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1The immune system

The immune system protects the host against pathogens, like viruses and bacteria. 
Innate immunity will act as a first line of defense when pathogens manage to pass the 
epithelial barriers, such as the skin or the mucosal layers of the gastrointestinal and 
respiratory tracts. Key players in innate immunity are macrophages and neutrophils 
that recognize most common pathogens through pattern recognition receptors. 
Pattern recognition can initiate inflammatory responses, resulting in the release of 
cytokines by macrophages that increase the permeability of blood vessels, which 
allows fluid and other immune cells to enter the site of infection. In addition, they 
secrete chemokines that attract neutrophils, which destroy bacteria by phagocytosis.

When innate immunity is not capable of resolving an infection, it triggers and 
cooperates with the adaptive immune system. This system consists of T- and B 
lymphocytes that can recognize pathogens specifically and increase in number as 
a consequence. They also create immunological memory after infection, which 
provides protection against re-infection. T- and B cells are responsible for antigen 
specific cellular and humoral immune responses, respectively. Their specificity is based 
on a virtual infinite repertoire of antigen receptors. Adaptive immune responses 
can be initiated by dendritic cells (DCs) that ingest antigen at the site of infection. 
Subsequently, these cells become activated and start to present the antigen in the 
form of MHC antigen-peptide complexes at their surface. Activated DCs then migrate 
via the lymphatic system to the peripheral lymphoid organs, like the spleen and lymph 
nodes, where they present the processed antigen to T cells. When T cells recognize 
their cognate peptide-MHC complex via their clonotypic T cell antigen receptor (TCR) 
they differentiate, depending on cytokine- and costimulation, into cytotoxic T cells, 
which play a role in the cellular immune response, or into helper T cells.

In contrast to the TCR on T cells, the B cell antigen receptor (BCR) on B cells 
binds to the native form of its cognate antigen. This happens either in the blood or 
in the lymphatic organs. Upon binding, the antigen will be engulfed and processed, 
subsequently antigen-derived peptides will be presented by specific MHC molecules 
at the surface of the B cell. These are recognized by matching T helper cells, which 
induce B cell activation by co-stimulation, for instance through the CD40-CD40L 
interaction. Activated B cells proliferate extensively and form germinal centers (GCs) 
in the follicles of peripheral lymphoid organs. In these GCs, antigen-activated B cells 
further diversify their specific antigen receptor and subsequently differentiate into 
antibody producing plasma cells or memory B cells. These antibodies can opsonize 
their cognate antigen, thereby preventing it from damaging or entering host cells. In 
addition, antibody-antigen complexes can bind complement, or activate macrophages 
and other cells to destroy the antigen(-bearing cell).

Hematopoiesis

The developmental process that generates immune cells and all other cell types in 
the blood is called hematopoiesis. Hematopoietic stem cells (HSC) are the earliest 
progenitors that can self-renew and differentiate into all blood cell types (figure 1). 
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1 During early embryonic development, HSCs are found in the yolk-sac and aorta-
gonad-mesonephros (AMG) region where they give rise to mainly erythroid cells. Later 
on hematopoietic activity is found in the spleen, liver and lymph nodes where besides 
the erythroid lineage also the lymphoid and myeloid lineages are generated. Finally, 
HSCs will migrate into the developing bone marrow where they will produce billions 
of blood cells during the entire lifetime. In some rare disorders, the spleen, thymus 
and liver resume their hematopoietic function, which is known as extramedullary 
hematopoiesis. As a consequence, these organs increase in size substantially.

HSC were first identified in the murine bone marrow, where they reside in the 
‘LSK’ (Lineage-, ScaI+, c-Kit+) population of cells that lack the expression of lineage-
affiliated markers but that do express high levels of ScaI and c-Kit (Spangrude et al., 
1988). Reconstitution assays, where a single LSK cell was transplanted in an irradiated 
mouse, revealed that some of these cells were able to reconstitute the bone marrow 
for long-term (LT-HSC), while others could only reconstitute the bone marrow for 
short term (ST-HSC) (Osawa et al., 1996; Wagers et al., 2002). 

According to the classical dichotomy model, ST-HSCs, also called multipotent 
progenitors (MPPs), can differentiate into lineage restricted common lymphoid 
progenitors (CLPs) or common myeloid progenitors (CMPs). CLPs have the potential 
to differentiate into B, T and NK cells, while CMPs have the potential to differentiate 
into myeloid cells, like monocytes and granulocytes, but also erythroid cells and 
megakaryocytes arise from CMPs (see figure 1). Kawamoto et al. proposed an 
alternative model for the first stages of hematopoiesis, the myeloid-based model. In 
this model, the MPPs can differentiate in either CMPs or common myeloid-lymphoid 
progenitors (CMLPs), which have both myeloid and lymphoid potential. The CMLPs 
can subsequently differentiate into myeloid-T cell progenitors (MTPs), which harbor 
myeloid- and T cell potential, or into myeloid-B cell progenitors (MBTs), which harbor 
myeloid and B cell potential (Kawamoto et al., 2009).

entry into certain lymphoid sublineages depends on the tissue location of the 
common CLP. Precursors that migrate into the thymus will enter the T cell lineage, 
while a precursor in the bone marrow is more likely to enter the B cell lineage. These 
different niches provide different sets of growth factors, which induce signaling 
cascades and subsequent transcriptional reprogramming, resulting in lineage specific 
expression profiles. It has been shown by knock-out studies in mice that signaling by 
the IL-7 receptor and expression of the transcription factors e2A, ebf1 and Pax5 are 
critical in driving lymphoid precursors into the B cell lineage (Cobaleda et al., 2007; 
Nutt et al., 2007). In contrast, T lymphopoiesis is triggered when lymphoid precursors 
are exposed to a high density of the Notch ligand Delta-like 4 in the thymus. Signaling 
through Notch receptors activates the T cell gene expression program (Hoflinger et 
al., 2004; Tanigaki et al., 2007). Myelopoiesis, which takes place in the bone marrow, 
is also dependent on a complex network of transcription factors. At the HSC stage, 
these factors are controlled by IL-3-, GM-CSF- and stem cell factor (SCF) signaling, 
which direct differentiation of the HSC towards the myeloid branch (Friedman et al., 
2007).
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Epigenetic regulation during hematopoiesis

Hematopoiesis is a highly regulated process in which pluripotent HSCs can differentiate 
into all lineages of the blood. At the basis of this process are signaling pathways, 
which can respond to extracellular stimuli by modulating gene expression, such that 
the HSC pool can react to the functional needs of the organism. Gene expression is 
controlled by various mechanisms such as sequence specific transcription factors that 
target gene promoters and enhancers. Multi-protein complexes that are recruited 
together with these transcription factors harbor enzymatic activities to modify 
chromatin, thereby marking a region to be transcribed. 

Chromatin is a nucleoprotein complex built of nucleosome chains. A nucleosome 
consists of a histone octamer which packages 147 DNA base pairs (bp). Crystal structure 
studies revealed that these octamers are composed of two H3-H4 histone dimers 
bridged together as a stable tetramer that is flanked by two separate H2A-H2B dimers 
(Davey et al., 2002; Luger et al., 1997). Histones harbor amino- and carboxy-terminal 
tails that protrude from the nucleosomes. These tails are enriched in basic residues 
and are therefore a target for multiple post-translational modifications (PTMs), like 
phosphorylation, methylation, ubiquitination and acetylation. PTMs can influence the 
local chromatin structure and facilitate the recruitment of chromatin modifying factors. 
For example, when histone tails are hypoacetylated, tri-methylated on lysine residue 
20 of H4 (H4K20me3) and tri-methylated on lysine residue 27 of H3 (H3K27me3), the 
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Figure 1. The classical dichotomy model of hematopoiesis. Hematopoiesis originates in the bone marrow were 
LT-HSCs with long term renewal capacity can also differentiate into ST-HSCs, with short term renewal 
capacity. Subsequently ST-HSCs can differentiate into committed myeloid progenitors (CMPs) and committed 
lymphoid progenitors (CLPs). CMPs have the potential to further differentiate into either granulocyte/monocyte- 
(GMP) or megakaryocyte/erythrocyte (MEP) precursors, while CLPs can either differentiate into progenitor T or 
B lymphocytes. Finally these multipotent progenitors differentiate into the different lineages of the blood. 
 
Epigenetic regulation during hematopoiesis 
 

Figure 1. The classical dichotomy model of hematopoiesis. Hematopoiesis originates 
in the bone marrow where LT-HSCs with long term renewal capacity can also differentiate 
into ST-HSCs, with short term renewal capacity. Subsequently ST-HSCs can differentiate into 
committed myeloid progenitors (CMPs) and committed lymphoid progenitors (CLPs). CMPs 
have the potential to further differentiate into either granulocyte/monocyte- (GMP) or mega-
karyocyte/erythrocyte (MeP) precursors, while CLPs can either differentiate into progenitor T or 
B lymphocytes. Finally these multipotent progenitors differentiate into the different lineages of 
the blood.



14

1 chromatin structure is compact and genes are silenced, in contrast hyperacetylation, 
tri-methylation on lysine residue 4 of H3 (H3K4me3) and tri-methylation on lysine 
residue 36 of H3 (H3K36me3) leads to a more open chromatin structure allowing gene 
transcription (Ruthenburg et al., 2007). Chromatin assembly is also regulated by DNA 
methylation, which is exclusively found on cytosine residues. Multiple studies have 
shown that methyl marks are associated with repressed chromatin and with silenced 
promoter activity (Bird et al., 1999). Furthermore, chromatin assembly is controlled by 
ATP dependent remodeling proteins. These proteins reposition nucleosomes, which 
can either lead to an open or a more compact chromatin structure, thereby affecting 
RNA transcription (Ho et al., 2010).

There is a variety of multi-protein complexes that regulate chromatin modifications. 
The Mi-2/nucleosome remodeling and deacetylase (Mi-2/NuRD) complex for example 
is a repressor complex that combines DNA methylation, histone deacetylation 
and ATPase chromatin remodeling activity. The core of this complex is formed by 
histone deacetylases (HDACs) 1 and 2, which harbor deacetylase activity, and are 
in complex with the ATPse activity of the Mi-2 protein (consisting of the subunits 
Mi2-a and Mi-2b) and the methyl CpG-binding domain (MBD) protein (Denslow et 
al., 2007). Studies in transgenic mice have shown that disruption of these multi-
protein complexes can lead to severe hematopoietic phenotypes. To demonstrate 
the relevance of DNA methylation during hematopoiesis, a mouse model was 
constructed in which a deletion of the DNA methyltransferase 1 (Dnmt1) could be 
induced especially in hematopoietic cells. This resulted in complete ablation of HSCs 
and bone marrow progenitors by induction of cell-autonomous apoptosis. Moreover, 
hypomorphic Dnmt1 mice, which have reduced levels of Dnmt1 activity, already 
showed altered HSC differentiation, such that differentiation was restricted to the 
myeloid and erythroid lineages (Broske et al., 2009). Another example is a study 
where the conditional deletion of MI-2b, which is the ATPase remodeling activity in 
the NuRD complex, caused an increase in HSC cycling and an altered differentiation 
potential, which was restricted to the erythroid lineage (Yoshida et al., 2008). 

Multi-protein complexes gain specificity by binding to transcription factors that 
can recruit the complex to a specific region in the genome. For instance, a recent 
study showed that the transcriptional co-factor friend of GATA-1 (FOG-1) interacts 
with the NuRD complex to recruit it to mast cell gene promoters (Hong et al., 2005). 
Furthermore, mice homozygous for a mutant form of Fog-1, which specifically disrupts 
the Fog-1/NuRD interaction showed severe hematopoietic abnormalities, indicating 
that proper targeting of the NuRD complex is crucial for normal hematopoiesis.

 The next paragraph summarizes present knowledge on the role of HDACs, which 
are the core enzymes in a variety of multi-protein gene repressor complexes.

Histone deacetylases

HDACs deacetylate lysine (Lys) residues in histones, thereby changing the charge of 
Lys from neutral to positive resulting in chromatin compaction, which is associated 
with repression of gene transcription. Besides histones, HDACs deacetylate also 
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1other protein substrates. For example, the activity of tumor suppressor p53 is partly 
regulated by Lys acetylation, while HDACs were shown to deacetylate p53 (Brooks 
et al., 2003; Zeng et al., 2006). Moreover, the transcription factor Stat3 is acetylated 
upon cytokine induction, which allows dimerisation required for DNA binding. HDACs 
were shown to reverse Stat3 dimerisation by deacetylation of the acetylated Lys 
residue (Yuan et al., 2005). Recently, Choudhary et al. identified 1750 proteins that 
harbored acetylated Lys using high-resolution mass spectrometry, demonstrating that 
acetylation is a global protein modification important in a variety of major cellular 
processes (Choudhary et al., 2009). 

Phylogenetic analysis revealed that HDACs can be subdivided into four different 
classes that are based on domain homology and sequence similarity to yeast 
prototypes (Gregoretti et al., 2004). Class I HDACs are related to Saccharomyces 
cerevisiae Rpd3 and consist of HDAC1, HDAC2, HDAC3 and HDAC8. Of note, 
HDAC1 and HDAC2 exhibit an 82% amino acid sequence overlap, suggesting that 
they originate from gene duplication. Class II HDACs are subdivided in two subclasses: 
class IIa (HDAC4, HDAC5, HDAC7 and HDAC9) and class IIb (HDAC6 and HDAC10), 
which are homologues of Saccharomyces cerevisiae Hda1. Class III consists of NADH+ 
dependent HDACs, which are homologous to the yeast sirtuins and class IV consists 
of one member HDAC11, which is related to both class I and class II HDACs. 

Class I members HDAC1, HDAC2 and HDAC3 are predominantly localized in 
the nucleus and can function as catalytic subunits of multi-protein complexes that 
repress transcription by specific interactions with DNA-sequence specific transcription 
factors. For instance, in mammals the Sin3, Mi-2/NuRD and the corepressor of Re1-
silencing transcription factor (CoReST) complex have a core that consists out of the 
heterodimer HDAC1-HDAC2 (Yang et al., 2008). The class IIa HDACs contain nuclear 
import and export sequences, which allows shuttling between the nucleus and the 
cytoplasm suggesting a role as signal transducers (Khochbin et al., 2001; Verdin 
et al., 2003; Han et al., 2005). In contrast, HDAC6 which belongs to class IIb is 
predominantly localized in the cytoplasm (Boyault et al., 2007). It was demonstrated 
that HDAC6 plays a role in major cellular processes like cell motility and cell adhesion 
by deacetylation of a-tubulin and cortactin (Hubbert et al., 2002). The relatively 
unknown class IV HDAC11 was shown to regulate IL-10, which is an interleukin 
involved in immune tolerance (Villagra et al., 2009). Another study revealed a role for 
HDAC11 in gene expression of oligodendrocytes, specific myelin-producing cells in 
the central nervous system (Liu et al., 2009).

Genetically engineered mouse models demonstrated crucial roles for Hdacs 
in development. Deletion of Hdac1 results in embryonic lethality at e 9.5 due to 
proliferation defects in embryonic stem cells (Lagger et al., 2002; Montgomery et al., 
2007). In contrast, mice with a homozygous deletion of Hdac2 are viable, although 
their body weight is severely reduced. Furthermore, these mice show enhanced 
memory and learning capacity due to increased synaptogenesis (Trivedi et al., 2007; 
Zimmermann et al., 2007; Guan et al., 2009; Zimmermann et al., 2007). Conditional 
deletion of both Hdac1 and Hdac2 in cardiomyocytes resulted in premature death 
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1 due to cardiac arhythmias and left ventricular dilation, indicating a crucial role for 
Hdac1 and Hdac2 in heart development (Montgomery et al., 2007). 

Hdac1 and Hdac2 have also been implied as regulators of hematopoietic 
development, as it has been shown that the NuRD complex interacts with IKAROS, 
a key regulator that enables HSC differentiation along the lymphoid pathway (Kim 
et al., 1999). Moreover, studies in chicken B cells revealed that HDAC2 controls 
the expression of AIOLOS, PAX5 and eFB-1, transcription factors that regulate 
immunoglobulin heavy chain (IgH) transcription (Nakayama et al., 2007). Furthermore, 
it was shown that HDAC2 is required for Ig gene conversion, a diversification process 
active in chicken B cells (Lin et al., 2008). Studies in mice that lack Hdac1 and Hdac2 
specifically in B cells revealed an early block in differentiation. In contrast, depletion 
of Hdac1 and Hdac2 in mature B cells had no negative effects. However, in vitro 
activation indicated that these cells lost the ability to proliferate, providing a role 
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Figure 2. Schematic representation of B cell development. Upon functional VDJ recombination of the IgH 
chain, pro-B cells differentiate into large pre-B cells, which express the pre-BCR. Subsequently, these cells 
undergo cycles of proliferation. Hereafter they differentiate into small pre-B cells. At this stage, IgL chain VJ 
recombination takes place. Functional pairing of IgH and IgL proteins leads to presentation of the BCR at the 
cellular surface and differentiation into immature B cells. Self tolerant immature B cells leave the bone marrow 
and further mature in the periphery where they start to express both IgM and IgD at their surface. When B cells 
encounter their cognate antigen they get activated with the help of T cells and undergo secondary diversification 
processes known as somatic hypermutation (SHM) and class switch recombination (CSR), which leads to high 
affinity antibodies with differential isotypes (for instance IgG). Finally, these activated B cells differentiate into 
memory B cells and antibody producing plasma cells.   
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Figure 2. Schematic representation of B cell development. Upon functional VDJ re-
combination of the IgH chain, pro-B cells differentiate into large pre-B cells, which express 
the pre-BCR. Subsequently, these cells undergo cycles of proliferation. Hereafter they  
differentiate into small pre-B cells. At this stage, IgL chain VJ recombination takes place.  
Functional pairing of IgH and IgL proteins leads to presentation of the BCR at the cellular 
surface and differentiation into immature B cells. Self tolerant immature B cells leave the bone 
marrow and further mature in the periphery where they start to express both IgM and IgD at 
their surface. When B cells encounter their cognate antigen they get activated with the help of 
T cells and undergo secondary diversification processes known as somatic hypermutation (SHM) 
and class switch recombination (CSR), which leads to high affinity antibodies with differential 
isotypes (for instance IgG). Finally, these activated B cells differentiate into memory B cells and 
antibody producing plasma cells.
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1for Hdac1 and Hdac2 in cell cycle regulation (Yamaguchi et al., 2010). Ablation of 
both Hdac1 and Hdac2 in the complete murine hematopoietic compartment causes 
anemia and thrombocytopenia associated with bone marrow cytopenia (Wilting  
et al., 2010). Interestingly, deletion of Hdac1 or Hdac2 alone in hematopoietic cells 
did not have any severe effect on hematopoiesis, indicating redundant functions of 
Hdac1 and Hdac2 in the hematopoietic system (Wilting et al., 2010; Zimmermann 
et al., 2007).

The B cell lineage 

In mammals, B cell development begins in the bone marrow. During highly controlled 
differentiation steps, defined by the recombination state of Ig genes, a BCR is 
generated and expressed at the surface of the immature B cell. This developmental 
process generates the primary Ig gene repertoire.  Immature B cells which are tolerant 
for self antigens migrate via the blood stream to the spleen where they differentiate 
into mature, naïve B cells. As part of immuno-surveillance, mature B cells circulate 
throughout the body. When a B cell encounters its cognate antigen, it may be 
triggered to undergo secondary Ig gene diversification processes. Subsequently, it 
differentiates into an antibody secreting plasma cell or long-lived memory B cell, 
which protects against future attacks by the same pathogen (figure 2).

Generation of the primary Ig gene repertoire in precursor B cells: Ig loci and 
the mechanism of V(D)J recombination

An antibody or Ig consists of two identical heavy chains and two identical light chains. 
The N-terminal part of the heavy and light chains harbors a variable domain, which 
mediates specific binding to antigen. In contrast, the C-terminal part consists out of 
constant domains, which determine the effector function of the antibody. Antibodies 
are encoded by the IgH and Ig light chain (IgL) genes; the latter can be either k or 
l. In the murine system, the IgH locus spans approximately 3Mb and is located near 
the telomeric end of chromosome 12. The locus is composed of arrays of variable 
(V), diversity (D) and joining (J) gene segments followed by an array of constant gene 
segments. 

The variable portion of the antibody is encoded by V, D and J gene segments. 
In precursor B cells, these segments are joined somatically by a site specific V(D)J 
recombination (figure 3) (Tonegawa et al., 1983). This reaction requires expression of 
the recombination-activating genes 1 and 2 (RAG1 and RAG2), which together form 
the RAG endonuclease (Oettinger et al., 1990). To assemble V, D and J gene segments, 
RAG aligns two RSS sites and introduces two double stranded breaks (DSBs) at the 
border between recombination signal sequences (RSS) and coding segments. The 
RSS consists of a highly conserved heptamer, which is followed by a non-conserved 
spacer sequence of either 12 or 23 nucleotides and a conserved nonamer. Both V and 
J heavy chain segments (VH and JH) harbor a 23 spacer-RSS, which are located 3’ of 
VH and the 5’ of JH. The D heavy chain segments (DH) are flanked by 12 spacer-RSSs. 
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1 RAG activity requires one segment with a 23 spacer-RSS and one segment with a 
12-spacer RSS, a specificity which is known as the 12/23 rule (eastman et al., 1996). 
As a consequence, the majority of VDJ rearrangements in the IgH locus will result in 
a DH segment sandwiched between a VH and JH segment. The k and l light chain loci 
are composed of only V and J segments and lack D segments. Also in these loci, the 
RSSs are in agreement with the 12/23 rule, Vk segments are followed by a 12-spacer 
RSS and Jk segments are preceded by 23-RSS. In contrast, Vl light chain segments 
are followed by a 23-spacer RSS and Jl segments by a 12-spacer RSS.
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between one D and one J segment at the germline (GL) IgH locus. Subsequently, RAG initiates recombination 
between the DJ join and one V-segment. Finally, the VDJ join will be transcribed and spliced into mRNA.    
 
