR-Cre which 
is specific for the erythroid compartment and does not need to be induced 29. Here 
we observed deficient recombination but no apparent phenotype. When we treated 
the EpoR-Cre containing mice and their littermates with phenylhydrazine to induce 
stress erythropoiesis we observed an increase of erythroid progenitor cells and an 
increase in spleen size. But there was no difference between the EpoR-Cre carrying 
mice and the EpoR-Cre lacking mice. At protein level, we observed that the protein 
was still present at high levels. We also found that recombination at the Chtop locus 
was less efficient when the mice were treated with phenylhydrazine. We therefore 
switched to a Cre recombinase line that can be activated in the hematopoietic stem 
cell compartment by pIpC treatment: Mx1-Cre.32 First, we injected animals that were 
already a few months old. We also induced stress erythropoiesis in these mice by 
injecting them with phenylhydrazine. Here we observed a small reduction in CHTOP 
protein levels, but the recombination efficiency varied considerably between the 
animals. We did not observe any differences in weight, erythroid-related blood 
parameters or flow cytometry of erythroid populations. Then we started the induction 
of Mx1-Cre at a young age (<7days). This led to improved genomic recombination, 
and more importantly a reduction in CHTOP protein levels in most of the samples. 
But even a reduced protein level within the hematopoietic tissues did not lead to 
significant differences between the Mx1-Cre and control littermates. The only 
changes observed were within the Mx1-Cre group before and after pIpC induction, 
within the erythroid related blood parameters: RBC, HCT, MCH and MCHC. Because 
Mx1-Cre mediated depletion of CHTOP might have an effect on other cell types, we 
set up a pan-hematopoietic flow cytometry analysis to check the B cell, T cell and
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Figure 15. HUDEP-2 cells treated with CRISPR technology targeting the CHTOP gene within exon 
2. (A) Surveyor assay; after PCR of the genomic DNA pool of the target region (626 bp). The PCR 
product was purifi ed and digested with the surveyor enzyme that recognizes hetero-duplexes. 
This created two fragments of 341 bp and 285 bp. (B) Western blot of the HUDEP-2 RIPA lysates; 
the TRC and GFP controls were included. Blot was stained with anti-actin, anti-CHTOP and anti-
g-globin. (C) Output of the TIDE analysis of sequences PCR fragments of the targeted region. The 
output score was 59%. (D) RT-qPCR analysis of b-, g- and e-globin expression.

In mice, g-globin is an embryonic/fetal globin. We therefore investigated the effects 
of Chtop knockout on the erythroid system of embryos. We fi rst attempted to induce 
Mx1-Cre in embryos by injecting the mothers with pIpC. Trial experiments revealed 
that this method does not work in our hands.
The Vav1-Cre line30 was then used as an alternative approach, however when 
we checked recombination by Southern blot we found that recombination in the 
hematopoietic system was ineffi cient, precluding use of this Cre line to investigate 
the role of CHTOP in hematopoiesis. We then switched to the Vec-Cre line31 which 
yielded effi cient recombination and a reduction of the CHTOP protein levels in fetal 
livers at several developmental time points. Analysis of globin expression and fl ow 
cytometry for erythroid markers did not reveal signifi cant changes due to reduced 
CHTOP levels. 
Because the original observation on the potential role of CHTOP in globin regulation 
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was made by shRNA-mediated knockdown in primary human erythroid progenitor 
cells, we also investigated the effects of a CHTOP knockout in HUDEP-2 cells, a cell 
line modelling adult human erythropoiesis. Using the CRISPR-Cas9 lentiviral-based 
technique we targeted the CHTOP gene in HUDEP-2 cells. Although the CRISPR 
guide RNA was functional, as shown by surveyor assay, TIDE analysis, and protein 
reduction on western blot, no increase in g-globin expression was observed.
In conclusion, our data do not support a role for CHTOP in g-globin regulation. It 
is possible that CHTOP is a repressor of g-globin but that it needs to be removed 
almost completely from the system. In all our experiments measureable levels of 
CHTOP protein were left. At least a reduction of CHTOP protein does not lead to an 
increase of g-globin in mice and HUDEP-2 cells. Our findings are strengthened by a 
recent publication of Traxler, et al. These authors report that shRNA experiments are 
prone to off target effects, especially in erythroid cells.39 This raises the possibility 
that the originally observed increased g-globin levels upon CHTOP knockdown in 
HEP cells were due to off target effects. 
For the HUDEP-2 cells, a full depletion could be achieved by deleting a larger part 
of the gene, for example an exon. Another approach would be introduction of a 
stop codon or frameshift mutation early within the gene, this will also lead to a non-
functional protein.
For the mice this is more problematic, since full knockouts die before birth and 
cannot be studied to check the role of CHTOP in adults. A recent paper indicates that 
CHTOP lethality in full knockouts is caused by placental defects, which highlights the 
need to use a conditional approach to study the role of CHTOP in specific organs 
and tissues.11 Alternatively, for the hematopoietic system, functional analysis of full 
Chtop knockout cells could be achieved by transplantation of Chtop null fetal liver 
cells into adult recipients. 
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Supplementary Table 1. List of primers used.
Gene3 Sequence Purpose 