 After RAG mediated cleavage, two hairpins are formed at the coding ends, which together 

with the two signal ends remain bound to RAG, a molecular ensemble known as the 
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Figure 3. Schematic representation of VDJ recombination in the IgH locus. RAG initiates 
recombination between one D and one J segment at the germline (GL) IgH locus. Subsequently, 
RAG initiates recombination between the DJ join and one V-segment. Finally, the VDJ join will 
be transcribed and spliced into mRNA.

After RAG mediated cleavage, two hairpins are formed at the coding ends, which 
together with the two signal ends remain bound to RAG, a molecular ensemble known 
as the postcleavage synaptic complex (PSC) (Fugmann et al., 2000). Subsequently, 
the non-homologous end-joining (NHeJ) machinery ligates the joining ends together, 
while the intervening DNA, containing the signal ends, is looped out. This process 
starts with the Ku70 subunit, which binds to the coding ends thereby attracting Ku80. 
Ku80 in turn attracts the DNA-dependent protein kinase subunit (DNA-PKcs), which 
is required for the nuclease activity of Artemis, which generates junctional diversity by 
opening the hairpin of the coding ends decentrally. These open coding ends can be 
processed by different activities 1) the terminal deoxynucleotidyl transferase (TdT) or 
its relative polymerase m (pol m), which add non-templated nucleotides (N-regions) to 
coding ends 2) exonuclease activities that can introduce small deletions 3) polymerases 
that can extend the coding end, which lead to palindromic duplications (P-segments). 
Finally, the two coding ends are joined by Ligase IV, whose activity is enhanced by the 
X-ray repair cross complementing protein 4 (XRCC4) (VDJ recombination is reviewed 
by Jung et al., 2006).
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1Ordered Ig rearrangements dictates early B cell development

early B cell development begins in the bone marrow when lymphoid precursors, 
which start to express the Rag1 and Rag2 genes, differentiate into pro-B cells through 
signaling via c-Kit, FLT3 and IL-7 receptors. At this stage, the IgH and IgL loci are 
relocated to the active environment of the nuclear center (Kosak et al., 2002). Here 
the chromatin, surrounding D and JH gene segments and the IgH constant genes, 
becomes demethylated and hyperacetylated, thereby losing its closed formation. As 
a consequence, RAG can access the DNA and initiate DH to JH recombination on both 
alleles. Upon DJH rearrangement, the VH region becomes activated and accessible 
to RAG, which then initiates recombination of a single VH gene segment to the 
preexisting DJH joint (Cherry et al., 1999; Chowdhury et al., 2001; Hsieh et al., 1992). 
At this stage, the VH region is contracted into DNA loops in a flower like structure. It 
was suggested that this structure places proximal and distal VH gene segments in a 
similar distance to the DJH joint thereby equalizing the chance to recombine (Roldan 
et al., 2005; Sayegh et al., 2005; Jhunjhunwala et al., 2008). 

An in frame VHDJH joint will result in stable IgH mRNA, which is subsequently 
translated into IgH protein. The quality of membrane bound IgH is tested by its 
capacity to interact with the surrogate light chain (SLC) proteins VpreB1 and l5. 
Recently Ubelhart et al., demonstrated that a conserved asparagine (N)-linked 
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Figure 4. Schematic representation of allelic exclusion at the IgH locus. At the pro-B cell stage, both IgH alleles 
recombine a D to J segment. Subsequently one DJ join will recombine with a V segment. This can be either 
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with a V segment, in case of a productive VDJ join, IgH protein is expressed and the pro-B cell differentiates 
into the pre-B cell stage. If this rearrangement is again non-productive the pro-B cell will die. In case the first V 
to DJ recombination is functional, IgH protein expressed at the surface will signal for silencing of V to DJ 
recombination at the other allele (this figure is adapted from Jung et al., 2006) .    
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Figure 4. Schematic representation of allelic exclusion at the IgH locus. At the pro-B cell 
stage, both IgH alleles recombine a D to J segment. Subsequently one DJ join will recombine 
with a V segment. This can be either productive (1/3) or non-productive (2/3). If it is non-pro-
ductive, the other DJ join gets a chance to recombine with a V segment, in case of a productive 
VDJ join, IgH protein is expressed and the pro-B cell differentiates into the pre-B cell stage. 
If this rearrangement is again non-productive the pro-B cell will die. In case the first V to DJ 
recombination is functional, IgH protein expressed at the surface will signal for silencing of V to 
DJ recombination at the other allele (this figure is adapted from Jung et al., 2006).
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1 glycosylation site in IgH is required for binding to SLC proteins (Ubelhart et al., 2010). 
A proper interaction will lead to presentation of the pre-BCR–signaling complex at 
the surface of the cell which comprises the pre-BCR and the transmembrane signaling 
proteins Iga and Igb. Signaling through the pre-BCR is essential, as it prevents the cell 
from undergoing apoptosis. Pro-B cells that fail to produce a functional pre-BCR are 
excluded from further differentiation and die. It was shown that signaling through 
the pre-BCR results in transient downregulation of RAG, thereby preventing further 
IgH recombination events (Grawunder et al., 1995). Hereafter, pre-B cells undergo 
two to seven cell divisions, thereby expanding the pre-B cell pool that succeeded in 
generating a functional IgH.

Gene deletion studies demonstrated that a functional pre-BCR complex, together 
with IL-7 receptor signaling are pivotal for driving this clonal expansion as deletion 
of IL-7Ra, the transmembrane portion of IgH, VpreB, l5, Iga, Igb, but also of 
downstream signaling components as Syk and Zap70 abolishes pre-B cell expansion 
(Kitamura et al., 1992; Mundt et al., 2001; Shimizu et al., 2002; Gong et al., 1996; 
Kitamura et al., 1992 ; Schweighoffer et al., 2003). It was proposed that pre-BCR 
signaling downregulates SLCs expression, resulting in a gradual decrease of pre-BCR 
expression and signaling during subsequent cell doublings. As a consequence, RAG 
is no longer suppressed and its re-expression enables VJ rearrangement at the IgL 
loci (Herzog et al., 2009; Schlissel et al., 2003; Grawunder et al., 1995; Herzog et 
al., 2009). Upon functional light chain rearrangement, the pre-B cell differentiates to 
the immature B cell stage, which is characterized by surface expression of the BCR. 

At the immature stage, B cells are tested for reactivity against self antigens. B cells 
that harbor a BCR that does not bind to self antigens are positively selected and leave 
the bone marrow immediately to continue maturation in the periphery. Immature B 
cells that harbor an autoreactive BCR can reactivate RAG and attempt to generate a 
new non-autoreactive BCR in a process known as receptor editing. Receptor editing 
involves the replacement of an already rearranged V

H or VL segment by one that is 
still available. If V gene replacement results in a non-autoreactive BCR, the B cell 
continues maturation in the periphery. B cells that do not succeed to generate a non-
autoreactive BCR will be deleted by apoptosis (Nemazee et al., 2006).

Allelic exclusion

In 1957, thus long before the identification of IgH and IgL loci, Burnet proposed his 
clonal selection theory, which states that each antibody producing cell should have a 
unique antibody specificity. Interestingly, not much later, experiments performed by 
Pernis and Cebra et al. using rabbit antisera against allotypic IgH and IgL demonstrated 
that B cells isolated from F1 rabbits express only one of the two possible allotypic 
IgH or IgL at their surface (Pernis et al., 1965; Cebra et al., 1966). Thus despite the 
presence of two heavy and two light chain alleles (both k and l), only a single allele 
appears to be expressed. The phenomenon that B cells are monospecific, i.e. usually 
express only a single IgH and IgL chain allele is known as allelic exclusion.
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1About twenty years later, studies by Alt et al. proposed the regulated model for 
allelic exclusion (Alt et al., 1980; Alt et al., 1984). This model was based on the 
observation that 40% of Igk-expressing B cells rearrange both k alleles, while 60% 
rearrange only one allele leaving the other allele in germline configuration (Coleclough 
et al., 1981; Coleclough et al., 1983). These findings suggested that a functional VJ 
rearrangement in one allele leads to silencing of further V to J rearrangements at 
the other allele. Subsequent studies revealed that, similar to the IgL rearrangements, 
40% of B cells carry VDJ-rearrangements on both heavy chain alleles, while 60% 
have only one allele that harbors a VDJ-rearrangement (figure 4) (Alt et al., 1984).

The virtual absence of germline configured IgH loci suggested an ordered 
rearrangement where D and J segments are rearranged on both alleles and 
subsequently a V segment is rearranged to the preexisting DJ join. According to these 
results, a DJ rearrangement at the IgH locus was considered as an equivalent of a 
germline Igk locus. Therefore allelic exclusion of both IgH and IgL rearrangements 
is controlled at the level of V gene rearrangements. The regulated model for allelic 
exclusion proposes that V to DJ rearrangement is ordered and that a functional VDJ 
rearrangement prohibits secondary V to DJ rearrangements. The chance that a V to 
DJ rearrangement will be in frame and lead to a functional mRNA is 1/3. In this case, 
IgH protein is produced and thought to inhibit V to DJ recombination at the other 
IgH allele via a feedback signal mediated by the surface exposed clonotypic pre-
BCR. Accordingly, two thirds of the initial VDJ rearrangements is out of frame, as a 
consequence the transcribed RNA will be unstable and quickly degraded by the non-
sense mediated decay machinery (Buhler et al., 2006). In this scenario the other allele 
gets a chance to recombine. Again the chance for a functional VDJ rearrangement 
is 1/3. A functional rearrangement will result in the generation of a pre-BCR and 
subsequent signalling for survival and further differentiation. Precursor B cells that 
fail the second attempt to generate a functional VDJ rearrangement will not be able 
to form a pre-BCR and die. However, B cells may take advantage of cryptic RSS sites 
within rearranged V

H segments to replace it with an upstream VH element.
Strong evidence that supported feedback inhibition by IgH came from multiple 

transgenic mouse studies showing that expression of a functional IgH partially 
blocked rearrangement of the endogenous loci (Ritchie et al., 1984; Rusconi et al., 
1985; Weaver et al., 1985). Two years later, the membrane-bound form of IgH was 
demonstrated to be essential in establishing allelic exclusion. While expression of 
a membrane bound IgH in precursor B cells prohibited V to DJ rearrangements of 
endogenous IgH alleles, the secretory version had no effect (Nussenzweig et al., 
1987). The same conclusion was reached by studying IgH knock in mice that lack the 
membrane coding exons of IgH (Kitamura et al., 1992). Moreover, it was shown that 
the interaction of membrane bound IgH with the membrane signaling molecules Iga 
and Igb appears to be essential as mutations blocking IgH chain association, as well 
as mutations in the cytoplasmic part of these proteins results in disruption of allelic 
exclusion and progression to the pre-B cell stage (for review Herzog et al., 2009 and 
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1 Papavasiliou et al., 1997). In agreement with these observations, knockout mouse 
models that harbor a deletion of Syk or Zap70, which are downstream signaling 
proteins of Iga and Igb, show disrupted allelic exclusion (Schweighoffer et al., 2003). 

The regulated model for allelic exclusion requires that V to DJ recombination 
is initiated on one allele while the other is actively prohibited from further 
rearrangements. An important question resulting from this concept is: How do cells 
that initiate V to DJ rearrangements on one allele inhibit V to DJ rearrangement on 
the other allele? Suggestions have been made that differential localization, locus 
contraction, allelic marking associated with early replication and demethylation may 
play a role in regulating monoallelic V to DJ rearrangements (Alt et al., 1980; Alt et 
al., 1992; Gorman et al., 1998; Mostoslavsky et al., 1998; Roldan et al., 2005). Recent 
studies by Hewitt et al. revealed that RAG and ATM together control monoallelic 
recombination and localization of the Ig loci. Their study indicated that the Ig alleles 
pair during the pro-B stage where V to DJ recombination takes place. In the absence 
of RAG, pairing of Ig alleles was reduced suggesting a role for RAG in Ig gene pairing. 
Moreover, the introduction of DNA breaks by RAG in one allele appears to induce 
ATM dependent repositioning of the other allele to pericentric heterochromatin 
(Hewitt et al., 2009).

Secondary Ig gene diversification in B cells: Somatic hypermutation and 
class switch recombination 

The primary antibody repertoire generated by V(D)J recombination and combinatorial 
IgH and IgL chain pairing, is thought to provide around 105-106 different antibody 
specificities. However, given the fact that two out of the three complementary 
determining regions (CDR1 and CDR2) are germline-encoded, i.e. within the V gene 
segments, the primary repertoire is despite its high complexity generally of low affinity 
(Davis et al., 1988). To further improve antigen binding, i.e. generate high affinity 
antibodies, antigen specific B cells have the unique capacity to initiate a mutation 
process that introduces single nucleotide substitutions into the variable region of Ig 
genes. This process of somatic hypermutation (SHM) occurs at an extraordinary rate 
of about 10-3 bp per generation, a million-fold higher as compared to the overall 
spontaneous mutations in our genome.

Besides SHM, antigen-specific B cells can also undergo class switch recombination 
(CSR), a deletional recombination event that alters the effector function of 
the antibody. During CSR, the constant m region is replaced by one of the other 
downstream constant regions, resulting in an isotype switch from IgM/IgD to IgG, 
Ige, or IgA. Interestingly, both SHM and CSR are initiated by the activation induced 
cytidine deaminase (AID), an essential molecular component of secondary Ig gene 
diversification.

The germinal center reaction

Naïve B cells express a BCR of the IgM/D isotype that usually has a low affinity for its 
cognate antigen. When these cells migrate through the T cell rich areas of secondary 
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1lymphoid organs, such as spleen, lymph nodes, Peyer’s patches and tonsils, they may 
get activated by antigen presenting follicular dendritic cells (FDC) and antigen specific T 
helper cells (Garside et al., 1998; MacLennan et al., 1997; Okada et al., 2005). Antigen-
activated B cells undergo rapid proliferation and can have different developmental 
fates. Some may develop directly into antibody secreting plasmablasts, which reside in 
specialized extrafollicular areas like the medullary cords of lymph nodes, while others 
mature into GC-precursor B cells and move to the primary follicle, where they trigger a 
process known as the GC reaction (Liu et al., 1991; Jacob et al., 1991).

The primary follicle is a structure where initially recirculating naïve B cells reside 
in a network of FDCs. When GC-precursors start their clonal expansion and form 
a GC, they push naïve B cells to the outside of the follicle where they form the 
so-called mantle zone. The GC can be divided in a dark zone, which consists of 
densely packed proliferating GC B cells known as centroblasts, and a light zone 
where non-dividing centrocytes reside together with FDCs, specific T helper cells and 
macrophages. Centroblasts further diversify their IgH genes by SHM and CSR and 
subsequently express the newly modified BCR. These cells migrate to the light zone, 
and differentiate into small centrocytes, which are selected for improved affinity by 
FDCs. Selected centrocytes are stimulated to further differentiate into long-lived 
memory B cells or terminally differentiated plasmablasts (the GC reaction is reviewed 
by Klein et al., 2008).

Somatic hypermutation

SHM is a process that enables antigen-specific B cells of the GC to introduce point 
mutations into the V regions of rearranged IgH and IgL chain loci at a very high 
mutation rate of 10-3 bp per generation. As a consequence, the antigen binding 
sites encoded by the CDRs can be modified, which may result in Ig variants with an 
increased affinity for the cognate antigen. The hypermutation domain is restricted 
to a 2 kb window starting approximately 150 bp downstream of the IgH promoter 
(Rada et al., 2001). This observation suggested that transcription plays a role in SHM. 
Indeed, studies by Fukita et al. showed that replacing the strong endogenous IgH 
promoter by a weak truncated DQ52 promoter results in diminished SHM (Fukita et 
al., 1998). Moreover, it was shown in a SHM competent cell line that the mutation rate 
is proportional to the rate of transcription, confirming the importance of transcription 
for SHM (Bachl et al., 2001). 

Although transcription of the IgH locus is crucial for SHM, other factors must be 
involved, as other highly transcribed genes in GC B cells are not mutated, at least 
not at a rate comparable to Ig genes. Remarkably, as shown in Ung/Msh2 double 
mutant mice, 25% of the 120 most highly transcribed genes do get mutated in  
GC B cells, albeit normally at a frequency that is 100 fold lower as compared to Ig 
genes (Liu et al., 2008). The mutation spectra of hypermutated Ig genes revealed that 
all four bases can be mutated, with transitions predominating transversions (Golding 
et al., 1987). Additionally, mutated Cs were often seen in conjunction with a RGYW/
WRCY hotspot motif (R is a purine base A or G, Y a pyrimidine base C or T, and W 
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1 weak hydrogen bond A or T) (Rogozin et al., 1992). Furthermore, it was proposed 
that the e2A (CAGGTG) binding motif might play a role in the recruitment of AID, 
as insertions of this motif in the variable region of the IgH enhances SHM without 
altering transcription (Michael et al., 2003). Interestingly, the primary sequence of the 
hypermutation domain turned out not to be crucial, as replacement by a heterologous 
gene showed no difference in mutation rate (Yoshikawa et al., 2002). Mouse IgL 
transgenes revealed that deletion of the intronic or 3' Igk enhancer strongly reduced 
SHM, suggesting an important role of transcription and transcriptional enhancers in 
SHM (Betz et al., 1994; Goyenechea et al., 1997; Klix et al., 1998). 

While these studies provided critical insights regarding the role of cis-acting 
elements in controlling the outcome of SHM, the molecular mechanism of SHM 
remained unknown, since its discovery more than 40 years ago. A major break through 
concerning the initiation of SHM was provided by the Honjo lab in 1999. Using cDNA 
subtraction they identified AID as the initiator of CSR and interestingly also of SHM 
(Muramatsu et al., 1999; Muramatsu et al., 2000). A series of independent studies 
indicated that AID acts as a cytidine deaminase on ssDNA. AID binds and deaminates 
ssDNA but not dsDNA in vitro or in E. coli  (Bransteitter et al., 2003; Chaudhuri et al., 
2003; Dickerson et al., 2003; Pham et al., 2003; Ramiro et al., 2003). The binding of 
AID to ssDNA is facilitated by its interaction with replication protein A (RPA), a protein 
that forms DNA/protein filaments to stabilize ssDNA (Basu et al., 2005). Deamination 
of a deoxy-cytidine (dC) generates a deoxy-uracil (dU), the primary lesion thought to 
be responsible for all mutations associated with SHM. 

How can deamination of a cytidine result in mutations in all of the four different 
bases? G:C to A:T transition mutations are easily explained by replication over dU (dU 
instructs a template dT), but this cannot explain G:C transversions and A:T mutations. 
evidence that the initiating U:G lesion attracts natural DNA repair processes for 
mutagenic purposes came from different studies in E.coli, mouse and human, in which 
the base excision repair (BeR) component Uracil-N-glycosylase (UNG) was inhibited or 
lacking. UNG removes dU from the genome resulting in an abasic site. Lack of UNG 
causes a significant increase in C to T and G to A transition mutations; this increase 
is paired with a significant decrease in G and C transversion mutations (Imai et al., 
2003; Petersen-Mahrt et al., 2002; Rada et al., 2002). Moreover, mice deficient in 
MSH2, MSH6, or exo1, three key factors involved in mismatch repair (MMR), displayed 
alterations in the spectrum of point mutations in GC B cells. In particular, a significant 
reduction of point mutations at template A and T was observed (Martomo et al., 
2004; Phung et al., 1998; Rada et al., 1998; Wiesendanger et al., 2000). 

These observations led to the broadly accepted DNA deamination model of SHM. 
The model proposes that upon deamination of a dC, which results in a dU, three 
mutagenic pathways can process this initial lesion: 1) Direct replication across the dU 
instructs a template T to generate predominantly G:C to A:T transitions, a finding 
consistent with SHM analysis in Ung/Msh2 double mutant mice. 2) The dU can be 
removed by UNG to generate a non-instructive abasic site. During replication, specific 
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1translesion synthesis (TLS) polymerases can get activated to continue error-prone 
replication across the non-instructive abasic site, generating both G:C transitions as 
well as transversions. 3) Alternatively, the U/G mismatch can be recognized by the 
MSH2/MSH6 heterodimer resulting in excision of the mismatch and a single stranded 
gap. An error-prone fill in reaction by TLS polymerases results in A/T mutations 
surrounding the initial U/G mismatch.

evidence supporting the existence of individual mutator pathways was provided in 
mice and patients carrying defined mutations. XPV patients suffer from a variant form 
of xeroderma pigmentosum (XP) that does not relate to global nucleotide excision 
repair, but rather defective DNA damage tolerance in response to UV lesions, caused 
by the lack of an active TLS Pol h. Intriguingly, SHM analysis of these patients revealed 
a selective decrease of A/T mutations, a finding that was later confirmed in Pol h 
deficient mice (Delbos et al., 2005). In fact, albeit that Pol k can replace to some 
extent Pol h in generating somatic mutations at template A or T (Faili et al., 2009), 
Pol h has been identified as the sole contributor to A/T mutations in hypermutating 
Ig genes. Furthermore, as shown in PCNAK164R mutant mice, the recruitment and 
activation of the Pol h strongly depends on site specific ubiquitination of PCNA 
(Langerak et al., 2007). PCNA-Ub activates Pol h to generate the vast majority of 
A/T mutations downstream of MSH2/MSH6 as well as UNG (Krijger et al., 2009). 
In contrast, mutations at template G/C appear independent of modification of  
PCNA-Ub. For example, G to C transversions, which are normally generated by the 
related TLS polymerase Rev1, are generated normally in PCNAK164R mutant mice.

In summary, the mutation outcome depends on the activity of AID, the initiation 
of canonical BeR (UNG) or MMR pathways (MSH2, MSH6, or exo1), post-translational 
modifications of the DNA sliding clamp PCNA and selective recruitment and 
activation of error prone TLS polymerases, each of which displays its characteristic 
error signature. 

Class switch recombination

CSR is an intrachromosomal deletional recombination event, which can replace the 
constant m gene segment for one of the other downstream constant gene segments 
encoded by m, g, e and a, resulting in an isotype switch from IgM/IgD to IgG, Ige, or 
IgA. each of the different isotypes is involved in specific antigen removal processes. 
For instance, IgM antibodies can activate the complement system, while the most 
abundant isotype in the serum, IgG, can activate phagocytic cells by binding to 
specific Fc receptors at their surface. (Torres et al., 2008). CSR takes place anywhere 
within or near switch (S) regions, which are specific regions that precede the constant 
genes (Dunnick et al., 1993; Min et al., 2005). S regions consist of tandem repeats 
of short G-rich sequences (20-80 bp) with an overall length varying from 1 kb to 12 
kb. Interestingly, like SHM, also CSR is initiated by AID, which converts cytosines in 
S regions to uracils by deamination (Chaudhuri et al., 2003; Dickerson et al., 2003; 
Muramatsu et al., 2000; Petersen-Mahrt et al., 2002; Revy et al., 2000). 
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1 It was shown that CSR sites correlate with RGYW/WRCY hotspot motifs, known 
to be preferentially targeted in SHM (Chaudhuri et al., 2004; Min et al., 2005). In 
addition, it was demonstrated that ssDNA, the substrate of AID, is stabilized in the 
G-rich S regions. The G-richness of the S regions allows the formation of stable 
RNA-DNA complexes after S region transcription. In these complexes, known as 
R-loops, the G-rich RNA transcript stably pairs with the C-rich DNA template. This 
causes the G-rich DNA strand to be displaced as a single strand (Daniels et al., 1995; 
Ramiro et al., 2003; Reaban et al., 1990; Yu et al., 2003). Maizels et al. showed that 
this G-rich ssDNA could be stabilized by the formation of characteristic structures 
known as G-loops, thereby facilitating the binding of AID to the S regions (Duquette 
et al., 2004; Yu et al., 2005). AID action on these ssDNA substrates results in dC 
deamination leading to dU at the position of the original dC. Different studies have 
shown that these dUs are required for generation of S region DSBs, the necessary 
intermediates for the recombination process (Catalan et al., 2003; Rush et al., 
2004).  evidence that the BeR machinery is involved in processing these dU lesions 
came from studies using Ung deficient mice. These studies revealed that CSR is 
reduced in Ung-/- splenic B cells induced to undergo CSR by approximately 95%. This 
reduction was associated with a significant decrease in DSBs (Imai et al., 2003; Rada 
et al., 2002; Schrader et al., 2005). Accordingly, it was proposed that UNG exices 
the dU in the S regions created by AID. In the BeR pathway apurinic/apyrimidinic 
endonuclease 1 (APe1) subsequently repairs the abasic sites left by UNG by incising 
the phosphate backbone of DNA abasic sites. As APe1 is an essential gene, studies 
using splenocytes from Ape1+/- mice confirmed a role for APe1 in CSR as a 30-40 % 
reduction in switching and a reduction in DSBs in the S regions was observed (Meira 
et al., 2001; Raffoul et al., 2004). In the canonical BeR pathway DNA Pol b would 
close the single nucleotide gap that is generated by the combined action of UNG and 
APe1. A study by Wu et al. showed that pol b-/- splenocytes, isolated from fetal liver, 
have an increase in CSR varying from 1.5-1.7 fold (Wu et al., 2007). This observation 
suggests that Pol b attempts to faithfully repair the S region lesions, but that its 
activity is not sufficient to repair all lesions downstream of APe1. 

An alternative pathway that could explain the generation of staggered DSBs 
downstream of AID is MMR. evidence for a role of MMR in CSR came from studies 
of mice lacking MMR genes, like Msh2, Msh6, Mlh1, Pms2 and exo1, showing a 
reduction in CSR activity varying from two to seven fold depending on the gene and 
Ig isotype (Bardwell et al., 2004; ehrenstein et al., 1999; ehrenstein et al., 2001; 
Kadyrov et al., 2006; Li et al., 2004; Martin et al., 2003; Martomo et al., 2004; 
Schrader et al., 1999). According to a model described by Stavnezer et al. (Stavnezer 
et al., 2006) Msh2-Msh6 can recognize and bind U:G mismatches created by AID. 
Subsequently, Mlh1-Pms2 is recruited to the lesion and exo1 excises from the nearest 
5’SSB created by AID-UNG-APe activity towards the mismatch. exo1 continues past 
the mismatch until it reaches a SSB on the other strand, thereby creating a DSB.

DSBs generated by the combined action of BeR and MMR are repaired by the 
classical NHeJ pathway. This pathway is triggered by the phosphoinositol kinase 
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1ataxia-telangiectasia mutated (ATM), which plays a central role in orchestrating a 
network of cellular responses like cell cycle control, DNA repair and apoptosis. Patients 
deficient for ATM, show besides chromosomal instability and cancer predisposition 
also immunological defects such as IgA and IgG deficiency, suggesting a defect in 
CSR (Lavin et al., 1997). Moreover, studies in ATM deficient mice revealed similar 
findings as splenic B cells derived from these mice cannot switch efficiently to IgG and 
IgA as compared to WT B cells (Lumsden et al., 2004; Reina-San-Martin et al., 2004).

gH2AX is known to be phosphorylated by ATM upon DNA damage, and was 
shown to be localized in foci near DNA break sites (Burma et al., 2001). In B cells 
undergoing CSR, it was shown that these foci including also NBS1 co-localize at 
the Ig constant genes during the G1 phase of the cell cycle, suggesting a role in 
the response to CSR-induced DSBs (Petersen et al., 2001). 53BP1, which is another 
protein phosphorylated by ATM upon DNA damage, also participates in CSR as 
deletion of 53BP1 in mice results in decreased serum levels of IgG and IgA. In vitro 
CSR-assays using 53BP1-deficient B cells revealed a severere reduction in CSR to less 
than 10% of the WT levels (Manis et al., 2004; Ward et al., 2004).

After the action of the damage signaling proteins, Ku70-Ku80 comes into play 
and mediates synapses of the two DNA ends, thereby positioning the ends to allow 
end processing and direct end-to-end joining (Lieber et al., 2003; Meek et al., 2004). 
Ku70-Ku80 binds to the DNA ends and serves as a tool belt for the end joining 
reaction by recruiting enzymes that affect the recombination process. After binding, 
Ku slides away from the ends, allowing the catalytic subunit, the DNA-PKcs, to bind 
to each end (Walker et al., 2001). DNA-PKcs bind and phosphorylate Artemis, thereby 
activating its DNA end processing activities. Subsequently, the DNA ends are ligated 
by the two protein ligase complex XRCC4-Ligase IV (Casellas et al., 1998; Manis et al., 
1998; Pan-Hammarstrom et al., 2005; Reina-San-Martin et al., 2003). Additionally, 
Ku70-80 improves the binding of XRCC4-ligase IV to DNA ends. Interestingly, XRCC4 
and ligase IV deficient mice showed 25% of the normal level of CSR, indicating that 
these enzymes are important for CSR, but also that there must be another alternative 
pathway involved in CSR besides the classical-NHeJ (Yan et al., 2007).  

Memory B cells and terminally differentiated plasma cells

Selected high affinity BCR-variant GC-B cells can differentiate in either terminally 
differentiated antibody secreting plasma cells or into memory B cells. Plasma cells 
can develop from marginal-zone- and follicular B cells, and from memory B cells. 
Terminally differentiated plasma cells migrate from the spleen to the bone marrow, 
where stromal cells provide survival signals. These plasma cells can survive long term, 
providing a source of high affinity antibody, well after antigen clearance. When an 
activated GC-B cell differentiates into a memory B cell, it retains its high affinity 
BCR, but in contrast to plasma cells it does not secrete antibody. Memory B cells are 
long-lived cells that will respond rapidly, by an extensive proliferative burst, upon 
secondary antigen encounter (Tangye et al., 2003). Subsequently, the memory B cells 
can differentiate into antibody producing plasma cells.
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1 Oncogenic risks of Ig gene diversification

The hallmark of many types of B cell lymphoma is a reciprocal translocation between 
the Ig locus and an oncogene. As a consequence, the oncogene is placed into close 
proximity of Ig regulatory elements, resulting in deregulation of its expression. For 
example translocations between MYC and IgH [t(8;14)] are associated invariably with 
the sporadic form of Burkitt lymphoma, BCL6 t[(3;14)] and less frequent BCL2 t[(14;18)] 
with diffuse large B cell lymphoma (DLBCL), fibroblast growth factor receptor 3 
(cyclinD3) t[(4;14)], c-MAF t[(14;16)] and MUM1/IRF4 t[(6;14)] with multiple myeloma, 
and PAX5 t[(9;14)] with lymphoplasmacytic lymphoma (Kuppers et al., 2001). As 
DSBs are the necessary intermediates of these translocations, it was proposed that 
deregulation of Ig gene remodeling processes like V(D)J recombination, SHM and 
CSR might be involved in the generation of these breaks. Indeed, translocation 
breakpoints were identified near RSS sites, in the V region and in the S regions. 

evidence for the oncogenic potential of RAG came from studies showing that 
truncated versions of RAG were capable of integrating signal end flanked DNA 
fragments into plasmid substrates through a transposition-type reaction (Fugmann 
et al., 2000). More recently, studies revealed that RAG transposition can also occur 
in vivo. This was shown by approaches that permit selection of cells in which DNA 
fragments flanked by signal ends have integrated ectopically into the genome 
(Messier et al., 2003; Reddy et al., 2006). The oncogenic potential of RAG could also 
be explained by miss-joining of two DNA ends generated by RAG. This would include 
one end at an RSS site in the Ig locus and one end at a cryptic RSS in a non-Ig gene. 
The latter does not necessarily involve the action of RAG and these ends might be 
generated by alternative mechanisms. Interestingly, a study by Tsai et al. showed 
that the majority of translocation breakpoints in pro- and pre B cells occur at CpG 
islands. These translocations require the combined action of AID and RAG (Tsai et al., 
2008). A model was proposed where AID deaminates methylated cytosines resulting 
in T:G mismatches. Subsequently, these mismatches are recognized by RAG before or 
during attempted repair. The resulting DNA ends now join to a V(D)J recombination 
signal end or an end of another break, leading to a chromosomal translocation.

evidence for a critical role of AID in the generation of t(8;14) translocations 
came from in vitro studies showing that AID promotes chromosomal translocations 
involving the proto-oncogene c-Myc and the Ig S regions in mouse splenic B cells 
stimulated with LPS and IL-4 (Ramiro et al., 2006). Moreover, studies using a IL-6 
transgenic mouse model showed that AID is required for the generation of IL-6 
induced c-Myc-IgH translocations in hyperplastic lymph nodes, which can lead to 
plasmacytomas (Ramiro et al., 2004). Robbiani et al. were the first to provide direct 
evidence demonstrating that AID is required for the c-Myc DNA breaks required for 
IgH-c-Myc translocations by performing gene targeting experiments (Robbiani et al., 
2008). More direct evidence proving a role for AID in B cell lymphomagenesis came 
from a study where different B cell lymphoma mouse models were crossed with mice 
deficient for AID. It was convincingly shown that only Bcl-6 transgenic mice, which 
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1normally develop GC derived lymphoma, were prevented from GC derived lymphoma 
development. (Pasqualucci et al., 2008).

Apart from specific translocations, the malignant transformation of B cells requires 
additional genetic alterations, some of which might relate to aberrant SHM. There 
is strong evidence that SHM and aberrant targeting of AID occurs in (onco)-genes, 
like BCL6, FAS, IGA, IGB, RHOH, PIM1, PAX5, MYC and others (Gordon et al., 2003; 
Liu et al., 2008; Odegard et al., 2006; Pasqualucci et al., 1998; Shen et al., 1998). 
In addition, employing SHM reporter genes two independent studies demonstrated 
that AID triggers mutagenesis of predefined SHM substrates at random insertion 
sites in the genome (Parsa et al., 2007; Wang et al., 2004). Further evidence for the 
mutagenic potential and aberrant targeting of AID has been provided recently for 
myeloid cells. During the B lymphoid blast crisis of chronic myeloid leukemia (CML), 
AID confers drug resistance by mutating the BCR-ABL1 fusion (Klemm et al., 2009).

outline oF this thesis

This thesis covers research concerning epigenetic and genetic remodeling during 
hematopoiesis. Chapters 2 and 3 present findings about the critical role of Hdac1 and 
Hdac2 in proliferation and hematopoiesis. Chapter 4 provides the first evidence on 
a novel role of IgH gene transcription in controlling primary antibody diversification, 
while chapter 5 tackles a central issue in secondary antibody diversification processes, 
the specificity of AID targeting during SHM and CSR in B cells.  

HDACs control a variety of cellular processes by deacetylation of lysine residues in 
histone and non-histone substrates. HDAC inhibitors (HDACi) are proposed to have a 
great potential in cancer treatment and are presently applied in the clinic. However, 
the precise mechanism on how HDAC inhibition leads to tumor suppression remains 
largely unknown. To learn more about HDAC function, we focused on the class I 
HDACs HDAC1 and HDAC2, which are frequently upregulated in hematological 
neoplasms and are efficiently targeted by HDACi. Our studies made use of specific 
mouse models that enable conditional ablation of Hdac1 and Hdac2 in vivo. 
Studies in MeFs indicated a critical role for Hdac1 and Hdac2 in cell proliferation. 
Moreover, studies in mice revealed that specific ablation of Hdac1 and Hdac2 in 
the hematopoietic compartment resulted in anemia and thrombocytopenia, which 
was found to be caused by a severe bone marrow cytopenia (chapter 2). Further 
studies indicated an intrinsic role for Hdac1 and Hdac2 in maintaining HSCs. In 
addition, these studies provided further insights into the role of Hdac1 and Hdac2 in 
lymphocyte and erythrocyte development. Suprisingly, low levels of Hdac1 and Hdac2 
caused cancer, which provides a cautionary note regarding the application of HDACi 
in cancer treatment (chapter 3).

The second half of this thesis specifically focuses on Ig gene remodeling 
during B cell development. Chapter 4 focuses on the role of IgH transcription in 
regulating allelic exclusion during V(D)J recombination. Using specific IgH knock-in 
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1 mouse models, in which IgH transcription can be dissected from IgH translation, we 
demonstrate a novel role for IgH transcription in the control of  V(D)J recombination 
and allelic exclusion. After functional VDJ recombination at one IgH chain allele, the 
transcript itself is able to inhibit rearrangements of the other allele, a finding that 
changes the 30 year old dogma stating that allelic exclusion is regulated exclusively 
at the level of IgH protein. 

In chapter 5, we investigate the specificity of secondary Ig gene diversification 
in GC B cells. In contrast to primary diversification which is mediated by site 
specific recombination, secondary Ig gene diversification, i.e. SHM and CSR, is not  
site-specific but targeted to transcribed promoter proximal Ig regions. Both, SHM 
and CSR critically depend on the mutation inducer protein AID. As mistargeting of 
AID has been implicated in B cell lymphomagenesis, we here addressed the genome 
wide targeting specificity of AID using the DamID approach. Our data indicate that 
AID binding is not restricted to the IgH loci but scattered throughout the genome. 
Moreover, AID binding favors active genomic regions, which are enriched in GC 
content. 

Finally, the highlights of this thesis are discussed and reflected to present literature 
(chapter 6).
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abstract

Histone deacetylases (HDACs) counterbalance acetylation of lysine residues, a protein 
modification involved in numerous biological processes. Here, Hdac1 and Hdac2 
conditional knock-out alleles were used to study the role of class I Hdac1 and Hdac2 
in cell cycle progression and hematopoietic differentiation. Combined deletion of 
Hdac1 and Hdac2, or inactivation of their deacetylase activity in primary or oncogenic 
transformed fibroblasts, results in a senescence-like G1 cell cycle arrest, accompanied 
by up-regulation of the cyclin-dependent kinase inhibitor p21Cip. Notably, concomitant 
genetic inactivation of p53 or p21Cip indicates that Hdac1 and Hdac2 regulate 
p53-p21Cip-independent pathways critical for maintaining cell cycle progression. 
In vivo, we show that Hdac1 and Hdac2 are not essential for liver homeostasis. In 
contrast, total levels of Hdac1 and Hdac2 in the hematopoietic system are critical 
for erythrocyte-megakaryocyte differentiation. Dual inactivation of Hdac1 and Hdac2 
results in apoptosis of megakaryocytes and thrombocytopenia. Together, these data 
indicate that Hdac1 and Hdac2 have overlapping functions in cell cycle regulation 
and hematopoiesis. Additionally, this work provides insights into mechanism-based 
toxicities observed in patients treated with HDAC-inhibitors.
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introduction

Post-translational modifications (PTMs) such as phosphorylation, methylation, 
ubiquitination, and acetylation are crucial regulatory modules at the heart of biological 
processes in the cell and are tightly regulated by a multitude of enzymes that catalyze 
the addition or removal of PTMs (Campos & Reinberg, 2009). Lysine acetylation of 
histones and non-histone proteins is controlled by histone acetyl transferases (HAT) 
and histone deacetylases (HDACs). HDACs can be classified on the basis of their 
homology to yeast counterparts (Yang & Seto, 2008). Class I HDACs, HDAC1, -2, 
-3 and -8 are highly homologous to S. cerevisiae Rpd3. Class IIa HDACs, (HDAC4, 
-5, -7, and -9) and Class IIb HDACs (HDAC6 and -10) consist of S. cerevisiae Hda1 
homologues. HDAC11 is the sole member of the Class IV HDACs, based on homology 
to both class I and class II HDACs (Gregoretti et al, 2004). 

Although the high sequence similarity between class I HDACs might anticipate 
a significant overlap in function, genetic studies in mice have revealed redundant 
as well as specific functions of these enzymes (Haberland et al, 2009c). Deletion 
of Hdac1 results in embryonic lethality as early as e9.5 of development (Lagger et 
al, 2002). In contrast, Hdac2-deficiency results in viable mice with reduced body 
weight (Guan et al, 2009; Trivedi et al, 2007; Zimmermann et al, 2007). Others have 
reported that Hdac2-deficiency is not compatible with life due to cardiac myopathy 
(Montgomery et al, 2007). The basis for these different phenotypes is not clear, but 
may relate to genetic background of the mice. Hdac2 also plays a specific role in 
repression of genes involved in synaptogenesis, as evidenced by enhanced synapse 
formation, learning and memory in Hdac2 deficient mice (Guan et al, 2009). Hdac3 
deletion results in early embryonic lethality and this enzyme plays a critical role in cell 
cycle regulation and cardiac metabolism (Bhaskara et al, 2008; Knutson et al, 2008; 
Montgomery et al, 2008). Finally, Hdac8 plays an important role in the differentiation 
of neural crest cells (Haberland et al, 2009b). 

A prime function of HDACs relates to their classical role as transcriptional co-
repressors through deacetylation of lysine residues in histone tails. This results in a 
closed chromatin structure and diminished accessibility for the basal transcription 
machinery. Class I HDACs are present in a variety of repressor complexes such as 
SIN3A, NuRD, ReST and N-CoR/SMRT, which acquire their regional activities in part 
by interacting with sequence-specific transcription factors (Yang & Seto, 2008). The 
intimate link between class I HDACs and proteins involved in tumorigenesis, such as 
Mad/Mxi, pRB, p53 and PML-RAR fusion proteins, has established important roles 
for HDACs in tumorigenic processes. Correspondingly, pharmacological inhibition 
of HDACs, using chemical HDAC inhibitors (HDACi), results in cell cycle arrest and 
apoptosis of tumor cells (Minucci & Pelicci, 2006). Moreover, the use of relative 
selective HDACi targeting class I HDACs has produced anti-tumorigenic effects, and 
genetic inactivation of class I Hdac1 and Hdac2 in transformed murine cells results 
in cessation of tumorigenic potential (Haberland et al, 2009a; Rasheed et al, 2008). 