PAC8.1_Fw GCTGCTGTTATGACCACTAGAGGG Genotyping
PAC8.1_Rv AGACAGGGAAGGAGGTGTGG Genotyping 
EpoR-Cre_Fw GTGTGGCTGCCCCTTCTGCCA Genotyping
EpoR-Cre_Rv CAGGAATTCAAGCTCAACCTCA Genotyping
general-Cre_Fw ACCCTGTTACGTATAGCCGA Genotyping
general-Cre_Rv CTCCGGTATTGAAACTCCAG Genotyping
Vav-Cre_Fw GGCGACAGTTACAGTCACAGAAGAGG Genotyping
Vav-Cre_Rv GCCTGGCGATCCCTGAACATG Genotyping
Vec-Cre_Fw1 CAGTTGGAAAACCTGCCTCCCTC Genotyping
Vec-Cre_Fw2 CCCAGGCTGACCAAGCTGAG Genotyping
Vec-Cre_Rv GCCTGGCGATCCCTGAACATG Genotyping
CAG_Flp_Fw CCCATTCCATGCGGGGTATCG Genotyping
CAG_Flp_Rv GCATCTGGGAGATCACTGAG Genotyping
Chtop_Fw TGATTGTATTTGAGGCTGTATTGTC Genotyping
Chtop_Rv GGAAGTGCGTCACATTCTGG Genotyping
Chtop_5’probe_Fw CAGGCCTTTAGGCTTGGTTG Southern blotting
Chtop_5’probe_Rv CAAACTTGTTGATATCGTGG Southern blotting
Gapdh_m_qPCR_Fw CTACTGGTGTCTTCACCACC qPCR 
Gapdh_m_qPCR_Rv TCGTGGTTCACACCCATCAC qPCR
a_m_qPCR_Fw TTGGCTAGCCACCACCCT qPCR
a_m_qPCR_Rv CCAAGAGGTACAGGTGCA qPCR
bmajor_m_qPCR_Fw ATGGCCTGAATCACTTGGAC qPCR
bmajor_m_qPCR_Rv ACGATCATATTGCCCAGGAG qPCR
bH1_m_qPCR_Fw TGG ACA ACC TCA AGG AGA CC qPCR
bH1_m_qPCR_Rv ACC TCT GGG GTG AAT TCC TT qPCR
ey_m_qPCR_Fw TGGCCTGTGGAGTAAGGTCAA qPCR
ey_m_qPCR_Rv GAAGCAGAGCACAAGTTCCCA qPCR
b_h_qPCR-Fw TACAATTTGCTTCTGACACAAC qPCR
b_h_qPCR-Rv ACAGATCCCCAAAGGAC qPCR
g_h_qPCR-Fw AGGTGCTGACTTCCTTGGG qPCR
g_h_qPCR-Rv GGGTGAATTCTTTGCCGAA qPCR
hChtop_exFw1 CACCGACGGTTAGGCCGACCCATAG CRISPR guide
hChtop_exRv1 AAACCTATGGGTCGGCCTAACCGTC CRISPR guide
hChtop_deltest_Fw1 TGAGCTTCTTGGAGTTTCTG CRISPR surveyor
hChtop_deltest_Rv1 GTTGTTACGCAGGTCATAGC CRISPR surveyor

3	  m_ = mouse; h_=human; Fw = sense; Rv = antisense
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Supplementary Table 2 list of antibodies used
Flow cytometry