44

2

Despite the clinical efficacy of HDACi, treatment of patients with HDACi results in 
undesirable hematological side effects, such as anemia and thrombocytopenia (Prince 
et al, 2009). Currently, it is unclear whether these side effects are due to the targeting 
of (multiple) HDACs or due to off-target effects on non-HDAC proteins. These issues 
prompted us to explore more precisely the role of class I Hdac1 and Hdac2 in cell 
proliferation and hematopoietic development.

results

Normal cell cycle regulation and increased levels of Hdac1 in Hdac2-deficient 
MEFs

To examine the role of Hdac2 in cell cycle regulation in primary cells, we generated 
mouse embryonic fibroblasts (MeFs) deficient for Hdac2. Relative to wild-type 
controls, both Hdac2+/- and Hdac2-/- MeFs do not show any alterations in proliferation 
under normal culture conditions as well as under growth-restricting conditions, such 
as low serum, oncogene-induced senescence (OIS) and irradiation (data not shown). 
These results prompted us to investigate possible compensatory mechanisms of other 
class I Hdac members, Hdac1, -3 and -8. Western blot analysis of Hdac2-deficient 
MeF protein lysates revealed that Hdac1 protein levels are increased as compared 
to Hdac2-proficient MeFs. In contrast, protein levels of Hdac3 and Hdac8 remained 
unchanged (Figure 1A). Interestingly, ablation of Hdac1 results in an increase of 
Hdac2 protein levels (Figure 3A, Suppl. fig. 3A). These results indicate reciprocal 
compensatory mechanisms between Hdac1 and Hdac2 and suggest functional 
redundancy between these two class I Hdacs.

Hdac1 and Hdac2 collectively regulate cell cycle progression

To directly explore possible functional redundancy between Hdac2 and its most 
homologous family member, Hdac1, we generated a cell culture system in which 
Hdac1 and Hdac2 can be deleted individually or simultaneously. Therefore we used 
an Hdac1 conditional knock-out (cKO) allele in which exon 2 is flanked by loxP 
recombination sites (Suppl. fig. 1A). Cre-recombinase mediated deletion of Hdac1 
exon 2 produces an Hdac1-null allele (Suppl. fig. 1A) and results in embryonic lethality 
of Hdac1-/- mice consistent with previous studies (Lagger et al, 2002; Montgomery 
et al, 2007). Intercrosses using Hdac1 cKO mice, Hdac2 cKO mice (Guan et al, 2009) 
and Rosa26CreERT2 (RCM2) mice (Hameyer et al, 2007) allowed us to generate a 
series of isogenic MeFs in which, upon addition of tamoxifen (4-OHT), Hdac1 and 
Hdac2 could be deleted (Suppl. Fig. 1B). 

Ablation of Hdac2 (resulting in Hdac2KO MeFs) or Hdac1 (resulting in Hdac1KO 
MeFs) did not result in an overt phenotype in MeFs under normal growth conditions 
(Figure 1B, C). In contrast, somatic deletion of Hdac1 in germ line Hdac2-/- cells 
(referred to as DKO MeFs) results in a dramatic growth arrest and induction of a large 
and flat, senescence-like, cell morphology (Figure 1B, C). Accordingly, up to 80% 
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of all DKO cells stained positive for senescence-associated b-galactosidase activity 
(SA-b-gal), whereas Hdac1 or Hdac2 single null cells showed wild-type staining 
patterns (Figure 1B, C and D). To dissect the nature of the cellular proliferation arrest 
in DKO MeFs, BrdU-PI fluorescence activated cell sorting (FACS) analysis was used 
to determine the cell cycle distribution in wild-type and DKO MeFs. As compared to 
wild-type controls, DKO MeFs displayed a two-fold reduction in S-phase cells and a 
10% increase in the G1 phase cells (Figure 1e). Thus, Hdac1 and Hdac2 cooperate 
to control G1 to S transition and their absence provokes a senescence-like, G1 cell 
cycle arrest.
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Figure 1. Hdac1 en Hdac2 collectively control cell cycle progression. A. Western blot analysis 
of Hdac2-deficient MeF protein lysates for indicated proteins. Tubulin served as a loading 
control. B. Representative photographs of MeF cell cultures with indicated genotypes grown 
without 4-OHT or with 200 nM  4-OHT. Representative details of MeF cultures with indicated 
genotypes are shown in the third row. Note the presence of large, flat cells in 4-OHT treated 
RCM2+;Hdac1L/L;Hdac2-/- cultures.  Bottom panels show representative pictures of senescence-
associated b-galactosidase stained MeF cultures with indicated genotypes. C. Growth curve 
analysis of HDAC1KO (closed squares) HDAC2KO (closed triangles) or DKO MeFs (open circles). 
All experiments were performed in triplicate. D. Percentage of SA-bgalactosidase positive cells 
in MeF cultures with indicated genotypes. e. Cell cycle analysis of wild-type and DKO MeFs 
for G1, S and G2/M cell cycle phases by BrdU-PI FACS. Values represent the average of three 
independent experiments.
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Hdac1 or Hdac2 catalytic activity is required to maintain cell cycle 
progression

HDACs remove acetyl groups from lysine residues through a mechanism that involves 
deacetylase activity, which is dependent on other proteins present in HDAC multi-
protein complexes (Sengupta & Seto, 2004). Inactivation of Hdac1 and Hdac2 in 
our experiments resulted in a complete removal of these proteins, raising the 
question whether the observed growth arrest in DKO MeFs is due to dissociation of 
HDAC protein complexes or due to the absence of histone deacetylase activity. To 
address this question, we generated Hdac1 and Hdac2 catalytic inactive mutants by 
mutating conserved residues found to be critical for deacetylase activity in HDAC8  
(Suppl. fig. 2A-D), Vannini et al, 2007). Retroviral expression in MeFs resulted in near-
physiological protein levels and proper cellular localization of Hdac1D99A, Hdac1Y303F, 
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Figure 2. Hdac1 or Hdac2 deacetylase activity is required for cell cycle progression. A. 
Western blot analysis of DKO MeFs expressing wild-type Hdac1, Hdac1D99A, Hdac1Y303F (left 
panel), wild-type Hdac2, Hdac2D100A or Hdac2Y304F (right panel). Lysates prepared from wild-type 
(control) and DKO MeFs (vector) were used as a positive and negative control, respectively. 
Cdk4 served as a loading control. B. Sub-cellular localization of wild-type and mutant Hdac1 
and Hdac2 ectopically expressed in DKO MeFs by immunofluorescence staining using antibod-
ies for Hdac1 (left panels) or Hdac2 (right panels). Note the presence of a Hdac1 proficient 
nucleus in vector treated DKO MeFs due to a non-recombined Hdac1 cKO allele C. Growth 
curve analysis of DKO MeFs expressing either wild-type or mutant Hdac1 or Hdac2.
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Hdac2D100A or Hdac2Y304F mutants, similar to wild-type Hdac1 or Hdac2 (Figure 2A, B). 
Subsequently, expression of catalytic inactive mutants as well as wild-type Hdac1 and 
Hdac2 was tested for its ability to rescue a growth arrest in DKO MeFs. While MeFs 
deficient for Hdac1 and Hdac2 were unable to proliferate, identical MeFs expressing 
exogenous wild-type Hdac1 or wild-type Hdac2 were fully rescued with respect to 
their proliferation capacity. In contrast, DKO MeFs expressing Hdac1D99A, Hdac1Y303F, 
Hdac2D100A or Hdac2Y304F catalytic inactive mutants were unable to proliferate 
(Figure 2C). These results further corroborate functional redundancy between Hdac1 
and Hdac2 since expression of either Hdac1 or Hdac2 is sufficient to rescue DKO 
MeFs. Furthermore, our results establish that the deacetylase activity of Hdac1 or 
Hdac2 is essential for cellular proliferation.

Hdac1 and Hdac2 cooperatively regulate p21Cip expression

Cellular senescence is a potent proliferation arrest induced upon oncogene expression, 
DNA-damage or suboptimal cell culture conditions of normal, non-transformed 
cells. The cell cycle inhibitors p16Ink4a and p19Arf are up-regulated upon senescence 
inducing conditions and activate the Retinoblastoma protein (pRb) and p53 tumor 
suppressors, respectively (Campisi, 2005).  In order to see whether Hdac1 and Hdac2 
prevent cellular senescence by repressing the expression of senescene associated cell 
cycle inhibitors, we analyzed p16Ink4a and p19Arf protein levels in wild-type, Hdac1KO, 
Hdac2KO and DKO MeFs. Western blot analysis revealed no up-regulation of p16Ink4a 

or p19Arf in the absence of Hdac1 and Hdac2 (Figure 3B, Suppl. fig. 3A). Additionally, 
p53 protein levels were not stabilized in DKO MeFs, suggesting that Hdac1 and Hdac2 
do not control p53 protein levels under normal culture conditions (Figure 3A). It also 
suggests that deficiency for Hdac1 and Hdac2 does not result in a p53-activating 
DNA-damage response. p21Cip, a cell cycle inhibitor protein that is transcriptionally 
regulated by Hdac1 in embryonic stem cells (Lagger et al, 2002), was modestly 
up-regulated in Hdac1KO MeFs and Hdac2KO MeFs as compared to control MeFs 
(Figure 3B). In contrast, DKO MeFs showed strong induction of p21Cip. expression 
of a closely related cell cycle inhibitory protein p27Kip, did not correlate with the cell 
cycle arrest in DKO MeFs, since it was up-regulated in Hdac2KO as well as DKO MeFs 
(Figure 3B). Collectively, these data point to p21Cip as a potential point of action in 
Hdac1/2-mediated regulation of the cell cycle.

Hdac1 and Hdac2 regulate cell cycle progression independent of p53-p21Cip

To examine whether the increased expression of p21Cip is responsible for the cell 
cycle arrest induced by Hdac1 and Hdac2 ablation, we infected control and DKO 
MeFs with empty retroviruses (vector) or retroviruses expressing a short hairpin RNA 
(shRNA) against p21Cip (referred to as p21KD) (Figure 3B). Despite efficient knock-
down of p21Cip, cells lacking both Hdac1 and Hdac2 still entered a cell cycle arrest 
identical to p21Cip-proficient cells lacking Hdac1 and Hdac2 (Figure 3C, D). Since p53 
is a major regulator of the G1/S transition in cellular senescence and functions as a 
transcriptional activator of p21Cip (el-Deiry et al, 1993), we tested whether shRNA 
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mediated knockdown of p53 (p53KD) is required for both p21Cip induction and cell 
cycle arrest in DKO MeFs. While p53 knockdown blocked p21Cip induction (Figure 3B), 
DKO MeFs still underwent a cell cycle arrest, indicating that p53 is required for the 
induction of p21Cip expression in the absence of Hdac1 and Hdac2 (Figure 3B) and 
independently confirm our results obtained with p21Cip knockdown (Figure 3C,D). 
These data indicate that the p53-p21Cip axis is dispensable for the cell cycle arrest as 
a result of Hdac1 and Hdac2 deficiency. 

Although we obtained hardly detectable levels of p21Cip using p21Cip or p53 
shRNA-mediated knock-down, it is conceivable that residual levels of p21Cip are 
accountable for the observed cell cycle arrest in the absence of Hdac1 and Hdac2. To 
address this issue we generated Hdac2+/-p21-/- mice which were intercrossed to obtain 
Hdac2-/-p21-/- MeFs (refered to as Hdac2KO;p21-/- MeFs). 

C  p21  p53   C  p21  p53   C  p21 p53   C  p21 p53  

0 

10 

20 

30 

40 

50 

0  2  4  6  8 

0 

5 

10 

15 

20 

25 

0  2  4  6  8 

0 

2 

4 

6 

8 

10 

12 

14 

0  2  4  6  8 

!me (days) 

re
la
!
ve

 c
e
ll
 g
ro
w
th
  control  p21KD  p53KD 

KD: 

A  C 

D 

vector 

p21KD 

p53KD 

DKO 

Hdac2KO 

Hdac1KO 

wild‐type 

wild‐type  DKO Hdac1KO  Hdac2KO 

wild‐type  DKO Hdac1KO  Hdac2KO 

Hdac1 

p21Cip 

p16Ink4a 

Hdac2 

p27Kip 

tubulin 

B 

+ γ‐IR 

p53 

Hdac1 

Hdac2 

tubulin 

Figure 3. Hdac1 and Hdac2 regulate cell cycle progression independent of p53 or p21Cip. 
A. Western blot analysis of wild-type (WT), Hdac1KO and DKO MeF protein lysates for Hdac1, 
Hdac2 and p53. g-Irradiated wild-type cells expressing either control or p53 shRNA were 
used as a positive and negative control, respectively. Tubulin served as a loading control. B. 
Western blot analysis of protein lysates for Hdac1, Hdac2, p21Cip, p27Kip and p16Ink4a of MeFs 
with indicated genotypes infected with retroviruses expressing control shRNA (C), p21Cip shRNA 
(p21) or p53 shRNA (p53). Tubulin served as a loading control. C. Representative pictures of 
wild-type, Hdac1KO, Hdac2KO or DKO MeFs infected with retroviruses expressing control 
shRNA, p21Cip shRNA or p53 shRNA. D. Growth curve analysis of wild-type, Hdac1KO, Hdac2KO 
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In order to down-regulate Hdac1 levels in this cell system we generated retroviruses 
expressing Hdac1 shRNA, resulting in efficient knock down of Hdac1 (Suppl. fig. 3A). 
Similar to the results obtained in DKO MeFs, knock-down of Hdac1 (Hdac1KD) in 
Hdac2KO MeFs, resulted in a senescence-like G1 cell cycle arrest accompanied by 
SA-b-galactosidase activity and increased p21Cip protein levels (Suppl. fig. 3B, C, D). 
In contrast, expression levels of p19Arf, p16Ink4a and p27Kip did not correlate with the 
observed phenotype (Suppl. fig. 3A). 

Subsequently, we infected Hdac2WT;p21+/-, Hdac2KO;p21+/+, Hdac2KO;p21+/- and 
Hdac2KO;p21-/- MeFs with retroviruses expressing Hdac1 shRNA or control shRNA. 
Hdac1KD resulted in an increased expression of p21Cip only in Hdac2KO;p21+/+ 
and to a lesser extent in Hdac2KO;p21+/- MeFs (Figure 4A). Regardless p21Cip 
status, proliferation ceased dramatically in Hdac1KD;Hdac2KO MeFs (Figure 4B, 
C). During the growth curve analysis we noted that Hdac2KO;p21-/- MeF cultures 
expressing Hdac1 shRNA regained proliferation capacity after 6-8 days upon plating 
 (Fig. 4C). Western blot analysis of these MeF cultures, along with Hdac2WT;p21+/-MeF 
cultures expressing Hdac1 shRNA, revealed loss of Hdac1 knock-down specifically 
in Hdac2KO;p21-/- MeF cultures (Fig. 4D). These results indicate a strong selection 
against Hdac1KD in Hdac2KO;p21-/- MeFs, supporting our previous results that loss of 
Hdac1 and Hdac2, even in the absence of p21Cip, is not compatible with proliferation. 
Collectively, these data strongly indicate and independently confirm that p21Cip is 
dispensable for establishing the cell cycle arrest in the absence of Hdac1 and Hdac2.

p16Ink4a and p19Arf independent cell cycle arrest in Hdac1;Hdac2 deficient MEFs 

It is conceivable that other cell cycle inhibitor proteins besides p21Cip are involved in 
the senesence-like cell cycle arrest in the absence of Hdac1 and Hdac2. p16Ink4a and 
p19Arf, encoded by the Cdkn2a allele, are two major cell cycle inhibitors involved in 
cellular senescence and activate the pRb- and p53- tumor suppressor pathways by 
inhibition of cyclinD/cdk4 and Mdm2, respectively. In order to test whether deletion 
of these cell cycle inhibitors allows a bypass of the observed cell cycle arrest, we 
generated Hdac2WT;Cdkn2a-/- and Hdac2KO;Cdkn2a-/- MeFs and subsequently down 
regulated Hdac1 by expression of Hdac1 shRNA. Despite the absence of p16Ink4a and 
p19Arf, simultaneous inactivation of Hdac1 and Hdac2 still resulted in a cell cycle 
arrest, indicating that these cell cycle inhibitors, are not required for inducing a cell 
cycle arrest in Hdac1- and Hdac2 deficient MeFs (Figure 4e).

Oncogenic transformed cells harbor a senescence-like program suppressed 
by Hdac1 or Hdac2 

Oncogene-induced senescence (OIS) is viewed as a mechanism to protect cells from 
oncogenic transformation (Mooi & Peeper, 2006). expression of oncogenic RasV12 
induces the expression of the cell cycle inhibitors p16Ink4a and p19Arf thereby activating 
the pRb and p53 tumor suppressor proteins. Inactivation of p53 allows bypass of 
RasV12-induced senescence and as a consequence oncogenic transformation (Campisi, 
2005). We wished to address whether the senescence-like arrest in the absence of 
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Hdac1 and Hdac2 is still functional in oncogenic transformed cells that have bypassed 
OIS.  To this end we oncogenically transformed control and RCM2+;Hdac1L/L;Hdac2-/- 
MeFs with retroviruses expressing p53 shRNA as well as oncogenic Ras (RasV12) (Figure 
5A). Upon additon of 4-OHT to these cells we obtained wild-type, Hdac1-deficient 
(Hdac1KO) and Hdac1/Hdac2- deficient (DKO) transformed fibroblasts. Cells deficient 
for either Hdac1 or Hdac2 did not show an impairment of proliferation. Similar to our 
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control. B. Representative pictures of MeFs with indicated genotypes infected with retroviruses  
expressing either control shRNA or Hdac1 shRNA. C. Growth curve analysis of 
Hdac2KO;p21+/+(squares), Hdac2WT;p21-/- (triangles), Hdac2KO;p21+/- (diamonds) and 
Hdac2KO;p21-/-, MeFs (circles)  expressing either control shRNA (left panel) or Hdac1 shRNA 
(right panel). D. Western blot analysis of protein lysates for Hdac1 and Hdac2 of two indepen-
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panel: Growth curve analysis of Hdac2WT;Cdkn2a-/- (squares) and Hdac2KO;Cdkn2a-/- (circles) 
MeFs expressing either control (filled tags) or Hdac1 shRNA (open tags).
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observations in primary MeFs, Hdac1-deficiency resulted in increased Hdac2 levels, 
suggesting a compensatory role for Hdac2 in the absence of Hdac1 (Figure 5A). 
Indeed, ablation of Hdac1 and Hdac2 in transformed cells, resulted in a senescence-
like growth arrest in short and long term proliferation assays (Figure 5B, C). Despite 
the fact that these cells have bypassed the p53-dependent RasV12-induced senescence 
checkpoint, we still observed SA-b-galactosidase activity in the majority (up to 80%) 
of DKO cells (Figure 5D). Similar to our observations in primary MeFs, p53 knockdown 
in transformed fibroblasts prevented p21Cip up-regulation but not a cell cycle arrest in 
the absence of Hdac1 and Hdac2, suggesting that also in transformed cells Hdac1 and 
Hdac2 function independent of p53 and p21Cip in maintaining cellular proliferation. 
Together, these data show an essential and redundant function of Hdac1 and Hdac2 
in suppressing a p53-p21Cip-independent pathway that is able to evoke a senescence 
response, even in cells that have escaped oncogene-induced senescence. 
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Ablation of Hdac1 and Hdac2 results in anemia and thrombocytopenia

Treatment of cancer patients using HDACi is complicated by the adverse clinical 
impact on the hematopoietic system (Prince et al, 2009). The growth arrest conferred 
by simultaneous deletion of Hdac1 and Hdac2 in primary fibroblasts prompted us to 
explore whether the HDACi-related toxicities can be explained by selective targeting 
of (multiple) HDACs or to off-target effects. Deletion of Hdac1 and/or Hdac2 in the 
hematological compartment of the mouse will enable us to address these questions. 
To this end, we generated mice harboring the interferon-inducible MxCre transgene 
(Kuhn et al, 1995) and cKO alleles for Hdac1 and Hdac2. Administration of polyinosine-
polycytidylic acid (pI;pC) induces an interferon response, thereby activating MxCre 
expression predominantly in the hematopoietic system and liver. pI;pC-induced MxCre 
expression resulted in successful deletion of Hdac1 and Hdac2 in bone marrow 
(Suppl. fig. 4) and liver (Suppl. fig. 5). Ablation of Hdac1, or simultaneous deletion 
of Hdac1 and Hdac2 in the liver did not result in histological abnormalities, indicating 
that Hdac1 and Hdac2 are not critical in the maintenance of hepatocytes  (Suppl. 
fig. 5). In contrast, while pI;pC treated MxCre+ or MxCre+;Hdac1L/L (referred to as 
MxCre+;Hdac1KO) mice appeared normal, similar treated MxCre+;Hdac1L/L;Hdac2L/L 
(referred to as MxCre+;DKO) mice became rapidly moribund at approximately 9 days 
after pI;pC injections displaying anemic features and internal bleedings (Figure 6A). 
Indeed, peripheral blood analysis showed a 5-fold reduction in red blood cells and 
thrombocyte numbers were 16-fold reduced in MxCre+;DKO mice as compared to MxCre+ 
mice. Although thrombocyte numbers in MxCre+;Hdac1KO mice were decreased, this 
reduction is not significant (p > 0.05) (Figure 6B). Histological examination of bone 
marrow sections as well as total bone marrow cell counts revealed a reduction in total 
cell numbers (Figure 6B, C). Strikingly, as compared to MxCre+ and MxCre+;Hdac1KO 
mice, MxCre+;DKO bone marrow contained 20-fold less megakaryocytes, which are 
responsible for thrombocyte production, providing a rational for the strong reduction 
in circulating thrombocytes (Figure 6C, D). Accordingly, we observed the presence 
of many apoptotic megakaryocytes, as identified by histological morphology, 
pyknotic nuclei in histology slides and immunohistochemistry for activated Caspase-3  
(Figure 6C, e). These results show that, similar to our observations in primary and 
transformed fibroblasts, Hdac1 and Hdac2 have overlapping functions in the 
development of the erythrocyte-megakaryocyte lineage. 

Total levels of Hdac1 and Hdac2 are critical for erythrocyte-megakaryocyte 
development

Although MxCre+;Hdac1KO mice do not display a phenotype in liver or bone 
marrow, we noted that reduction of Hdac2 levels in the absence of Hdac1 in the 
bone marrow resulted in an intermediate hematological phenotype as compared 
to MxCre+;Hdac1KO  and MxCre+;DKO  mice. pI;pC treatment of MxCre+;Hdac1L/

LHdac2L/+ mice (referred to as MxCre+;Hdac1KO;Hdac2HET) resulted in efficient 
deletion of Hdac1, but retained expression of Hdac2 in liver and bone marrow (Suppl. 
fig. 4C and 5C). Surprisingly, MxCre+;Hdac1L/LHdac2L/+ mice, like MxCre+;Hdac1L/
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LHdac2L/L mice, became lethargic upon pI;pC injection and displayed anemic 
features (Fig. 6A). Indeed, MxCre+;Hdac1KO;Hdac2HET displayed a 2-fold reduction 
in peripheral erythrocytes and 6-fold reduction in peripheral thrombocytes, as 
compared to MxCre+ mice. Histological analysis of bone-marrow and whole bone 
marrow cell counts revealed a 30% reduction in total bone-marrow numbers in 
MxCre+;Hdac1KO;Hdac2HET mice as compared to MxCre+ bone marrow (Figure 
6B). Most strikingly, MxCre+;Hdac1KO;Hdac2HET bone marrow contained reduced 
amounts of megakaryocytes (Figure 6C). This reduction can not be explained 
by apoptosis of Hdac1KO;Hdac2HET megakaryocytes, as these cells are active 
Caspase-3 negative (Figure 6C). Interestingly, these megakaryocytes show an aberrant 
nuclear morphology and an increased number of megakaryocytes displayed mitotic 
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L;Hdac2L/L mice. B. Total bone marrow (per femur), erythrocyte and thrombocyte numbers in 
peripheral blood of mice with indicated genotypes. C. Bone marrow histology of pI;pC treated 
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figures (Figure 6D). In addition, while normal megakaryocytes reside in the bone 
marrow, Hdac1KO;Hdac2HET megakaryocytes were frequently found intra-vascular 
or extravagating into bone marrow blood vessels (Figure 6D). Indeed, we observed 
significant amounts of Hdac1KO;Hdac2HET megakaryocytes in  the liver (Suppl. 
fig. 6A, B), providing a rational for the reduction of megakaryocytes residing in the 
bone marrow (Fig. 6C). These observations suggest that reduced Hdac2 levels in 
the absence of Hdac1 result in dys-functional megakaryocytes leading to a severe 
decrease in thrombocyte counts (Figure 6B).  

In summary, while Hdac1 and Hdac2 do not play a critical role in liver homeostasis 
these class I Hdacs have redundant functions in erythrocyte-megakaryocyte development. 
Whereas inactivation of Hdac1 (Figure 6) or Hdac2 (Guan et al, 2009, data not shown), 
does not result in a hematopoietic phenotype, simultaneous inactivation of Hdac1 and 
Hdac2 results in severe anemia and thrombocytopenia. These data suggest that total 
levels of Hdac1 and Hdac2 are critical for normal development, function and survival of 
megakaryocytes. Moreover, these results indicate that undesired hematological “side” 
effects of HDACi in the clinic, such as anemia and thrombocytopenia, at least in part, 
relate to on-target actions on HDAC1 and HDAC2.

discussion

Here we show that Hdac1 and Hdac2 collectively regulate cell cycle progression in 
primary and transformed fibroblasts by suppressing a senescence-inducing signal 
transduction pathway. Simultaneous loss of Hdac1 and Hdac2 or specific inactivation 
of their deacetylase activity results in a senescence-like arrest at the G1 phase of the 
cell cycle. Interestingly, it was previously shown that primary human and mouse cells 
enter a senescent state upon treatment with HDACi (Munro et al, 2004; Ogryzko et 
al, 1996; Place et al, 2005) suggesting a role for HDACs in replicative senescence. 
Our results indicate that Hdac1 and Hdac2 are primary targets of the relative non-
specific HDACi in the induction of senescence. In contrast to deletion of Hdac1 and 
Hdac2, ablation of mSin3A or mSin3B, two core components of the mSin3/HDAC 
protein complex, does not result in senescence but rather in a G2/M cell cycle arrest 
and apoptosis (Dannenberg et al, 2005), or escape from cellular senescence (David 
et al, 2008; Grandinetti et al, 2009). Together, these results suggest that Hdac1- 
and Hdac2 containing complexes, other than the mSin3/HDAC complex, are involved 
in G1 cell cycle control by Hdac1 and Hdac2. Interestingly, loss of NuRD complex 
components, such as MTA3 and HDAC1, is associated with premature and normal 
ageing in human cells (Pegoraro et al, 2009), suggesting a role for a NuRD/Hdac1 and 
possibly Hdac2 in controlling cell cycle progression during ageing and senescence. 
Senescent human cells exhibit low levels of HDAC1 and harbor a specific form of 
HDAC2 (Pegoraro et al, 2009; Wagner et al, 2001), giving further support for a role 
of these enzymes in promoting proliferation and preventing cellular senescence.
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In order to get insight into the mechanism underlying the senescence-like G1 
arrest in cells lacking both Hdac1 and Hdac2, we tested several candidate genes 
involved in senescence and cell cycle control. Although DKO MeFs show high levels 
of the cell cycle inhibitor p21Cip, genetic inactivation of p21Cip using p21Cip-specific 
shRNAs or knockout alleles, showed that p21Cip is not required for the cell cycle arrest 
observed in DKO cells. Numerous studies have shown that treatment of primary and 
tumor cell lines with HDACi results in transcriptional up-regulation of p21Cip, which 
is generally viewed as a critical target for the anti-tumor activity of HDACi (Marks 
et al, 2004). Although several studies addressed the question whether pRB and/or 
p53 pathway components are required for an HDACi-induced cell cycle arrest, the 
results of these studies are not conclusive and seem to depend on cell type, HDACi 
concentrations, and the molecular nature of HDACi (Archer et al, 1998; Matheu et 
al, 2005; Munro et al, 2004). Here we show, using genetic experiments, that p21Cip 
and p53 are not required for the cell cycle arrest in DKO MeFs. Inactivation of p16Ink4a 
and p19Arf, governing the pRb- and p53 pathways, also does not allow escape from a 
senescent–like arrest in DKO MeFs. This suggests that Hdac1 and Hdac2 regulate the 
pRb- and p53 pathways at a more downstream level, or alternatively, suppress pRb- 
and p53-independent pathways. In an effort to identify such pathways we analyzed 
Hdac1/2 deficient MeF gene expression profiles. This analysis confirmed transcriptional 
up-regulation of p21Cip, but did not reveal candidate pathways explaining the cause 
of the cell cycle arrest (data not shown). Interestingly, others have shown that 
inactivation of p21Cip in Hdac1-deficient embryonic stem cells reverts the slow-growth 
phenotype of these cells (Zupkovitz et al, 2010). Although p21Cip-deficiency could 
not rescue the lethality of Hdac1-deficient embryos, these results show that p21Cip 
at least in some cell types contributes to the phenotype caused by Hdac1-deficiency. 
Recently, others have shown that, similar to our results, loss of Hdac1 and Hdac2 
results in a G1 cell cycle arrest accompanied by up-regulation of p21Cip (Yamaguchi et 
al, 2010). Additionally, this study showed that Hdac1/2 deficiency results in elevated 
levels of the cell cycle inhibitor p57Kip. shRNA-mediated down regulation of p21Cip 
and p57Kip allowed, to some extent, cell cycle progression in the absence of Hdac1 
and Hdac2. Gene-expression profiles of our DKO MeFs did not reveal up-regulation 
of p57Kip, which could be related to a difference in the senstivity of the micro-array 
platform used (Illumina versus Affymetrix) or due to the genetic background of the 
MeFs. In any case, these results suggest that besides p21Cip and p57Kip, Hdac1 and 
Hdac2 probably suppress other pathways involved in cell cycle regulation. 

Furthermore, our results suggest that the molecular pathways activating a senescence-
like G1 arrest are still functional in oncogenic transformed fibroblasts. Ablation of 
Hdac1 and Hdac2 in RasV12/p53KD-transformed cells, which have escaped oncogene-
induced senescence, still enter a senescent state. Recently, Haberland et al., showed 
that ablation of Hdac1 and Hdac2 in SV40 Large T- transformed fibroblast results in a 
G2/M cell cycle arrest (Haberland et al, 2009a). Since SV40 Large T inactivates the pRb- 
and p53- tumor suppressor pathways, these results are consistent with our observations 
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that Hdac1 and Hdac2 regulate cell cycle progression independent of p16Ink4a, p19Arf 
and p53. Given that the majority of tumors exhibit genetic alterations resulting in the 
inactivation of the pRB and p53 tumor suppressor pathways, specific pharmacological 
inhibition of HDAC1- and HDAC2-activity might be a suitable therapeutic approach in 
the treatment of tumors harboring mutations in these pathways. 

Whereas primary and transformed fibroblasts strongly depend on either Hdac1 
or Hdac2 to maintain their proliferative potential, we show that these class I Hdacs 
are not essential for the maintenance of post-mitotic hepatocytes. The difference in 
phenotypes might be the result of a cell type specific context such as the presence 
or absence of HDAC-recruiting sequence-specific transcription factors. Alternatively, 
these phenotypes might also be related to the proliferation state of the cell. Recent 
observations suggest that the proliferation state of cardiac cells (cycling versus post-
mitotic) determines whether Hdac1/2 deficiency results in apoptosis (Haberland et al, 
2009a). Similar observations have been made in resting versus cycling B-lymphocytes 
(Yamaguchi et al, 2010). These observations predict that Hdac1 and or Hdac2 are 
essential for proliferating hepatocytes, e.g. when forced to proliferate upon a partial 
hepatectomy.

Conditional inactivation of Hdac1 and Hdac2 in bone marrow results in severe 
anemia and thrombocytopenia indicative for overlapping functions of Hdac1 
and Hdac2 in the differentiation of the megakaryocyte-erythrocyte cell lineage. 
Interestingly, the nucleosome and remodeling complex (NuRD), harboring Hdac1 
and Hdac2 was found to be a critical protein complex involved in megakaryocyte-
erythrocyte differentiation by recruiting GATA-1 and FOG-1, two essential 
transcription factors for the differentiation of megakaryocytes and erythrocytes (Gao 
et al; Hong et al, 2005; Miccio et al, 2009; Rodriguez et al, 2005). Additionally, it was 
found that Hdac1 and Hdac2 are components of a NuRD and SIN3 complex involved 
in erythrocyte differentiation (Brand et al, 2004). In concordance with observations 
described here, knockdown of HDAC1 in early human hematopoietic progenitors 
results in a decrease in erythroid differentiation (Wada et al, 2009). 

Our results suggest that the redundancy between Hdac1 and Hdac2 in 
hematopoiesis may be related to the total levels of Hdac1 and Hdac2. Ablation 
of Hdac1 or Hdac2 results in compensatory up-regulation of Hdac2 or Hdac1, 
respectively. The levels of Hdac1 or Hdac2 are sufficient to allow cell proliferation or 
hematopoesis.  A reduction in Hdac2 combined with Hdac1-defiency results in total 
Hdac1/2 levels which are not compatible with normal hematopoiesis as evidenced by 
the anemia and thrombocytopenia in MxCre+;Hdac1KO;Hdac2HET mice. Interestingly, 
preliminary analysis of germ-line Hdac1HET;Hdac2KO mice suggests that these mice 
are viable and do not develop anemia or thrombocytopenia (data not shown). This 
suggests that despite the observed functional redundancy between Hdac1 and 
Hdac2, these proteins are not equally redundant.

Moreover, these results establish that HDACi treatment related hematological 
toxicities in the clinic, such as anemia and thrombocytopenia, are caused, at least 
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in part, by on-target effects on HDAC1 and HDAC2. This knowledge may guide 
the design of new HDACi or the development of new HDACi treatment regimen. 
elucidation of the molecular pathways contributing to senescence-like cell cycle 
arrest upon inhibition of either Hdac1 and Hdac2 will improve our understanding 
of the role of these class I HDACs in cellular proliferation, differentiation and will 
allow the identification of cancer patients responsive to pharmacological inhibition 
of HDAC1 and HDAC2.

material and methods

Mouse strains and generation of Hdac1 conditional knockout mice

In order to generate a conditional knockout allele for Hdac1, a targeting construct 
was generated by flanking Hdac1 exon 2 by loxP sites. Upon targeting in embryonic 
stem (eS) cells, successful germ line transmission was obtained by breeding 
chimeric mice to C57Bl6 mice. Mice carrying an Hdac1 conditional knockout allele 
(Hdac1cKO) were intercrossed with germ line Cre-transgenic mice to generate an 
Hdac1-null allele. Hdac1 conditional knockout mice were crossed onto mice carrying 
an Hdac2 (conditional) knockout allele (Guan et al, 2009). Conditional deletion in 
mouse embryonic fibroblasts (MeFs) was obtained by breeding Hdac1 and Hdac2 
conditional knockout mice onto Rosa26CreERT2 mice (Hameyer et al, 2007). In order 
to delete Hdac1 and Hdac2 in the hematopoietic system we crossed the interferon-
inducible MxCre allele (Kuhn et al, 1995) onto an Hdac1L/L;Hdac2L/L background. 
Cre-recombinase was induced by intraperitoneal (IP) injection of 300 mg p(I):p(C) 
(Sigma) in 150 ml of PBS, 5 times, every other day. Mice were sacrificed 4-10 days 
after the last injection. p21-/- and Cdkn2a-/- mice have been described before (Deng et 
al, 1995; Krimpenfort et al, 2001)

Cell culture, retroviral infection, retroviral constructs, and growth curve analysis

Mouse embryonic fibroblasts (MeFs) were isolated from e13.5 embryos and cultured 
in DMeM supplemented with 10% FBS, glutamate, penicillin and streptomycin. MeFs 
harboring the Rosa26CreeRT2 allele were treated with 200 nM tamoxifen (4-OHT, 
Sigma) in order to activate Cre-recombinase. Retroviruses were generated by CaPO4 
co-transfection of pCL helper plasmid (Naviaux et al, 1996) and retroviral plasmid 
into 293T cells. 48 hrs after transfection viral supernatants were filtered (22 mm). 
Fresh viral supernatants were supplemented with 4 mg/ml polybrene and added to 
target cells for 6 hours. Fresh medium was added to the infected cells overnight 
followed by a second infection with fresh viral supernatant. Infected cells were 
selected using puromycin (2 mg/ml) for at least 2 days. In order to delete Hdac1, 
infected cells were also treated with 200 nM 4-OHT until the end of the experiment. 
p53 and p21Cip shRNA constructs are described (Dirac & Bernards, 2003; Foijer et 
al, 2005). Hdac1 shRNA or control constructs were generated by cloning 19-mer 
Hdac1 shRNA sequences (5’-GGCAAGTACTATGCTGTGA-3’) or control sequences 
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(5’-GTCTGTTACTACTACGACG-3’) into pRetroSuper (Brummelkamp et al, 2002). 
Growth curve analyses were performed as described (Dannenberg et al, 2005; 
Dannenberg et al, 2000).  

BrdU-PI FACS analysis

BrdU-PI FACS analysis was performed identical as described (Dannenberg et al., 
2005). MeF cultures were analyzed 8-10 days after treatment with 200 nM 4-OHT.

Senescence associated b-galactosidase staining

Staining for senescence associated (SA) b-galactosidase was performed after washing 
cells with PBS and fixing them in 2% formaldehyde, 0.2% glutaraldehyde in PBS for 5 
minutes. Subsequently, cells were washed with PBS and incubated for 24-36 hours at 
37°C in a staining solution containing: 5 mM K3(CN)6, 5mM K4Fe(CN)6, 2mM MgCl2, 
150 mM NaCl, 1 mg/ml X-gal (in DMF), 40 mM citric acid/Na2HPO4, (pH6.0). Phase 
contrast pictures were taken from stained cultures stored in 4% formaldehyde and 
number of SA-b-galactosidase positive cells were quantified. 

Generation of Hdac1 and Hdac2 catalytic inactive mutants

Hdac1 and Hdac2 mouse cDNA were cloned from MeF cDNA and recombined 
into pDONR223 plasmids (Rual et al, 2004). Hdac1D99A, Hdac1Y303F, Hdac2D100A and 
Hdac2Y304F mutants were generated using pDONR223-Hdac1 and pDONR223-Hdac2 
plasmids in combination with the QuickChange Lightning Site-Directed Mutagenesis 
Kit (Stratagene) according to manufacturers protocol. After mutagenesis the Hdac1 
and Hdac2 inserts were transferred from the pDONR223 donor vector into the 
pQCXIP-DeST retroviral destination vector (kind gift of Dr. Kenneth Scott) using 
Gateway LR Clonase recombination (Invitrogen). 

Hdac enzymatic activity assay

Wild-type and mutant Hdac1 or Hdac2 were expressed in 293T cells by transfecting 
12.5 mg of retroviral vectors. Hdac1 or Hdac2 was immunoprecipitated from 1 mg 
of total cell lysate with 10 mg Hdac1 or Hdac2 antibody using the Pierce Crosslink 
Immunoprecipitation Kit (Pierce Biotechnology) according to manufacturers protocol. 
As a negative control we used 10 mg IgG antibody to determine non-specific bound 
Hdac activity. Immunoprecipitates were subsequently assayed for Hdac activity 
using the HDAC Fluorimetric Activity Assay Kit (enzo life Sciences), according to 
manufacturers instructions. Hdac activity values were corrected for non-specific (IgG) 
bound Hdac activity and divided by wild-type Hdac1 or Hdac2 values in order to 
determine the relative Hdac activity.

Western blot analysis

Protein levels were determined by Western blot analyses using routine protocols. 
Antibodies against Hdac2 (SC-7899), Hdac8 (e5), Cdk4 (C-22), p21Cip (C-19), p16Ink4a 
(M156) were obtained from Santa Cruz; Hdac1 antibody (IMG-337) from Imgenex; 
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p27Kip (3698) and Hdac3 (3949) antibodies from Cell Signaling; p19Arf antibody (Ab80) 
from Abcam and p53 (IMX25) antibody from Monosan. Peroxidase-conjugated goat 
anti-rabbit and goat anti-mouse secondary antibodies were from Dako. 

Immunofluorescence staining on cells 

For immuno-detection of proteins in MeFs, we cultured MeFs on 0.8 cm² glass bottom 
chamber wells (Nunc) at a density of 2 x 105 cells per well in DMeM containing 
200 nM 4-OHT (Sigma). In case of retroviral infection MeFs were selected using  
2 mg/ml puromycin for at least two days. MeFs were fixed with 4% paraformaldehyde, 
permeabilized with 0.2% Triton X-100 and blocked with 1% bovine serum albumin in 
phosphate buffered saline (PBS).  Cells were stained with antibodies directed against 
Hdac1 (IMG-337, Imgenex), Hdac2 (SC-7899, Santa Cruz Biotechnology) and analyzed 
by confocal microscopy. The DNA was counterstained with TO-PRO-3 (Invitrogen). 
Alexa fluorisothicyanaat (FITC)-488nm (Invitrogen) was used as secondary antibody. 

Immuno-histochemistry on tissue sections

For immuno-detection of proteins in tissue sections of mice we dissected mice 
and fixed tissues in eAF (ethanol–acetic acid–formol saline) for 24 hours. Tissues 
were subsequently embedded in paraffin. Tissue sections were dried on glass slides 
overnight at 37°C. Subsequently, tissue slides were incubated for 2 hours at 56°C and 
de-paraffinized. Antigen retrieval was obtained by heating slides for 1 minute at 900W 
and 15 minutes at 250W in 0.01M citrate buffer, pH 6. endogenous peroxidase activity 
was blocked for 10 minutes with 3% H2O2 in distilled water. Slides were washed in 
distilled water for 5 minutes, followed by a 5 minutes wash step in PBS (pH 7.4). Pre-
incubation was done for 30 minutes with 5% Normal Goat Serum (Sanquin) in 1% 
PBS/BSA followed by an overnight incubation with primary antibodies at 4°C. Hdac1 
(Imgenex) and Hdac2 (Santa Cruz Biotechnology) antibodies were used in a 1:500 
dilution in 1% PBS/BSA, while the Caspase-3 antibody (Cell Signalling Technology) was 
used in a 1:100 dilution. Subsequently, slides were rinsed three times for 5 minutes 
in PBS upon which slides were incubated for half an hour with secondary antibody 
and HRP complex (PowerVision poly HRP-Anti-Rabbit IgG, ImmunoLogic). Slides were 
rinsed in PBS and incubated with DAB substrate chromogen system (Dako, USA). 
DAB-reaction was stopped by rinsing slides in running tap water followed by a two 
minutes rinse in distilled water. Counter stain was done with haematoxylin (Merck) 
and subsequently with water for 5 min. Finally, slides were dehydrated and mounted 
with a xylene based mount solution (Vectashield).