Antibody Manufacturer Order # Dilution 

CD71-FITC BD Pharmingen 553266 1:400

Ter119-PE BD Pharmingen 553673 1:400

KIT-PE-Cy7 BD Pharmingen 558163 1:200

CD44-APC BD Pharmingen 559250 1:400

Ly6C-Brilliant Violet 605 BD Horizon 563011 1:500

2,4G2 block Homemade - 1:300

Fixable Viability Dye eFluor® 506 eBioscience 65-0866-14 1:400

CD3-FITC BD Pharmingen 553062 1:320

CD25-PERCP-Cy5.5 BD Pharmingen 551071 1:160 for spleen or 
1:640 for thymus

CD4-APC-Cy7 BD Pharmingen 560181 1:200

NK1.1-Pacific Blue BD Horizon 560524 1:50

CD8a-PE-Cy7 eBioscience 25-0081-82 1:1600

CD44-PE BD Pharmingen 553134 1:1000

CD62L-APC eBioscience 17-0621-82 1:5000

CD21-FITC eBioscience 11-0212-85 1:500

CD19-PERCP-Cy5.5 eBioscience 45-0193-82 1:320

B220-Alexa Fluor 700 eBioscience 56-0452-82 1:160

IgM-Bio BD Pharmingen 553436 1:80

Streptavidin-APC-eFluor 780 eBioscience 47-4317-82 1:400

CD2-PE eBioscience 12-0021-83 1:2500

CD23-PE-Cy7 eBioscience 25-0232-81 1:500

IgD-APC eBioscience 17-5993-82 1:2500

F4/80-FITC eBioscience 11-4801-85 1:100

CD11b-PERCP-Cy5.5 BD Pharmingen 550993 1:100

MHCII-Alexa Fluor 700 eBioscience 56-5321-82 1:400

Ly6C-Brilliant Violet 605 BD Horizon 563011 1:500

SiglecF-PE PD Pharmingen 552126 1:320

Ly6G-PE-Cy7 BD Pharmingen 560601 1:500

CD11c-PertexRed Invitrogen MDC11c17 1:100

7-aminoactinomycin D Invitrogen A1310 1:400

Western blotting 

Antibody Manufacturer Order # Dilution 

CHTOP Absea Biotechnology KT59 1:1000

CHTOP Absea Biotechnology KT64 1:1000

PRMT Upstate/Millipore 07-404 1:1000

g-globin Santa Cruz sc-21756 1:1000

tubulin ThermoFiser Scientific A11126 1:1000

Actin Santa Cruz sc-1616 1:1000
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Supplementary Figure 1. Conditional knockout allele of Chtop gene. Before crossing with the 
hematopoietic Cre lines, we crossed the mice with the CAG-Flp line to remove the lacZ and neo 
cassette between the FRT sites. The resulting mice are referred to as Chtop fl/fl.

Supplementary Figure 2. Injection scheme for induction of Mx1-Cre and phenylhydrazine (PHZ) 
treatment. (A) induction of Mx1-Cre by pIpC in adults, (B) induction of Mx1-Cre by pIpC in young 
mice, (C) Administration of PHZ in EpoR-Cre mice or in combination with A or B. PHZ was 
administrated 4 days (D-4) and 3 days (D-3) before analysis. 
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Chapter 5 General Discussion  
Hemoglobinopathies, including sickle cell disease (SCD) and thalassemia, are 
the most common monogenetic diseases within the human population.1 Yearly, 
approximately 300,000 people are born with these diseases.2 SCD and thalassemia 
manifest mainly in Mediterranean, African and Asian countries, and cause many 
problems within those societies.2,3 Interestingly, a genetic condition called hereditary 
persistence of fetal hemoglobin (HPFH) is a natural symptom fighter.4 In combination 
with SCD and b-thalassemia, HPFH ameliorates the worst symptoms of the 
diseases.4,5 The degree of increase in fetal hemoglobin depends on the specific 
mutation that causes the HPFH. In SCD, levels of 20% HbF or higher result in a 
significant reduction of disease symptoms.4

Genome-wide association studies and linkage analysis have revealed transcription 
factors that were shown experimentally to be directly involved in hemoglobin 
regulation. Since transcription factors are poor targets for pharmacological 
intervention, the challenge is now to identify and functionally characterize the co-
factors and epigenetic regulators interacting with these transcription factors.

Potential candidate KDM7A is not involved in globin regulation.
The first candidate fetal hemoglobin repressor tested in this thesis is KDM7A, also 
known as KDM7 or JHDM1D.6 KDM7A is a histone demethylase, and is known to 
demethylate H3K9me2, H3K27me2 and H4K20Me1.7 More specifically, demethylase 
activity of KDM7A towards H3K9me2 is only active in absence of H3K4me3, while 
demethylation of H3K27me2 is not affected by H3K4me3. H4K20me1 demethylation 
by KDM7A only occurs in the context of the complete nucleosome.8 Dimethylation 
of H3K9 and H3K27 is associated with transcriptional repression.9 It is known that 
is KDM7A is important during early neural differentiation via regulation of FGF4 
expression.10

Chapter 2 shows the results of the use of a mouse model, which also carries the 
human HBB locus, together with erythroid specific Cre-recombinase EpoR-Cre and 
floxed alleles of the Kdm7a gene. Erythroid-specific recombination by EpoR-Cre 
was efficient but did not affect erythropoiesis. Since recombination by EpoR-Cre 
occurs late during erythroid differentiation, we extended the observations to pan-
hematopoietic deletion by Mx1-Cre. Induction of Cre expression by pIpC injection 
resulted in highly efficient recombination at the Kdm7a locus. In the Mx1-Cre mice, 
we observed a delayed regenerative capicity of the erythroid cells. Although we 
observed minor changes in some hematopoietic cell populations, these changes did 
not influence the balance in the complete hematopoietic system. We conclude that 
KDM7A is dispensable for hematopoiesis and does not have role in repressing the 
HBG1/2 genes in adult erythropoiesis. 