Whole blood analysis

Mouse peripheral blood was obtained by cardiac puncture and collected in eDTA-
coated vials. 15 ml of whole blood was analyzed using the Beckman Coulter ACT 10 
Hematology Blood Analyzer.
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supplemental Figure 2.  A. Sequence analysis of wild-type Hdac1 and Hdac1D99A and 
Hdac1Y303F mutants B. Sequence analysis of wild-type Hdac2 and Hdac2D100A and Hdac1Y304F 
mutants. Boxed areas indicate the amino acid substitution in the Hdac1 and Hdac2 mutants. 
C/D. Hdac activity of wild-type and mutant Hdac1 (C) or Hdac2 (D) as measured by incubat-
ing immunoprecipitated wild-type and mutant Hdac1 or Hdac2 with a fluorigenic acetylated 
substrate. Hdac activity is presented as percentage activity relative to the Hdac activity of 
wild-type Hdac1 and Hdac2. Hdac1 and Hdac2 western blot analysis of 293T total cell lysates 
containing wild-type or mutant Hdac1 or Hdac2, as used for immunoprecipitation. Cdk4 served 
as a loading control.
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supplemental Figure 1. A. Schematic representation 
of wild-type (Hdac1WT), conditional knock-out (Hdac1cKO) 
and null-allele (Hdac1KO) of Hdac1. Black arrow heads 
indicate the position of loxP sequences. Arrows indicate 
primers used for genotype purposes. B. Western blot analysis 
of protein lysates from tamoxifen (4-OHT) treated (200 nM) 
RCM2+;Hdac1L/+;Hdac2+/- and RCM2+;Hdac1L/L;Hdac2-/- MeFs. 
Asterix indicates a background signal, which becomes visible 
only in the absence of Hdac2.
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supplemental Figure 3. A. Westernblot analysis of protein lysates of Hdac2+/+, Hdac2+/- 
and Hdac2-/- MeFs expressing either control shRNA or Hdac1 shRNA. Note the up regulation of 
Hdac2 upon knockdown of Hdac1. Cdk4 was used as loading control. B. Cell cycle analysis of 
Hdac2+/+ and Hdac2-/- MeFs expressing empty vector (V), a control shRNA (C) or Hdac1 shRNA 
(KD) using BrdU-PI FACS. C. Growth curve analysis of Hdac2+/+ and Hdac2-/- MeFs express-
ing either empty vector (squares), control shRNA (diamonds) and Hdac1 shRNA (open circles). 
D. Senescence-associated b-galactosidase staining of Hdac2-/- MeFs expressing either control 
shRNA or Hdac1 shRNA.
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supplemental Figure 4. Representative photographs of hematoxylin-eosin stained 
bone-marrow sections of MxCre+ (A), MxCre+;Hdac1KO (B) and MxCre+;Hdac1KO;Hdac2HET 
(C) and MxCre+;DKO (D) mice. Immunohistochemistry using antibodies against Hdac1 (A’-D’) 
and Hdac2 (A’’-D’’) reveals efficient deletion of Hdac1 in bone marrow of MxCre+;Hdac1KO 
and MxCre+;Hdac1KO;Hdac2HET mice and efficient deletion of Hdac2 in bone marrow of 
MxCre+;DKO mice.
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supplemental Figure 5. Representative photographs of hematoxylin-eosin stained 
liver sections of MxCre+(A), MxCre+;Hdac1KO (B) and MxCre+;Hdac1KO;Hdac2HET (C) 
and MxCre+;DKO (D) mice. Immunohistochemistry using antibodies against Hdac1 (A’-D’) 
and Hdac2 (A’’-D’’) reveals efficient deletion of Hdac1 in liver of MxCre+;Hdac1KO and 
MxCre+;Hdac1KO;Hdac2HET mice and efficient deletion of Hdac2 in liver of MxCre+;DKO mice.
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supplemental Figure 6. A. Representative photographs of hematoxylin-eosin or a-Hdac1 
and a-Hdac2 stained liver sections of MxCre+ and MxCre+;Hdac1KO;Hdac2HET mice. Arrows 
indicate megakaryocytes. B. Average megakaryocyte counts in MxCre+, MxCre+;Hdac1KO, 
MxCre+;Hdac1KO;Hdac2HET and MxCre+;DKO liver as counted in liver sections of 3 indepen-
dent mice of each genotype.
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abstract

Histone deacetylases (HDACs) control a variety of cellular processes by deacetylation 
of lysine residues in histone and non-histone substrates. Hdac1 and Hdac2, two 
class I HDACs, have redundant functions in hematopoiesis. While genetic ablation 
of either Hdac1 or Hdac2 in mice did not affect hematopoiesis, deficiency of both 
resulted in premature death caused by anemia and thrombocytopenia. The aim of 
this study was to investigate the role of Hdac1 and Hdac2 in hematopoiesis. We used 
combinations of Hdac1 and Hdac2 conditional knockout alleles, which revealed that 
Hdac1 and Hdac2 have an intrinsic function in hematopoietic stem cell (HSC) survival. 
Moreover, our data showed that total levels of Hdac1 and Hdac2 are critical for 
erythroid and lymphoid development. Surprisingly, T cell specific deletion of Hdac1 in 
combination with Hdac2 haploinsufficienty resulted in aggressive thymic lymphomas 
at 5-13 weeks of age. These lymphomas were of monoclonal origin and displayed 
whole chromosome aberrations, most notably trisomy of chromosome 15, associated 
with elevated expression levels of the proto-oncogene c-Myc. Our findings indicate 
that hematopoiesis critically depends on Hdac1 and Hdac2. Additionally, we showed 
that Hdac1 and Hdac2 are tumor suppressors, which provides a cautionary note on 
the use of HDAC inhibitors in treating human cancers.

marinus r Heideman1, roel H Wilting1, Eva yanover1, Nathalie proost2, 
Shalin Naik3, Heinz Jacobs3 and Jan-Hermen dannenberg1#

1Division of Gene Regulation, 2Division of Molecular Genetics, 3Division of Immunolgy, 
the Netherlands Cancer Institute, Plesmanlaan 121, 1066CX Amsterdam, the 
Netherlands.
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introduction

Blood cells are generated by a process known as hematopoiesis. In adults, this 
process originates in the bone marrow where pluripotent HSCs reside in specialized 
niches that support their survival and self-renewal. external stimuli can trigger HSCs 
to leave this environment and differentiate into all lineages of the blood (Orkin, 
2000). Depending on the nature of these stimuli HSCs will be shunted either into the 
lymphoid or the myeloid path. During this process complex networks of signalling 
cascades are activated, which ultimately results in lineage specific transcription and 
differentiation. 

Gene expression is regulated by a variety of factors, such as sequence specific 
transcription factors that bind to promoters and enhancers. Specific binding of these 
factors to cis-regulatory elements can result in activation or repression of the RNA 
polymerase II holoenzyme. Besides cis-regulatory DNA elements, gene expression is 
also affected by epigenetic marking of the chromatin. Chromatin is a nucleoprotein 
complex build of nucleosome chains. A nucleosome consists of a histone octamer which 
packages 147 DNA base pairs. Crystal structure studies revealed that these octamers 
are composed of two H3-H4 histone dimers bridged together as a stable tetramer 
that is flanked by two separate H2A-H2B dimers (Davey et al., 2002; Luger et al., 
1997). epigenetic regulation of transcription involves distinct multi-protein complexes 
licensed to modify nucleosomes post translationally, through site-specific modification 
of histones. These histone marks are diverse and include acetylation, methylation, 
ubiquitination, SUMOylation and phosphorylation. The sum of these site specific 
posttranslational modifications determines chromatin conformation, subnuclear 
localisation, protein binding and accessibility for the basal transcription machinery.

 Histone deacetylases (HDACs) are enzymes that remove acetyl groups from 
histones, associated with chromatin compaction and repression of transcription. 
In addition, they influence transcription by deacetylation of non-histone proteins 
such as transcription factors (Choudhary et al., 2009). Phylogenetically HDACs can 
be subdivided into four different classes that are based on domain homology and 
sequence similarity to yeast prototypes. Class I HDACs are related to Saccharomyces 
crevisiae Rpd3 and consist of HDAC1, HDAC2, HDAC3 and HDAC8. Class II HDACs 
can be subdivided in two subclasses: class IIa (HDAC4, HDAC5, HDAC7 and HDAC9) 
and class IIb (HDAC6 and HDAC10), which are homologues of Saccharomyces 
crevisiae Hda1. Class III consists of NADH+ dependent HDACs, which are homologues 
to the yeast sirtuins. Class IV consists of one member HDAC11, which is related to 
both class I and class II HDACs. 

Previous studies revealed that class I Hdac1 and Hdac2 play important roles in 
hematopoiesis. Deletion of both Hdac1 and Hdac2 in the hematopoietic system of 
mice results in rapid death caused by anemia and thrombocytopenia, indicating a 
critical role for Hdac1 and Hdac2 in controlling erythropoiesis and megakaryopoiesis 
(Wilting et al., 2010). In line with these observations, anemia and thrombocytopenia 
are frequently reported as side effects observed in patients undergoing cancer 
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therapy with HDAC inhibitors (HDACi) (Prince et al., 2009). Recently, a direct role 
for HDAC1 in cell fate decision of hematopoietic progenitors has been suggested, 
siRNA mediated knockdown of HDAC1 in immature hematopoietic cell lines 
resulted in enhanced myelopoiesis while erythropoiesis was perturbed. In contrast, 
HDAC1 overexpression in vivo resulted in a block in myeloid development while 
erythroid development appeared normal (Wada et al., 2009). Also, later stages of 
erythropoiesis depend critically on Hdac1 and Hdac2 as deregulation of the Nurd 
complex, a multi-protein repressor complex that harbours Hdac1 and Hdac2, results 
in anemia caused by differentiation defects (Gao et al., 2010; Hong et al., 2005; 
Miccio et al., 2010; Rodriguez et al., 2005). In addition, crucial roles for Hdac1 and 
Hdac2 have been revealed in the lymphoid lineage. Conditional ablation of both 
Hdac1 and Hdac2 in progenitor B cells blocks early stages of B cell development 
caused by defective proliferation (Yamaguchi et al., 2010). Studies in the chicken 
DT40 B cell line implicated a role for HDAC2 as regulator of Aiolos, Pax5, Ikaros and 
efb-1, which are transcription factors that regulate immunoglobulin heavy chain (IgH) 
expression (Nakayama et al., 2007). Furthermore, it was demonstrated that HDAC2 
is required for gene conversion, an Ig gene diversification process active in chicken 
B cells (Lin et al., 2008; Kurosawa et al., 2010). Conditional deletion of Hdac1 in 
mature T cells resulted in an increased inflammatory response in an allergic airway 
inflammation model caused by Hdac1 regulated expression of T helper cell cytokines 
(Grausenburger et al., 2010).  

To investigate the role of Hdac1 and Hdac2 in early hematopoiesis, we analyzed 
mice expressing differential levels of Hdac1 and Hdac2 in their HSC compartment. 
Our studies revealed essential roles for Hdac1 and Hdac2 in HSC maintenance, normal 
hematopoiesis and tumor suppression.

results

Compensatory expression of Hdac2 in Hdac1 deficient hematopoietic cells

To determine the role of Hdac1 and Hdac2 in hematopoietic development a mouse 
model was established, which makes use of conditional inactivation of Hdac1 and 
Hdac2 using an interferon-inducible MxCre transgene. Administration of polyinosine-
polycytidylic acid (poly (I:C)) induces a strong interferon response, which drives 
the interferon responsive elements of the Mx promoter and expression of the Cre 
recombinase, mainly in the hematopoietic system. Using this model system we 
previously provided direct evidence that Hdac1 and Hdac2 activity is critical for normal 
erythroid and megakaryocyte development. Conditional ablation of Hdac1 and Hdac2 
causes anemia and thrombocytopenia associated with bone marrow cytopenia. In 
contrast, MxCre+;Hdac1D/D mice remained unaffected (Wilting et al., 2010). Analysis 
of MxCre+;Hdac1D/D mice displayed normal hematopoiesis (Figure 2A). Likewise, 
hematopoietic development appears normal in mice lacking functional Hdac2 
(Zimmermann et al., 2007). These findings suggest that within the hematopoietic 
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system, Hdac1 and Hdac2 are functionally redundant. This assumption is supported by 
our previous report, in which ablation of either Hdac1 or Hdac2 in mouse embryonic 
fibroblasts (MeFs) caused compensatory upregulation of the other and resulted in 
normal proliferation, while the lack of both Hdac1 and Hdac2 caused senescence. 
These data suggest that at least in MeFs the lack of one member can be compensated 
by the other (Wilting et al., 2010). To examine if a similar compensatory activation 
circuit exists in the hematopoietic system, we determined the levels of Hdac2 in the 
bone marrow of MxCre+;Hdac1D/D mice by quantitative Western blotting. This analysis 
revealed an almost 2 fold upregulation in Hdac2 protein levels as compared to control 
mice (Figure 1), suggesting that the system can sense the lack of Hdac1 and respond 
by an adequate compensatory upregulation of Hdac2 expression. 

Hdac1 and Hdac2 are indispensible for hematopoiesis

To provide a rationale for the bone marrow cytopenia that was observed in mice 
lacking both Hdac1 and Hdac2 (MxCre+;Hdac1D/DHdac2D/D (DKO)), we determined the 
cellularity and composition of the hematopoietic system in these mice. DKO mice 
displayed a severe reduction in the number of thymocytes and splenocytes. While 
thymocytes were virtually absent, the spleen size was reduced two-fold (Figure 2A). 
The cellular composition of the bone marrow in DKO mice revealed that all major 
hematopoietic lineages were decreased in number (Figure 2A). The reduced cellularity 
of hematopoietic lineages suggested a profound role for Hdac1 and Hdac2 in early 
hematopoiesis. Indeed, the number and frequency of c-Kit positive bone marrow 
cells, which encompass HSCs and their immediate progenitors, revealed that early 
hematopoiesis was severely compromised in DKO mice (Figure 2B). Since one can 
argue that c-Kit expression is lost upon Hdac1 and Hdac2 ablation, we performed 
in vitro colony assays. Consistent with the ex vivo data, bone marrow from DKO 
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Figure 2 Hdac1 and Hdac2 are indispensible for hematopoiesis. A) Bar graph demonstrating 
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(n=3) and DKO mice (n=3) 8 days after the last P(I:C) injection. Bone marrow cells were isolated, 
quantified and stained with labelled antibodies against CD11b and Gr-1 (myeloid), B220 and 
CD19 (B cells), TeR119 (erythroid), CD41 (megakaryocytes) and CD3 (T cells) and analyzed 
flow cytometry (FACS). Bar graphs showing erylysed splenocyte and thymocyte counts (n=3 
per group). B) Histogram showing c-Kit staining of bone marrow cells of control and DKO mice 
(representative for multiple experiments). Bar graphs showing the quantification of c-kit+ cells 
(progenitors) and LSKs (lin-c-Kit+ScaI+) in bone marrow cells of control and DKO mice by FACS 
(n=3 per group). C) Bar graphs showing the number of myeloid or pre-B cell colonies from 
bone marrow cells of control and DKO mice that were cultured in methylcellulose enriched 
with either 10 ng/ml IL-3, 10 ng/ml IL6 and 50 ng/ml stem cell factor (SCF) to induce myeloid 
differentiation or with 10 ng/ml IL7 to induce differentiation into pre-B cells. D) Apoptosis in 
the bone marrow of control and DKO mice was analyzed by FACS by intracellular staining with 
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mice was defective in generating either myeloid or pre-B cell colonies (Figure 2C). To 
determine if deletion of early hematopoietic cells was associated with an increase in 
cell death, we stained bone marrow cells from DKO mice ex vivo for the apoptosis 
marker active Caspase 3. This revealed a severe increase in the number of apoptotic 
cells in the bone marrow of DKO mice as compared to bone marrow of either control 
or MxCre+;Hdac1D/D mice (Figure 2D). These data indicate a critical anti-apoptotic 
function for Hdac1 and Hdac2 in maintaining early hematopoiesis.

As the deletion of floxed alleles is not restricted to bone marrow in Mxcre mice, 
the eradication of hematopoietic cells in the bone marrow of DKO mice could be 
either an extrinsic or an intrinsic effect. To distinguish between these possibilities, 
we performed competitive bone marrow transplantation assays (Park et al., 2003). 
Recipient mice were lethally irradiated and injected with a 1:1 ratio of bone marrow 
cells from wild type (WT) and MxCre+;HdacL/LHdac2L/L mice. Bone marrow cells from 
MxCre+;Hdac1L/LHdac2L/L mice could be distinguished from WT cells by their different 
haplotype of the Ly5 surface antigen, Hdac1L/L2L/L cells are Ly5.2+, while WT cells are 
Ly5.1+. After two months, stable engraftment of both haplotypes was confirmed by 
analysing the cellular composition of peripheral blood samples. Subsequently, poly 
(I:C) was administered to delete Hdac1 and Hdac2 selectively in Ly5.2+ hematopoietic 
bone marrow cells. Blood samples were taken at different time points and flow 
cytometric analysis revealed a selective depletion of Ly5.2+ blood cells over time 
(Figure 2e), verifying that the developmental block and apoptosis of bone marrow 
cells upon conditional ablation of Hdac1 and Hdac2 is cell intrinsic.

At the end of this time course experiment, mice were sacrificed and their bone 
marrow was analyzed for the relative abundance of Ly5.1+ and Ly5.2+ bone marrow 
subsets. As indicated by the low frequency of Ly5.2+ cells (5-20%), conditional ablation 
of Hdac1 and Hdac2 confers a strong selective disadvantage to hematopoietic cells. 
To determine if the remaining Ly5.2+ cells survived due to an incomplete ablation of 
Hdac1 and Hdac2, Ly5.2+ cells were sorted and analyzed by PCR (Figure 2F). Indeed, 
these cells still harbour a functional Hdac2 allele, suggesting that their survival 
critically depends on a functional copy of Hdac2.

 To determine if the selective depletion of Ly5.2+ cells initiates at the stem cell level 
we determined the number of LSKs (Lin-c-Kit+ScaI+) in the bone marrow. Ly5.2+ LSKs 

a labelled antibody against caspase-3. Histograms are representative for 3 experiments per 
group; average and standard deviation are presented on top of the histogram. e) Competi-
tive bone marrow transfers; bone marrow cells from WT (Ly5.1+) and MxCre+;HdacL/LHdac2L/L 
(Ly5.2+) or MxCre-;HdacL/LHdac2L/L (control) mice were transplanted in a 1:1 ratio in lethally 
irradiated recipient mice. 8 weeks post-transplantation the mice were 5 times injected with 
Poly(I:C) (arrows). Ly5.2+ cells were monitored in the blood. The mean value of Ly5.2+ cells 
was set to 100% before poly(I:C) injection, n=5 mice per group. F) After the competitive bone 
marrow transfer, genomic DNA was isolated from sorted Ly5.2+ cells and analyzed by PCR for 
the presence of floxed and D alleles. G) Quantification of Ly5.2+ LSKs by FACS in the bone 
marrow of the chimeras described in e, n=3.



76

3

were almost absent in these mice (Figure 2G). Apparently, Hdac1 and Hdac2 play a 
critical role in HSC maintenance by promoting survival of HSCs and their immediate 
progenitors.

Hdac1 and Hdac2 control hematopoietic differentiation

Since conditional ablation of Hdac1 and Hdac2 in the bone marrow eradicates 
HSCs and their derivates, we analyzed mice that lacked either Hdac1 or Hdac2, but 
retained a single copy of the WT Hdac1 or Hdac2 respectively, hereafter referred to 
as MxCre+;Hdac1+/DHdac2 D/D and MxCre+;Hdac1 D/DHdac2 +/D mice. These mice were 
subjected to the same poly(I:C) protocol as described above. In accordance with 
previous observations MxCre+;Hdac1 D/DHdac2 +/D mice died within 8-12 days after 
poly(I:C) injection (Figure 3A). These mice suffered from anemia and thrombocytopenia, 
as was indicated by a severe decrease in erythrocyte and thrombocyte counts in the 
peripheral blood (Wilting et al., 2010). In contrast, MxCre+;Hdac1+/DHdac2 D/D mice 
appeared macroscopically normal, indicating that Hdac1 and Hdac2 are not equally 
effective in compensating the lack of the other. 

Further analysis of the bone marrow and peripheral lymphoid organs of 
MxCre+;Hdac1 +/DHdac2 D/D mice revealed a normal cellularity (Figure 3B and data not 
shown). However, the number of B cells was decreased by approximately 50%. In 
contrast, MxCre+;Hdac1 D/DHdac2 +/D mice displayed a disturbed cellularity in the bone 
marrow. The cell number was significantly decreased by approximately 30%, which 
could not be explained by elevated apoptosis, as staining for activated Caspase-3 of 
bone marrow cells did not reveal an increased frequency of apoptotic cells (Wilting et 
al., 2010). Rather, analysis of the bone marrow composition in these mice showed a 
selective reduction of erythroid cells and B lineage cells, while myeloid cell numbers 
appeared unaffected (Figure 3B). 

To explain the severe reduction in erythrocytes in MxCre+;Hdac1 D/DHdac2 +/D, we 
examined erythroid development by flow cytometry using CD71 and Ter119 specific 
antibodies (Socolovsky et al., 2001). The analysis of these measurements revealed a 
selective reduction in basophilic (II) and polychromatic (III) erythroblasts, but not of 
pro-erythroblasts (I) (Figure 3C). The number of orthochromatic erythroblasts did not 
significantly decrease, which might be explained by an increase in peripheral red blood 
cells due to reduced bone marrow cell density. Disturbed erythrocyte development in 
the bone marrow was accompanied by extramedullary erythropoiesis in the spleen; 
a 2-3 fold increase in the spleen size was caused by selective increase of nucleated 

Figure 3 Hdac1 and Hdac2 levels are crucial for hematopoietic differentiation. A) Kaplan-
Meier survival curves of MxCre+;Hdac1+/DHdac2 D/D and MxCre+;Hdac1 D/DHdac2+/D mice. B) Bar 
graph demonstrating the bone marrow composition of control (n=3), MxCre+;Hdac1+/DHdac2 

D/D (n=3) and MxCre+;Hdac1 D/DHdac2+/D mice (n=3). Bone marrow cells were isolated, quanti-
fied and stained with labelled antibodies against CD11b and Gr-1 (myeloid), B220 and CD19  
(B cells), TeR119 (erythroid), CD41 (megakaryocytes) and CD3 (T cells) and analyzed by FACS. 
C) Disturbed erythroid development in the bone marrow of MxCre+;Hdac1 D/DHdac2+/D mice. 
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spleens. Bar graph showing the absolute number of nucleated erythrocytes in spleens of control 
vs MxCre+;Hdac1 D/DHdac2+/D mice. e) Absolute number of CLPs (Lin-c-KitintermediateIl7Ra+CD27+) in 
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erythroid (TeR119+) cells (Figure 3D). These observations demonstrate that low levels 
of Hdac2 activity in the absence of Hdac1 causes defective erythropoiesis in the bone 
marrow leading to an acute lethal anemia, which cannot be compensated by stress 
induced extra medullary erythropoiesis in the spleen.

The reduction of B cells in MxCre+;Hdac1 D/DHdac2 +/D mice, can be explained 
by a decrease in common lymphoid progenitors (CLPs) (Figure 3e). In contrast, 
MxCre+;Hdac1 +/DHdac2 D/D mice showed normal numbers of CLPs, suggesting a 
specific developmental problem at later stages in B cell development. 

In conclusion, the comparative analysis of the hematopoietic system in 
MxCre+;Hdac1 D/DHdac2 +/D and MxCre+;Hdac1 +/DHdac2 D/D mice revealed that Hdac1 
and Hdac2 cannot equally compensate the absence of the other. Moreover these 
results imply a differential dependence of myeloid, erythroid and lymphoid cells on 
Hdac1 and Hdac2 activity. 

Hdac1 and Hdac2 suppress T cell lymphomagenesis

As CLPs are immediate precursors of the T cell lineage, a compromised thymopoiesis 
was expected in MxCre+;Hdac1 D/DHdac2 +/D mice. Indeed, an almost complete lack 
of thymocytes was observed in some mice, while other mice had a virtually normal 
thymus, as judged by macroscopic appearance and cell number. However, flow 
cytometry of these virtually normal thymi, using specific antibodies against CD4 and 
CD8, revealed an unusual homogeneous population of CD4/CD8 double positive T 
cells (Figure 3F). Since MxCre+;Hdac1 D/DHdac2 +/D mice died due to severe anemia and 
thrombocytopenia, we could not investigate whether these CD4/CD8 double positive 
T cells were tumor cells. To circumvent this problem we generated mice with T cell 
specific deletion of both alleles of Hdac1 and one allele of Hdac2 (Hdac1D/DHdac2+/D) 
using the Lck-Cre knock-in mice (Chaffin et al., 1990). Thymi of LckCre+;Hdac1D/

DHdac2+/D mice, one week and three weeks of age, revealed a decrease in thymocyte 
number as compared to control mice (Figure 4A). Moreover, thymocyte development 
was perturbed in LckCre+;Hdac1D/DHdac2+/D mice, as indicated by a selective increase 
of CD8 single positive (SP) cells and a decrease of other thymic subsets (Figure 4B,C). 
These CD8 SP T cells can be sub-divided into two sub-populations characterized 
by low and intermediate levels of TCRb surface staining. High surface expression 
of CD24 was found on both subsets, indicating that these cells are arrested at an 
immature stage of thymic development, i.e. prior to positive selection (Figure 4D,e).  

Surprisingly, all LckCre+;Hdac1D/DHdac2+/D mice died between 5-13 weeks of age 
due to tumor formation (Figure 5A). Macroscopic and histological examination 
indicated that these tumors were aggressive thymic lymphomas, which disseminate 
in the spleen as well as in non-lymphatic organs such as liver, kidney and lung  
(Figure 5B). Flow cytometry revealed that these thymic lymphomas were predominantly 
CD8 SP and incidentally CD4/CD8 double positive cells (Figure 5C), and stained positive 
for intracellular TCRb (Figure 5D). The presence of functional TCRb rearrangement 
was used to determine the clonality of these tumors by Southern blot analysis. Using 
a probe against a frequently used J region, all tumors were found to be of monoclonal 
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Figure 4 Hdac1 and Hdac2 levels control T cell development. A) Quantification of thymi from 
control and LckCre+;Hdac1D/DHdac2+/D mice (n=3 mice per group) at one week and 3 weeks 
after birth. B) Representative FACS analysis of thymocytes from control and LckCre+;Hdac1D/ 

DHdac2+/D mice at one week and 3 weeks after birth with antibodies against CD25 and CD44. 
Cells were gated Thy1+, CD4- and CD8-. Bar graph showing absolute numbers of DN (total 
number of double negative cells), DN1 (CD44+CD25-), DN2 (CD44+CD25+), DN3 (CD44-CD25+) 
and DN4 (CD44-CD25-) (n=3 mice per group). C) Representative CD4/CD8 plots of thymocytes 
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origin (Figure 5e). Apparently, additional secondary genetic events have to occur to 
transform LckCre+;Hdac1D/DHdac2+/D thymocytes.

To identify these secondary events, we screened for genomic alterations in the 
tumor cells using comparative genomic hybridization (CGH), which allows genome 
wide identification of genetic deletions and amplifications. Genomic DNA of tumor 
cells was hybridized together with genomic tail DNA of the same mouse. Overall, 
the LckCre+;Hdac1D/DHdac2+/D tumors harbored few focal genomic alterations, but 
almost exclusively displayed whole chromosome aberrations. Interestingly, all tumors 
(n=6) analyzed harbored a trisomy of chromosome 15 (Figure 6A). Previous studies 
have shown that gain of chromosome 15 is associated with elevated c-Myc levels 
(Wirschubsky et al., 1986; Muto et al., 1996; Gaudet et al., 2003). This prompted 
us to analyze c-Myc expression in tumor cells. Both, RNA and protein levels of c-Myc 
were elevated as compared to control thymocytes (Figure 6B). These results suggest 
that upregulation of c-Myc plays a central role in the oncogenic transformation of   
Hdac1D/DHdac2+/D thymocytes. 
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The observation that the LckCre+;Hdac1D/DHdac2+/D tumors almost exclusively 
displayed whole chromosome aberrations suggests a defect in chromosome 
missegregation. To examine eventual chromosome segregation defects we established 
a tumor cell line derived from an LckCre+;Hdac1D/DHdac2+/D T cell lymphoma. Indeed, 
we observed aneuploidy with an average chromosome number of 43 chromosomes 
per cell (Figure 6C). Metaphase spreads revealed a severe increase in aberrant mitotic 
figures, known as “butterfly structures”, as compared to a cell line derived from a p53 
null T cell lymphoma (Figure 6D). These results suggest a critical role for Hdac1 and 
Hdac2 in controlling proper chromosome segregation. Therefore, Hdac1 deficiency 
when combined with Hdac2 haploinsufficiency results in chromosomal missegregation 
and eventually to selection of tumor driving chromosomal aberrations. 
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Figure 6 Hdac1 and Hdac2 prevent chromosome missegregation. A) Comparative genome 
hybridization (CGH) analyses of three Lck+;Hdac1D/DHdac2+/D tumors demonstrating single 
copy, whole chromosome gain of chromosome 15 (CGH was performed on a total of 9 tumor 
samples). B) Bar graph of quantitative Western blot analysis of c-Myc levels in control thymi 
(n=2) as compared to tumor samples (n=4). C) Bars showing the number of chromosomes 
per cell in metaphase spreads in an Lck+;Hdac1D/DHdac2+/D tumor cell line. D) Representative 
metaphase spreads in p53-/- lymphoma cell line and Lck+;Hdac1D/DHdac2+/D lymphoma cell line 
showing an increased number of butterfly structures in the Lck+;Hdac1D/DHdac2+/D cell line as 
indicated by the white arrows.
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discussion

We show a critical role for Hdac1 and Hdac2 in hematopoiesis and suppression 
of T cell lymphomagenesis. Conditional deletion of both Hdac1 and Hdac2 in the 
hematopoietic system of the mouse resulted in rapid depletion of HSCs and their 
progenitor cells, which was associated with a high frequency of apoptosis in the bone 
marrow. The dramatic increase of apoptotic cells upon Hdac1 and Hdac2 ablation 
suggests that Hdac1 and Hdac2 are essential in maintaining hematopoiesis. Indeed, 
competitive bone marrow transfer assays revealed an intrinsic role of Hdac1 and 
Hdac2 in hematopoiesis. A critical role for Hdac1 and Hdac2 in stem cell maintenance 
is further supported by studies indicating that conditional inactivation of Hdac1 
and Hdac2 in mouse embryonic stem cells induces apoptosis (J.H Dannenberg, 
unpublished results). Moreover, cardiac specific deletion of Hdac1 and Hdac2 in 
mice resulted in abnormal heart development, which was associated with increased 
apoptosis (Montgomery et al., 2007). Furthermore, neuronal progenitors undergo 
apoptosis upon deletion of both Hdac1 and Hdac2 (Montgomery et al., 2009). How 
Hdac1 and Hdac2 prevent apoptosis remains unknown. Studies using HDACi in 
combination with overexpression of the anti-apoptotic proteins BCL2 and BCL-XL 
revealed that the intrinsic mitochondrial death pathway is involved (Bolden et al., 
2006). This pathway might be targeted directly by changing the balance between 
anti- and proapoptotic proteins. Alternatively, HDACs might target specific pathways 
that induce the intrinsic apoptotic way.

Ablation of only Hdac1 does not abrogate normal hematopoiesis. This finding 
combined with previous data showing that mice, which lack functional Hdac2 show 
normal hematopoiesis (Zimmermann et al., 2007), indicating that Hdac1 and Hdac2 
are functionally redundant in hematopoiesis. This is in agreement with studies 
showing that Hdac1 and Hdac2 are redundant in MeFs and B cell, erythrocyte, 
megakaryocyte, myocyte and nerve cell development (Montgomery et al., 2007; 
Montgomery et al., 2009; Wilting et al., 2010; Yamaguchi et al., 2010). In addition, 
we here showed that Hdac1 deficient hematopoietic cells have elevated levels of 
Hdac2 protein. Studies in MeFs, embryonic stem cells and F9 embryonal carcinoma 
cells, which lack either Hdac1 or Hdac2, provided similar results (Wilting et al., 2010; 
Jurkin et al., 2011). These findings suggest that the system can sense Hdac deficiency 
and triggers a compensatory activation of the other Hdac. Our analysis in MeFs 
indicate that RNA levels are not increased upon deletion of either Hdac1 or Hdac2 
(data not shown), strongly argues that they regulate each other post transcriptionally 
i.e., at the level of translation or at the level of protein stability. Interestingly, analysis 
of MxCre+;Hdac1+/DHdac2D/D and MxCre+; Hdac1D/DHdac2+/D mice revealed that Hdac1 
and Hdac2 cannot equally compensate the lack of the other as MxCre+; Hdac1+/

DHdac2D/D mice appear normal, while MxCre+; Hdac1D/DHdac2+/D mice died rapidly 
from anemia and thrombocytopenia. These findings argue that the total levels of 
Hdac1 and Hdac2 activity is lower in MxCre+;Hdac1D/DHdac2+/D bone marrow cells as 
compared to MxCre+; Hdac1+/DHdac2D/D bone marrow cells, which might be explained 
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by unequal compensation of protein levels. Alternatively, Hdac1 may be the more 
active deacetylase in the bone marrow.

In contrast to DKO mice, the rapid death of MxCre+;Hdac1D/DHdac2+/D mice was 
not associated with complete deletion of the early hematopoietic compartment 
and apoptosis, but primarily caused by reduced numbers of erythrocytes and B cell 
cells. Analysis of erythrocyte development revealed that especially the number of 
basophilic and polychromatic erythroblasts severely decreased, which suggests either 
a differentiation block at the proerythroblast stage or decreased survival of maturing 
erythroblasts. extramedullary stress induced erythropoiesis in the spleen, could not 
compensate for defective erythropoiesis in the bone marrow as these mice died from 
anemia (Wilting et al., 2010). Previously, it was demonstrated that deletion of Hdac1 
in immature hematopoietic cell lines perturbs erythroid differentiation and enhances 
myeloid differentiation (Wada et al., 2009). This finding is in agreement with our 
data, which revealed that the number of myeloid cells remains normal in the bone 
marrow of MxCre+; Hdac1D/DHdac2+/D  mice. Other studies suggest that lack of Hdac1 
and Hdac2 leads to deregulation of the NuRD complex in erythrocyte precursors, 
resulting in anemia caused by early differentiation defects (Gao et al., 2010; Hong et 
al., 2005; Miccio et al., 2010; Rodriguez et al., 2005).

The lack of B-cells in bone marrow of MxCre+;Hdac1D/DHdac2+/D  mice relates 
to a severe reduction of CLPs. Since myeloid precursors were present in normal 
numbers (data not shown) it is conceivable that Hdac1 and Hdac2 play an important 
role in regulating lineage determination in HSCs. Interestingly, mice that express 
hypomorphic DNA methyltransferase 1 (Dnmt1), a binding partner of class I HDACs, 
revealed a similar phenotype as observed in MxCre+;Hdac1D/DHdac2+/D mice. HSCs 
with reduced levels of Dnmt1 could no longer suppress myelo-erythroid regulators, 
thereby blocking lymphoid differentiation, while myeloid differentiation remained 
unaffected (Broske et al., 2009). MxCre+;Hdac1+/DHdac2D/D mice also showed a 
reduced number of progenitor B cells in the bone marrow, while the number of 
CLPs appears normal, suggesting either a differentiation or proliferation defect or 
reduced survival during early B cell development. Indeed, it was demonstrated that 
mice, which lack both Hdac1 and Hdac2 specifically in B cells have a block in early  
B cell development caused by defective proliferation at the pre-B stage (Broske et al., 
2009; Yamaguchi et al., 2010). Alternatively, the reduction in B cell numbers could 
be explained by  deregulation of AIOLOS, PAX5, IKAROS and eFB-1 expression, which 
are transcriptional regulators of the immunoglobulin heavy chain (IgH) locus, shown 
to be regulated by Hdac2 in the chicken B cell line DT40 (Nakayama et al., 2007). 

Surprisingly, conditional deletion of Hdac1 and one allele of Hdac2 specifically in 
the T cell lineage, using Lck-Cre transgenic mice, lead to a pre-leukemic expansion 
of immature CD8 SP thymocytes as early as one week of age. These thymocytes 
seem to accumulate and fail to differentiate into mature T cells as indicated by 
CD24 expression. Ultimately, they transform into aggressive thymic lymphomas 
within 2 months after birth. As lymphomas of LckCre+;Hdac1D/DHdac2+/D mice were 
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of monoclonal origin, we searched for additional transforming genetic events. CGH 
analysis revealed a selective trisomy of chromosome 15 in all tumors, which was 
associated with elevated levels of the c-Myc oncogene. This finding is in accordance 
with previous studies, demonstrating thymic lymphomas that harbor a trisomy of 
chromosome 15 accompanied with upregulation of c-Myc (Wirschubsky et al., 1986; 
Muto et al., 1996; Gaudet et al., 2003; De Keersmaecker et al., 2010). These data 
imply that overexpression of c-Myc promotes lymphomagenesis in LckCre+;Hdac1D/

DHdac2+/D mice.
Metaphase spreads of cell lines derived from LckCre+;Hdac1D/DHdac2+/D lymphomas 

revealed chromosome segregation defects, which likely explain the recurrent 
chromosome 15 trisomy of LckCre+;Hdac1D/DHdac2+/D lymphomas. These finding are in 
good agreement with studies showing that treatment of human and mouse cells with 
the HDAC inhibitor trichostatin A (TSA) resulted in chromosome missegregation due 
to defective chromosome condensation in the pre-anaphase stages leading to poor 
sister chromatid resolution (Taddei et al., 2001; Cimini et al., 2003). This suggests 
that Hdac1 and Hdac2 play a role in maintaining the condensed stage of mitotic 
chromosomes. Alternatively, Hdac1 and Hdac2 could be involved in maintaining the 
hypoacetylated state of the centromeric chromatin, which provides a rationale for the 
observation that Hdac1 and Hdac2 are associated with centromeric chromatin (Craig 
et al., 2003). As it has been shown that deregulation of proteins involved in the 
mitotic checkpoint can also lead to chromosome missegregation and tumorigenesis 
(reviewed in (Kops et al., 2005), it cannot be excluded that Hdac1 and Hdac2 regulate 
the expression of  specific mitotic checkpoint regulators.   

Recently, a role for Hdac1, Hdac2 and Hdac3 in DNA double strand (ds) break 
repair was described (Miller et al., 2010). In fact, liver specific deletion of Hdac3 
causes hepatocellular carcinoma in mice, associated with an increased occurrence 
of ds DNA breaks (Bhaskara et al., 2010; Zain and O’Connor, 2010). Reduction of 
Hdac1 and Hdac2 levels in thymocytes might lead to impaired DNA ds break repair 
during V(D)J recombination. Consequently, this may lead to apoptosis on the one 
hand, but could also induce translocations between the TCR locus and oncogenes on 
the other hand. Ongoing SKY chromosome painting analysis might reveal these and 
other translocations.     

In conclusion, we showed that the level of total Hdac1 and Hdac2 together 
determines the phenotypical outcome in the hematopoietic system of the mouse. 
Single deletion of Hdac1 or Hdac2 results in normal hematopoiesis. A further 
decrease in the levels of Hdac1 and Hdac2 leads to differentiation defects and T cell 
lymphomagenesis, while deletion of both Hdac1 and Hdac2 is incompatible with 
hematopoiesis resulting in massive apoptosis of early hematopoietic progenitors. 

HDACi have a great potential in the treatment of cancer. In fact, Vorinostat and 
Romidepsin have been FDA approved for treatment of patients that suffer from 
cutaneous T cell lymphoma (CTCL) (Zain and O’Connor, 2010). Moreover, in many 
ongoing clinical trials the effect of HDACi either alone or as part of combination 
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therapy, are being tested. Our findings imply that the level of HDAC inhibition in 
cancer therapy should be sufficiently high to induce apoptosis. Maintaining low 
levels of activity harbors a certain risk in promoting lymphoid and probably other 
neoplasias. As a short term inhibition of activity is different as compared to complete 
deletion of individual HDACs one has to be careful in extrapolating our data to the 
clinical situation. Still, our findings provide a cautionary note, especially with respect 
to therapies involving long term application of HDAC inhibitors. Genetic analysis 
and expression profiling have revealed that HDACs play important roles in pathways 
involved in tumorigenesis such as cell proliferation, apoptosis, cell cycle regulation 
and angiogenesis and it will be of interest to determine the precise mechanism of 
tumor suppression by Hdac1 and Hdac2 in future experiments.
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materials and methods

Mice

The generation of MxCre+;Hdac1L/L and MxCre+;Hdac1L/LHdac2L/L mice has been 
described previously (Wilting et al., 2010). MxCre+;Hdac1L/+Hdac2L/L and MxCre+;Hdac1L/

LHdac2L/+ mice were obtained by crossing mice that harbor conditional alleles for 
Hdac1 and Hdac2. To generate B6/Ly5.1/FVB F1 mice B6/Ly5.1 mice were crossed 
with FVB mice. Induction of Cre-mediated deletion of the floxed alleles was triggered 
by intraperitoneal injection of 300 mg poly(I:C) (Sigma), diluted in phosphate buffered 
saline (PBS), every other day (total of 5 injections). Mice were sacrificed after 4-10 
days after the last injection. Mice harboring a T cell specific deletion of Hdac1 and 
Hdac2 were obtained by intercrossing Lck-transgenic mice with mice that harbour 
conditional Hdac1 and Hdac2 alleles. All experiments were approved by a local ethical 
committee and performed according to national guidelines.