PRMT1 and PRMT5 are essential for hematopoiesis 
Next, we investigated the genes encoding protein arginine transferases (PRMTs) 
PRMT1, PRMT4 and PRMT5. In the literature, we can find a number of in vitro 
studies linking PRMT1 and PRMT5 to globin expression. PRMT1 induction in 
K562 cells promotes erythroid differentiation, and a shRNA-mediated knockdown 
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of PRMT1 leads to suppressed erythroid differentiation.11 PRMT1 expression 
enhances the hemoglobin synthesis.11  According to a recent publication loss 
of PRMT4 does not affect erythropoiesis and hematopoiesis, but is essential for 
myeloid leukomogenesis.12 
Other K562 and human erythroid progenitor in vitro studies revealed that the PRMT5 
protein binds to the g-globin promoter via the nuclear zinc finger protein LYAR (Ly-1 
antibody reactive clone) and DNA methyltransferase DNMT3A.13,14 LYAR binds to the 
5’untranslated region and silences g-globin expression.13 In vitro studies using the 
methyl transferase inhibitor Adox (adenosine-29,39-dialdehyde) led to inhibition of 
PRMT5 and an increase of g-globin expression in K562 cells.15 
The PRMT-family consists of 9 members, and is divided in 3 groups: Type I, II and 
III.16,17 PRMTs catalyse the transfer of a methyl group from S-adenosyl-L-methionine 
(SAM) to the guanidino nitrogen atom of arginine molecule. Type I is characterized 
by symmetric w-NG,NG-arginine dimethylation (sDMA), and includes PRMT5 and 
PRMT9.18,19 Type II enzymes are characterized by asymmetric w-NG,NG-arginine 
dimethylation (ADMA), and include PRMT1, PRMT2, PRMT3, PRMT4/CARM1, 
PRMT6 and PRMT8.17 PRMT7 is thus far the only Type III enzyme which is able 
to from w-NG-monomethyl arginine (MMA) on histones.20 Most PRMTs methylate 
arginine- and glycine rich motifs, called RGG/RG motifs or GAR-domains, except for 
PRMT4/CARM1, which prefers proline, glycine and methionine (PGM)-rich motifs.21 
In general the effect of arginine methylation is changing interacting partners, due 
to steric effects of hydrogen bond interactions without changing the charge of the 
molecule.22 
Many full knockouts of Prmts in mice, for example, Prmt1, Prmt4/Carm1 and Prmt5 
are lethal. 23-25 PRMTs are associated with many functions and roles in vivo: from the 
nerves, muscles and immune system to metabolic diseases, aging and cancer.26,27 
Given the multiplicity of PRMT functions, we hoped to be able to link them to g-globin 
regulation and erythroid cell development in vivo. In Chapter 3 we describe our 
findings concerning PRMT1, PRMT4 and PRMT5. 
The results for Prmt4 were in agreement with previous reports showing altered T 
cell development. Recombination of the floxed Prmt4 allele was very efficient.  Upon 
recombination of Prmt1 and Prmt5 alleles we observed modest changes in some 
hematopoietic cell populations. However, we found that recombination efficiency of 
the floxed Prmt1 and Prmt5 alleles was low, indicating selective survival of cells 
in which recombination had not occurred. Using tissue-specific constitutively active 
Cre lines, Vav1-Cre and Vec-Cre, we found more efficient recombination in Prmt5 fl/
wt mice compared to Prmt5 fl/fl littermates. This supports the notion of selection for 
homozygous floxed cells that escaped recombination. The essential role of PRMT1 
and PRMT5 was confirmed by CRISPR targeting in HUDEP-2 cells, a cell line 
modelling adult human erythropoiesis.

No confirmation of g-globin regulation by CHTOP in vivo 
CHTOP (Chromatin Target of PRMT1) was previously found as a g-globin regulator 
in an effort to find new therapeutic targets for b-thalassemia and sickle cell 
anaemia.28 In cell culture studies, where a short hairpin-mediated knockdown of 
CHTOP was achieved in primary human erythroid progenitor cells, g-globin levels 
of up to 25% of total b-like globin were found.28,29  Animal studies are hampered by 
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the fact that constitutive Chtop knockout mice die around E16.5.29 In Chapter 4 we 
report results obtained with mice carrying a human HBB locus transgene, Chtop 
floxed alleles and Cre-recombinases specific for the erythroid and hematopoietic 
system. Using the EpoR-Cre line we observed a high recombination efficiency in 
erythroid cells but the protein levels of Chtop were not affected, presumably due 
to the stage of differentiation at which Cre-mediated recombination occurs. We 
then switched to the pan-hematopoietic inducible Mx1-Cre line. Induction of Mx1-
Cre in young mice resulted in efficient recombination, and importantly reduced 
CHTOP protein expression. However, the low levels of CHTOP protein did not result 
in increased g-globin expression or other hematopoietic phenotypes. When we 
investigated CHTOP in embryos, Mx1-Cre induction does not work. The constitutive 
pan-hematopoietic Vav-Cre line displayed poor recombination efficiency. With the 
constitutive hemo-endothelial Vec-Cre line we achieved efficient recombination and 
CHTOP protein reduction in fetal livers and cord blood of E12.5-E16.5 embryos. 
This had, however, no discernible effect on g-globin expression or the other erythroid 
parameters measured. Finally, we depleted CHTOP protein in HUDEP-2 cells using 
CRIPSR technology. The CHTOP gene was targeted efficiently as shown by surveyor 
assays and TIDE analysis. However, we did not observe increased expression of 
g-globin in CHTOP-depleted HUDEP-2 cells.

Future perspectives using CRISPR-Cas9 
Recently developed technologies such as CRISPR-Cas9 and the establishment of 
the HUDEP-2 cell line, create new perspectives to look for other new candidate 
hemoglobin regulator genes.30,31 First, CRISPR-Cas9 screens in combination of 
guide-RNA libraries in HUDEP-2 cells can reveal new g-globin regulator genes. 
Recently, for example, the HRI gene was discovered to regulate g-globin.30,32-34 
Second, CRISPR-Cas9 can be applied to make use of homologous recombination to 
generate reporter lines.30,31,35 Addition of GFP or another reporter to the g-globin within 
HUDEP-2 cells can be used to detect g-globin levels easily on the flow cytometer. 
When HUDEP-2 with g-globin-GFP is created, these cells can be used in direct drug 
screen. Using flow cytometry the effects of compounds on g-globin expression can 
be measured. In addition, a g-globin-GFP fusion protein within embryonic stem cells 
can be used to create a genetically modified mouse model for further research on 
potential target genes of these drugs.  Recently, pomalidomide was found to increase 
the HbF levels in CD34+ selected cord blood cells.36 Pomalidomide is a drug used in 
the treatment of multiple myeloma with several side effects. 
Third, CRISPR-Cas9 can be used in stem cells of human sickle cell and thalassemic 
patients CRISPR-Cas9 to correct mutations. This has, so far, been performed in 
cultured cells from the patients, such as induced pluripotent stem cells (iPS) cells 
or stem cells, and also in human embryos.37-41 A risk of CRISPR-Cas9 technology 
are the off-target effects and larger deletions, which might damage other genes with 
unknown risks.35 Because of the side effects, more research is required to create a 
safe CRISPR-Cas9 treatment. 

Concluding remarks
Much time and effort was put in order to understand erythropoiesis and hemoglobin 
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switching, with the aim to increase the HbF levels in order to ameliorate most of 
the effects of SCD and b-thalassemia. Despite these efforts the mechanisms are 
not completely understood yet. In this thesis, we tried to couple the genes KDM7A, 
PRMT1, PRMT4, PRMT5 and CHTOP to g-globin regulation. Although we did not find 
increased HbF levels, we can only eliminate CHTOP, KDM7A and PRMT4 definitively 
as regulators of HbF inducers. The importance to check recombination efficiency 
in conditional knockout mice is clearly demonstrated by the PRMT1 and PRMT5 
genes where cells escaping recombination appear to compensate for the loss of 
recombined cells. After a variety of experiments, we can conclude that PRMT1 and 
PRMT5 are likely important for hematopoiesis.
A similar selection mechanism occurred in CRISPR-Cas9 experiments aimed at 
inactivating PRMT1 and PRMT5 in HUDEP-2 cells, where we also did not observe 
increased expression of g-globin. Thus, other experimental methods should be 
established to investigate the role of PRMT1 and PRMT5 in hematopoiesis, for 
example using one or more chemical compounds that inhibit the PRMT1 or PRMT5 
function. 
Finally, an unbiased CRISPR-Cas9 screen in HUDEP-2 g-globin reporter cells could 
be performed to reveal novel genes involved in repression of the fetal globin genes, 
which will hopefully include druggable targets that can be used to develop affordable 
and safe oral drugs for b-hemoglobinopathy patients.
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Around 300,000 people are born every year with sickle cell disease (SCD) and 
b-thalassemia worldwide. Asia, Africa and the Mediterranean area show the highest 
incidence of those monogenetic diseases. Because of the lower development in many 
of those countries, it causes many problems and treatments like blood transfusion 
or bone marrow transplantation are not possible. In those diseases, the function of 
adult hemoglobin (HbA) is affected. Research revealed another genetic condition 
that is characterized by high g-globin fetal hemoglobin (HbF) levels in adults, called 
hereditary persistence of fetal hemoglobin (HPFH). Interestingly, HPFH ameliorates 
the symptoms of SCD and b-thalassemia. The best effects of HPFH are there 
when levels of 20% of higher are reached. Genome-wide association studies and 
linkage analysis have revealed transcription factors that were shown experimentally 
to be directly involved in hemoglobin regulation. Since transcription factors are 
poor targets for pharmacological intervention, the challenge is now to identify and 
functionally characterize the co-factors and epigenetic regulators interacting with 
these transcription factors.
The first candidate fetal hemoglobin repressor tested in this thesis is KDM7A, also 
known as KDM7 or JHDM1D. KDM7A is a histone demethylase, and is known to 
demethylate H3K9me2, H3K27me2 and H4K20Me1. Chapter 2 shows the results 
of the use of a mouse model, which also carries the human HBB locus, together 
with erythroid specific Cre-recombinase EpoR-Cre and floxed alleles of the Kdm7a 
gene. Erythroid-specific recombination by EpoR-Cre was efficient but did not affect 
erythropoiesis. Since recombination by EpoR-Cre occurs late during erythroid 
differentiation, we extended the observations to pan-hematopoietic deletion by 
Mx1-Cre. Induction of Cre expression by pIpC injection resulted in highly efficient 
recombination at the Kdm7a locus. Although we observed minor changes in 
some hematopoietic cell populations, these changes did not influence the overall 
balance in the hematopoietic system. We conclude that KDM7A is dispensable for 
hematopoiesis and does not have role in repressing the HBG1/2 genes in adult 
erythropoiesis. 
Next, we investigated genes encoding protein arginine transferases (PRMTs) 
PRMT1, PRMT4 and PRMT5. The PRMT-family consists of 9 members, and is 
divided in 3 groups: Type I, II and III. PRMT1 and PRMT4 belong to the Type I group, 
that is characterized by asymmetric w-NG,NG-arginine dimethylation (aDMA). PRMT5 
belongs to the Type II groups, that is characterized by symmetric w-NG,NG-arginine 
dimethylation (sDMA). Previous in vitro studies linked PRMT1 and PRMT5 to globin 
expression. PRMT4 loss does not affect the erythropoiesis and hematopoiesis, but 
is essential for myeloid leukemogenesis.
In Chapter 3 we show our findings concerning PRMT1, PRMT4 and PRMT5. We 
used again the HBB caring mice, and the inducible pan hematopoietic Mx1-Cre. The 
results for Prmt4 were in agreement with previous reports showing altered T cell 
development. Recombination of the floxed Prmt4 allele was very efficient.  For Prmt1 
and Prmt5 we observed modest changes in some hematopoietic cell populations. We 
found that recombination efficiency of the floxed Prmt1 and Prmt5 alleles was low, 
indicating selective survival of cells in which recombination had not occurred. Using 
tissue-specific constitutively active Cre lines, Vav1-Cre and Vec-Cre, we found more 
efficient recombination in Prmt5 fl/wt mice compared to Prmt5 fl/fl littermates. This 
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supports the notion of selection for cells that escaped recombination. The essential 
role of PRMT1 and PRMT5 was confirmed by CRISPR targeting in HUDEP-2 cells, 
a cell line modelling adult human erythropoiesis.
Chromatin Target of Prmt1 (CHTOP) is the last gene that we tested in this thesis. 
It was previously found as a g-globin regulator in an effort to find new therapeutic 
targets for b-thalassemia and SCD. In cell culture studies, where a short hairpin-
mediated knockdown of CHTOP was achieved in primary human erythroid progenitor 
cells, g-globin levels of up to 25% of total b-like globin were found. In Chapter 4 
we report results obtained with mice carrying the HBB locus transgene, Chtop 
floxed alleles and Cre-recombinases specific for the erythroid and hematopoietic 
system. Using the EpoR-Cre line we observed a high recombination efficiency in 
erythroid cells but the protein levels of CHTOP were not affected, presumably due 
to the stage of differentiation at which Cre-mediated recombination occurs. We then 
switched to the pan-hematopoietic inducible Mx1-Cre line. Induction of Mx1-Cre in 
young mice resulted in efficient recombination, and importantly reduced CHTOP 
protein expression. Even the low levels of CHTOP protein did not increase g-globin 
expression or other strong hematopoietic phenotypes. We then investigated the 
role of CHTOP during development. We found that Mx1-Cre induction in embryos 
could not be achieved reproducibly. The constitutive pan-hematopoietic Vav-Cre line 
displayed poor recombination efficiency. With the constitutive hemo-endothelial Vec-
Cre line we achieved efficient recombination and CHTOP protein reduction in fetal 
livers and cord blood of E12.5-E16.5 embryos. This had no discernible effect on 
g-globin expression or the other erythroid parameters measured. Finally, we depleted 
CHTOP protein in HUDEP-2 cells using CRIPSR technology. The CHTOP gene was 
targeted efficiently as shown by surveyor assays and TIDE analysis. However, we 
did not observe increased expression of g-globin in CHTOP-depleted HUDEP-2 cells.
Finally, in Chapter 5 I discuss the findings in this thesis in a broader context, 
indicating perspectives for future research aimed at revealing novel genes involved 
in repression of the fetal globin genes, which will hopefully include druggable targets 
that can be used to develop affordable and safe oral drugs for b-hemoglobinopathy 
patients.
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Elk jaar worden er wereldwijd rond de 300,000 mensen geboren met sikkel cel (SC) 
ziekte en b-thalassemie. Deze ziekten komen het meeste voor in Azië, Afrika en 
het Middellandse zeegebied. Vanwege de lagere ontwikkeling in de meeste van 
deze landen, veroorzaken de ziekten vele problemen en zijn behandelingen zoals 
bloedtransfusie en beenmergtransplantatie niet mogelijk. In deze ziekten is de functie 
van het volwassen hemoglobine (HbA) aangedaan. Onderzoek heeft nog een andere 
genetische aandoening gekarakteriseerd waarbij hoge niveaus van het foetale 
g-globine (HbF) zijn gevonden, deze conditie heet erfelijke persistentie van foetaal 
hemoglobine (EPFH). Interessant hieraan is dat EPFH de meesten symptomen van 
de SC ziekte en b-thalassemia doet verminderen. De beste effecten van EPFH worden 
getoond als er een HbF niveau van 20% of hoger is. Genoom-wijde associatie studies 
en koppelingsanalyses hebben transcriptie factoren onthult die proefondervindelijk 
hun directe betrokkenheid bij hemoglobine regulatie hebben aangetoond. Doordat 
transcriptie factoren slechte mikpunten zijn voor farmacologische interventies, is de 
uitdaging nu om de cofactoren en epi-genetische regulatoren te identificeren die 
functioneel interacteren met deze transcriptie factoren. 
De eerste kandidaat die het foetale hemoglobine onderdrukker getest in deze thesis 
is KDM7A, die ook bekend staat als KDM7 en JHDM1D. KDM7A is een histon 
demethylase, en is bekend H3K9me2, H3K27me2 en H4K20Me1 te demethyleren. 
Hoofstuk 2 toont de resultaten van het gebruik van een muis model, die ook het 
humane HBB locus draagt, samen met een erytroïde specifieke Cre-recombinase 
EpoR-Cre en gefloxte allelen van het Kdm7a gen. Erytroïd-specifieke recombinatie 
door EpoR-Cre was efficiënt maar had geen effect op de erytropoëse. Doordat de 
recombinatie door EpoR-Cre laat in de erytroide differentiatie gebeurd, hebben we 
onze observaties uitgebreid naar een pan-hematopoëtische deletie door Mx1-Cre. 
Inductie van Cre expressie door pIpC injecties resulteren in een hoog efficiënte 
recombinatie op de Kdm7a locus. Ondanks dat we kleine veranderingen observeren 
in sommige hematopoëtische cel populaties, hebben deze veranderingen geen 
invloed op de algehele balans in het hematopoësche systeem. Wij concluderen dat 
KDM7a overbodig is voor de hematopoëse en geen rol speelt in de onderdrukking 
van de HBG1/2 genen in de volwassen erytropoëse. 
Vervolgens, onderzoeken we de genen die coderen voor de proteïne arginine 
transferases (PRMTs) PRMT1, PRMT4 en PRMT5. De PRMT-familie bestaat uit 9 
leden en is onderverdeeld in 3 groepen: Type I, II en III. PRMT1 en PRMT4 behoren 
tot de Type I groep, die gekarakteriseerd wordt door asymmetrische w-NG,NG-arginine 
dimethylatie (aDMA). PRMT5 behoort tot de Type II groep en wordt gekarakteriseerd 
door symmetrische w-NG,NG-arginine dimethylatie (sDMA). Vorige in vitro studies 
hebben PRMT1 en PRMT5 gelinkt aan globine expressie. PRMT4 verlies heeft 
geen effect op de erytropoëse en hematopoëse, maar is essentieel voor myeloïde 
leukemogenese.
In Hoofdstuk 3 tonen we onze bevindingen omtrent PRMT1, PRMT4 en PRMT5. We 
gebruikten weer de HBB dragende muizen en includeren pan hematopoëtische Mx1-
Cre. De resultaten van PRMT4 zijn in overeenstemming met de vorige verslagen, die 
een veranderde T cel ontwikkeling tonen. Recombinatie van gefloxte PRMT4 allel 
was erg efficiënt. Voor Prmt1 en Prmt5 observeren we minimale veranderingen in 
sommige hematopoëtische cel populaties. We vonden dat de recombinatie efficiëntie 
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van gefloxte Prmt1 en Prmt5 was erg laag, wat wijst op selectieve overleving van 
cellen waarin de recombinatie niet gelukt is. Gebruik makend van constitutief actieve 
weefselspecifieke Cre-lijnen, Vav1-Cre en Vec-Cre, vonden we een efficiëntere 
recombinatie in Prmt5 fl/wt muizen in vergelijking met Prmt5 fl/fl nestgenoten. Dit 
ondersteund het idee van selectie van cellen die aan de recombinatie ontsnappen. 
De essentiële rol van PRMT1 en PRMT5 is bevestigd door CRISPR targeting in 
HUDEP-2 cellen, een cellijn die de humane volwassen erytropoëse modelleert. 
Chromatine Target van PRMT1 (CHTOP) is het laatste gen die we hebben getest 
in deze thesis. Het is eerder gevonden als g-globine regulator in een onderzoek 
om nieuwe therapeutische doelen voor b-thalassemie en SC ziekte te vinden. In 
eerdere celcultuur studies, waarbij een short hairpin-gemedieerde uitschakeling van 
het CHTOP gen was uitgevoerd in humane primaire erythroïde voorloper cellen, 
was er een verhoogd g-globine niveau van zo’n 25% van het totaal b-achtige globine 
gevonden. In Hoofstuk 4 rapporteren we de resultaten verkregen met muizen die 
het humane HBB locus dragen, gefloxte allelen van Chtop en Cre-recombinases 
specifiek voor het erytroïde en hematopoëtische systeem. Gebruikmakend van de 
EpoR-Cre lijn, observeren we een hoge recombinatie efficiëntie in erytroïde cellen, 
maar is het eiwit niveau van CHTOP niet aangedaan, dit komt waarschijnlijk door de 
differentiatie fase waarin de Cre-gemedieerde recombinatie plaatsvindt. Vervolgens 
zijn we overgestapt op de pan-hematopoëtische Mx1-Cre. Inductie van Mx1-Cre in 
jonge muizen resulteert in een efficiënte recombinatie en belangrijk een gereduceerd 
CHTOP eiwit niveau. Maar zelfs lage niveaus van het CHTOP eiwit leidt niet tot een 
toename van g-globine of een ander sterk hematopoëtisch fenotype. Vervolgens 
hebben we gekeken naar de rol van CHTOP gedurende de ontwikkeling. Hier vonden 
we dat Mx1-Cre inductie in embryo’s niet reproduceerbaar was. De constitutieve pan-
hematopoëtische Vav-Cre lijn liet een slechte recombinatie efficiëntie zien. Bij de 
constitutieve hemo-endotheliale Vec-Cre verkregen we wel efficiënte recombinatie 
en CHTOP eiwit reductie in foetale levers en navelstrengbloed van E12.5-E16.5. 
Maar dit had geen waarneembaar effect op de expressie van g-globine of andere 
gemeten erytroïde parameters. Tenslotte, verminderden we het CHTOP eiwit 
HUDEP-2 cellen door gebruik te maken van de CRISPR technologie. Het CHTOP 
gen was efficiënt getarget, wat is aangetoond met behulp van de surveyor assay en 
TIDE analyse. Desondanks, vonden we geen toename in de expressie van g-globine 
in de CHTOP-verwijderde HUDEP-2 cellen.
Tenslotte in Hoofstuk 5 bediscussieer ik de bevindingen in deze thesis in een breder 
context, bespreek mogelijkheden voor toekomstig onderzoek gericht op het vinden 
van nieuwe genen die betrokken zijn bij de repressie van de foetale globine genen, 
die hopelijk ook nieuwe medicinale doelen bevatten die kunnen worden gebruikt 
voor de ontwikkeling van betaalbare en veilig orale geneesmiddelen voor patiënten 
met b-hemoglobinopathiën. 
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