Histology

Tissues were fixed in ethanol-acetic acid acid-formal saline for 24 hours and 
subsequently embedded in paraffin. Sections were dried on glass slides at 37° o/n. 
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Paraffin was removed from the slides by incubation at 56° for two hours. For antigen 
retrieval the slides were heated in citrate buffer (pH6), 1 min at 900 W followed by 
5 min at 250 W. endogenous peroxidase activity was blocked for 10 min in a 3% 
H2O2 solution. Slides were then washed, 5 min with destilled water, followed by 
5 min with PBS and then pre-incubated with goat serum (Sanquin) for 30 min (BSA). 
Hereafter the slides were incubated o/n with an antibody against caspase 3 (1:100) 
(Cell signalling technologies). The slides were then washed 3 times with PBS and 
incubated with poly-HRP-anti-Rabbit IgG (Immunologic) for 30 min. The slides were 
washed again with PBS and incubated with DAB substrate chromogen system (Dako). 
The DAB reaction was stopped by washing the slides thoroughly with water. For 
counterstaining we incubated the slides in hematoxylin (Merck). The slides were then 
washed with water, dehydrated and mounted with a xylene-based mount solution 
(Vectashield).

Methylcellulose colony forming cell (CFU) assays

Bone marrow cells were isolated from mice 8 days after the last poly(I:C) injection. To 
grow myeloid colonies 2x104 nucleated cells were cultured with Methocult M3434 
(Stem Cell Technologies). Colonies were scored after 10 days. To grow B cell colonies 
5x104 nucleated bone marrow cells were cultured with   Methocult M3630 (Stem Cell 
Technologies). Colonies were scored after 10 days. All the assays were performed in 
35mm culture dishes (Stem Cell Technologies).

Competitive bone marrow transfer

Donor bone marrow cells were collected from MxCre+;Hdac1L/LHdac2L/L (Ly5.2+) or 
MxCre-;Hdac1L/LHdac2L/L (Ly5.2+) mice and Bl6Ly5.1/FVB (Ly5.1+) mice. The cells 
were mixed in a 1:1 ration and injected into lethally irradiated (2 x 5,5 Gy) Bl6Ly5.1/
FVB (Ly5.1+) recipient mice (n=5). After 8 weeks bone marrow reconstitution 
was analyzed by blood staining with FACS using Ly5.1-Pe (BD Biosciences) and  
Ly5.2-FITC (BD Biosciences) antibodies. Upon successful reconstitution Cre was 
induced by intraperitoneal injection of 300 mg poly(I:C) (Sigma), diluted in phosphate 
buffered saline (PBS), every other day (total of 5 injections). For three months blood 
was monitored with FACS using Ly5.1-Pe and Ly5.2-FITC antibodies. After the 
experiment the mice were euthanized and HSCs and progenitor populations were 
analyzed by FACS.

Flow cytometry

Bone marrow cells were collected from MxCre+;Hdac1D/DHdac2 D/D, MxCre+;Hdac1 

D/+Hdac2 D/D and MxCre+;Hdac1 D/DHdac2 D/+ mice 8 days after the last poly(I:C) 
injection. HSCs and early progenitors were stained as desribed (Akashi et al., 
2000): hematopoietic stem cells (HSCs) as IL7Ra-Lin-Sca1+c-Kit++, common lymphoid 
progenitors (CLP) as Lin-c-Kit+IL7Ra+CD27+. Staining was performed by using 
the following antibodies: IL7Ra-biotin, CD3-biotin, B220-biotin, CD11b-biotin, 
TeR119-biotin and Ly6G-biotin (eBioscience) followed by streptavidin-PerCP-Cy5.5 
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(eBioscience), c-Kit-APC (BD Biosciences), ScaI-PacificBlue (Biolegend), CD27-Pe-
Cy7 (BD Biosciences), IL7Ra-Pe (BD Biosciences). Mature hematopoietic cells were 
stained with the following antibodies: B cells with CD19-APC (BD Biosciences) and 
B220-PacificBlue (BD Biosciences), myeloid cells with Gr1-Pe and CD11b-PerCP-Cy5.5  
(BD Biosciences), erythrocytes with CD71-FITC (BD biosciences) and TeR119-
PacificBlue (BD biosciences), megakaryocytes with CD41-Pe (BD biosciences) and 
T cells with Thy-Pe (BD Biosciences), CD4-PacificBlue (BD Biosciences), CD8-FITC  
(BD Biosciences), CD25-PerCP-Cy5.5 (BD Biosciences), CD44-APC (BD Biosciences) 
and TCRb-APC (BD Biosciences). For intracellular caspase 3 staining we used caspase 
3-FITC (caspase 3 apoptosis kit BD Biosciences). All experiments were performed on 
a multi-color CyAn flow-cytometer (Beckman Coulter’s). Data was analyzed with 
FlowJo software (Treestar). 

Western blot analysis

Protein levels were determined by quantitative western blotting using antibodies 
against Hdac1 (IMG-337) (Imgenex), Hdac2 (SC-7899) (Santa Cruz Biotechnology) 
and g-tubulin (T6557) (Sigma). As secondary antibodies we used IRDye 800CW goat 
anti-rabbit IgG,  IRDye 800CW goat anti-mouse IgG, IRDye 680 goat anti-mouse IgG 
and IRDye 680 Goat anti-Rabbit IgG (Li-cor). Nitrocellulose membranes were stained 
and imaged with the LI-COR Odyssey Infrared Imaging System (biosupport.licor.
com).

Southern blot analysis

Genomic DNA (10mg) of tumor samples was digested with ecoRI overnight at 
37 C. The DNA fragments were separated on a 0,8% agarose gel and transferred 
to a nitrocellulose membrane. The blots were hybridized with a 32P labelled probe 
harboring the Jb2 region of the TCRb locus (Guo et al., 2007).

Comparative genomic hybridization

Genomic DNA was isolated from tumor samples using the Puregene purification kit 
(Qiagen). As a reference we used genomic tail DNA. Tumor DNAs together with their 
reference DNAs were hybridized on Nimblegen mouse 12-plex oligo arrays.  The arrays 
were scanned on an Agilent Scanner (Model G2505B, Serial number US22502518) 
at a resolution of 2 micron double pass at 100%PMT both channels. The data was 
analyzed with Nimblescan software (Nimblegen).

Chromosome spreads

Cells were incubated for 90 min in medium with 0,05 mg/ml colcemid (Gibco). 
Thereafter the cells were washed with PBS and resuspended in 75 mM KCl and 
incubated at 37°C for 10 min. Subsequently the cells were fixed in methanol/acetic 
(3:1) and dropped on microscope slides. These slides were dried and cells were 
mounted with Vectashield/DAPI (Vector Laboratories). 
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abstract 

B lymphocyte development is dictated by the protein products of functionally 
rearranged immunoglobulin (Ig) heavy (H) and light (L) chain genes. Ig rearrangement 
begins in pro-B cells at the IgH locus. If pro-B cells generate a productive allele, 
they assemble a pre-B cell receptor complex, which signals their differentiation into 
pre-B cells and their clonal expansion. Pre-B cell receptor signals are also thought to 
contribute to allelic exclusion by preventing further IgH rearrangements. Here we show 
in two independent mouse models that the accumulation of a stabilized µH mRNA 
that does not encode µH chain protein specifically impairs pro-B cell differentiation 
and reduces the frequency of rearranged IgH genes in a dose-dependent manner. 
Because noncoding IgH mRNA is usually rapidly degraded by the nonsense-mediated 
mRNA decay machinery, we propose that the difference in mRNA stability allows pro-B 
cells to distinguish between productive and nonproductive Ig gene rearrangements 
and that µH mRNA may thus contribute to efficient H chain allelic exclusion.
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introduction

Developing B lymphoid cells generate immunoglobulin (Ig) genes by recombination 
of gene segments (1). This process is initiated in pro-B cells of the bone marrow 
with the assembly of diversity (D) and joining (J) gene segments at both IgH alleles. 
Subsequently, a variable (V) gene segment can be recombined to a pre-existing 
DJ-joint to form a VDJ exon (1). Once a functional VH exon has been generated, a 
heavy (H) chain is produced, which assembles with the surrogate light (L) chain and 
the signal molecules Iga/Igb to form the pre-B cell receptor complex (pre-BCR). The 
pre-BCR provides signals for clonal expansion, survival, and differentiation into pre-B 
cells (2). Of the two IgH alleles, only one contributes to the BCR, a phenomenon 
known as allelic exclusion. This process is thought to be regulated at the level of 
V-to-DJ recombination (3, 4) and ensures that each B cell produces a single clonotypic 
antibody. Monospecificity of a B cell is important, since only a monospecific BCR 
allows efficient generation of self-tolerant B cells during B cell ontogeny, while at 
later stages in B cell development allelic exclusion contributes to efficient antigen-
specific antibody responses. 

B cell ontogeny is characterized by a biphasic induction of the V(D)J recombinase 
(RAG) and a sequential rearrangement of IgH and IgL chain alleles. RAG is turned 
off in B cells expressing a functional, self-tolerant immunoglobulin; while perhaps 
too simplistic, this by and large explains both allelic and isotypic exclusion at the L 
chain loci. Although it is tempting to propose analogous models for allelic exclusion 
of IgH and IgL chain genes, there are, in fact, great differences—not only in temporal 
sequence of gene assembly, but also in strictness of exclusion: While a small 
percentage of B cells does express two different L chains (5), only one in 104 cells 
expresses two H chains (6). 

Various competing theories on the mechanism of IgH chain allelic exclusion have 
been proposed, and they are not necessarily mutually exclusive (7). In a stochastic 
model, allelic exclusion is considered to be a statistical consequence of a low 
frequency of rearrangements encoding functional H chains (8, 9). In its bare-bones 
form, the stochastic hypothesis seems to be disproven for the IgH locus, as pro-B 
cells expressing signaling-defective forms of the pre-BCR have a large proportion 
of µH chain double producers (10). Mice with defective Ig receptor signaling 
support a genetic model in which the pre-BCR complex controls allelic exclusion. 
Firstly, only transgenes encoding the membrane but not the cytoplasmic form of the  
mH chain mediate allelic exclusion (11). Secondly, concomitant deletion of the (pre)
BCR-associated Syk family kinases Syk and ZAP-70 resulted in allelic inclusion (12), 
as did mutations in Iga and Igb (13-15), which either block their association with the 
μH chain or interfere with intracellular signaling cascades. Similarly, allelic inclusion 
occurred at the T cell receptor (TCR)-b locus in mice with disruptions of either the TCR 
adapter protein SLP-76 or the TCR-associated kinase p56lck (16, 17). 

In the genetic regulation model of H chain allelic exclusion, µH chain protein 
(as part of the pre-BCR) inhibits further rearrangements at the IgH locus, so that a 
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second, functional IgH gene cannot be assembled (18). But how is this inhibition 
accomplished? Prior to the rearrangement of a V gene segment, both H chain alleles 
are in a DJ-rearranged configuration (19) and are indistinguishable with regard to 
germ line transcription (20), nuclear localization (21), and locus contraction (22). 
Therefore, V-to-DJ recombination must be either asynchronous to allow enough 
time for H-chain surface expression and pre-BCR signaling, or a productive VDJ 
recombination event must halt recombination until pre-BCR signals have been 
initiated. Because ATM is activated by recombination-induced DNA double strand 
breaks, it is thought to play a role in this process (23). Afterwards, both IgH loci 
are “decontracted” to suppress further V-to-DJ rearrangements, and the partially 
rearranged IgH allele is silenced by pericentromeric relocation, thereby making it 
inaccessible for Rag (21, 22, 24-27). Given that allelic exclusion of the IgH allele is 
quite effective and double producers are less frequent than predicted in most models 
that interfere with H chain signaling, a feedback inhibition of V-to-DJ recombination 
by the pre-BCR alone appears insufficient.

The recent discovery of noncoding RNA as a critical regulator of gene expression 
led us to consider an additional mechanism for H chain allelic exclusion, in which 
the mRNA that encodes a productive µH chain is sensed by the pro-B cell. With 
the intronic IgH enhancer in close proximity to the VH promoter, an immediate 
consequence of any V-to-DJ recombination is a high transcription rate of the 
rearranged locus and the appearance of H transcripts. While transcription rates of 
productively and nonproductively rearranged IgH loci are similar (28), only transcripts 
from a productively rearranged (coding) allele are stable and accumulate. In contrast, 
noncoding (nonsense) mRNA from a nonproductively rearranged allele is rapidly 
degraded by the nonsense-mediated mRNA decay (NMD) mechanism (29-31). Thus, 
stable coding µH mRNA could indicate the presence of a productive IgH allele and 
exclude the rearrangement of the other allele, while unstable µH mRNA encoded by 
a nonproductively rearranged IgH gene would be degraded and have no effect. To 
experimentally uncouple an effect mediated by the mRNA from any signal transmitted 
by its product of translation, the µH chain protein, we utilized an exception in NMD 
activity: When located close to the translation start site, a premature termination 
codon is not recognized by the NMD (32). This exception allowed us to create IgH 
alleles that are transcribed into stable untranslated mH mRNAs and to assay their 
effect on B cell development.

results

Mice expressing nonsense µH mRNA that is not degraded

To determine the effects of a stable µH mRNA on B cell development and/or VDJ 
recombination, we established three mouse lines in which stable µH mRNA production 
is separated from translation into µH chain protein. One line (designated Ter3) 
expresses mRNA from the productively rearranged H chain transgene VH17.2.25, 
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which has been rendered nonproductive by converting codon 3 of the leader exon 
into a translational stop codon (Fig. 1A). In contrast to the premature termination 
codon found in most nonproductive H chain transcripts, the nonsense codon in Ter3 
transcripts triggers only a weak NMD response, resulting in stable and abundant µH 
Ter3 transcripts (32). The Ter3 line presented here has approximately 10 transgene 
copies integrated into a genomic region of chromosome 5 without annotated 
features, and is representative of lines established from three independent founders. 
In addition we used two H chain gene knock-in lines, in which the endogenous 
DQ52JH cluster was replaced by a VHB1-8 VDJ exon that was rendered nonproductive 
by the introduction of a termination codon at position 5 (designated the Ter5 allele, 
Fig. 1B). In one Ter5 line, transcription of the targeted H chain gene is driven by its 

Figure 1
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Figure 1. Construction of mice expressing stabilized noncoding (nonsense) µH mRNA. (A) 
The Ter3 transgene consists of a mutated VH17.2.25 VDJ exon, in which codon +3 in the leader 
has been changed to a stop codon (Ter3), followed by the intronic IgH enhancer (ieµ) and the 
complete genomic Cµ region. (B) Schematic organization of the targeted IgH locus in three 
strains of knock-in mice expressing VHB1-8 µH mRNA either as a sense variant (VHB1-8, top row) 
or as nonsense variants with a translational stop codon at position 5 (Ter5High and Ter5Low, middle 
and bottom rows) under the control of either the endogenous VH promoter (VHP, top and middle 
rows) or a weak truncated DQ52 promoter (DQ52P, bottom row). (C) Ter3 mRNA abundance was 
determined in FACS-sorted pro-B and splenic B cells from Ter3, IgHQM/wt mice that express both 
nonsense VH17.2.25 µH mRNA from the Ter3 transgene and sense VH17.2.25 µH mRNA from 
the knock-in IgH locus of the quasi-monoclonal (QM) mouse. Both H chain transcripts were 
amplified in one reaction by RT-PCR, and their abundances were estimated from the fragment 
intensities after a Ter3 transgene-specific restriction digest (see Figure S1). (D) Quantification 
of VHB1-8 µH mRNA in splenocytes from heterozygous VHB1-8, Ter5High, and Ter5Low mice by 
quantitative TaqMan RT-PCR using primers specific for the VHB1-8 sequence. ND = not detected. 
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physiological H chain promoter, while in the other, transcription is driven by a weak 
truncated DQ52 promoter (33). This results in high (Ter5High mouse) and low (Ter5Low 
mouse) amounts of noncoding H transcripts, respectively (see below).

To determine the abundance of the nonsense VH17.2.25-Ter3 mRNA, we bred 
Ter3 mice to quasi-monoclonal (QM) mice, in which the endogenous DQ52JH cluster is 
replaced with the functional VH17.2.25 exon (34); i.e., QM mice express “Ter3” mRNA 
without a nonsense codon (Fig. S1A). The mice used for our determination thus had 
the genotype Ter3Tg, IgHQM/wt, and they expressed both sense and nonsense VH17.2.25 
µH mRNA. From these mice we FACS-sorted pro-B and splenic B cells and amplified 
both H chain transcripts in one reaction by RT-PCR. Although the promoter and VDJ 
exons are nearly identical, a codon change in the Ter3 transgene created a specific 
restriction site, which enabled us to estimate the respective mRNA abundances from 
the fragment intensities (Fig. S1B). Compared to coding QM mRNA, the amount of 
noncoding Ter3 mRNA in splenic B cells was almost identical (Fig. 1C and Fig. S1B); in 
pro-B cells, for unknown reasons the amount was three times higher. 

For the Ter5 mice, we compared the abundance of µH mRNA in splenocytes from 
heterozygous Ter5High mice, Ter5Low mice, and mice with the same VDJ knock-in allele 
but no premature termination codon. In Ter5Low mice, we detected no transcripts; in 
Ter5High mice, the Ter5 mRNA accumulated up to 60% of the transcripts encoded by 
the sense allele (Fig. 1D). Therefore, the abundance of nonsense µH mRNA in the 
Ter3 and Ter5High mice was by and large within the physiological range of µH mRNA 
that is translated. 

Ter3 and Ter5 µH mRNAs are not translated into µH chain protein

We also confirmed that no truncated µH chain was produced in any of these mice. 
Accordingly, we bred the Ter3 mouse to a Rag2-deficient mouse. In the resulting 
recombination-deficient Ter3 mice, the further differentiation of pro-B cells ought to 
be completely blocked. Indeed, this was the case: just as in the Rag2-deficient mouse, 
none of the (c-kit+, CD19+) pro-B cells produced any intracellular µ chain. In the 
wild-type control mouse, however, almost 40% of all cells stained with a polyclonal 
anti-IgM antibody (Fig. S2A). We also analyzed lysates from bone marrow cells of 
homozygous Ter5Low and Ter5High mice by Western blotting with a polyclonal anti-IgM 
serum. Again, although the wild-type produced large amounts of µH chain, there 
was none present in the Ter5 mice or the Rag-deficient mice (Fig. S2B). Nonsense µH 
mRNA from both Ter3 and Ter5 mice also lack larger out-of-frame ORFs, which could 
result in the accumulation of a stress-inducing polypeptide. 

Because they are neither degraded nor translated, the noncoding Ter3 and Ter5 µH 
mRNAs serve as a valid surrogate of a µH mRNA stabilized by translation; therefore, 
they enable us to study their effect on B cell development in the absence of µH chain 
protein and pre-BCR signals. especially the Ter5High mouse with its physiological IgH 
promoter starts with pro-B cells that closely mimic wild-type pro-B cells that have 
just productively rearranged their IgH locus. The two types of cells differ only in the 
translatability of their in-frame rearrangement. 
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Pro-B cell differentiation is impaired by stable noncoding µH mRNA. 

If the accumulation of a stable µH mRNA interfered with B cell differentiation and/
or VDJ rearrangement, we would expect to find an impaired transition of B lymphoid 
precursors from the µH chain-negative pro-B to the µH chain-positive pre-B cell stage. 
Indeed, the number of c-kit+ pro-B cells was increased, and the number of subsequent 
developmental stages was decreased in Ter3 and Ter5High mice, both relatively and in 
absolute numbers (Fig. 2A,C and Tab. S1). The impairment of early B cell development 
was dose-dependent; i.e., more noncoding mRNA inhibited B cell development to a 
greater degree (Ter3Tg/Tg vs. Ter3Tg). In addition, the frequency of cells with newly 
synthesized intracellular µH chains in the c-kit+ pro-B population was decreased in 
both Ter3Tg and Ter5High mice (Fig. 2B,D), indicating that stable noncoding µH mRNA 
interferes with B cell development before or at the stage of V-to-DJ rearrangement. 
We note that IgH rearrangement in Ter5 mice is restricted to a single IgH allele and, 
therefore, is only half as likely to be productive as rearrangement in wild-type mice. 
This may explain the phenotypic difference between Ter5Low and wild-type mice, but 
it does not account for the pronounced difference between Ter5Low and Ter5High mice. 
The Ter3 allele, on the other hand, was introduced as a conventional transgene; 
in Ter3 mice, both endogenous IgH alleles are thus unchanged and can rearrange. 
Therefore, the differences in pro-B cell differentiation between wild-type, Ter3Tg, and 
Ter3Tg/Tg mice ought to be due to the amount of noncoding µH mRNA transcribed 
from the transgene. 

Cell specificity of stable µH mRNA effect

The question arose as to whether the effect of stable µH mRNA on B cell development 
is nonspecific. However, µH mRNA itself is a transcript unique to B cells; as long as the 
stable µH mRNA contains a regular VDJ exon and is expressed at the same level as in 
wild-type cells, its activity ought to faithfully reflect that of translatable µH mRNA in 
wild-type B cells. Nevertheless, we ruled out some explanations for the impairment 
in pro-B cell differentiation. According to one hypothesis, increased competition for 
ribosomes or transcription factors (like Pax5) in the transgenic mice would reduce 
the expression of µH chain from the productively rearranged endogenous locus and/
or the Pax5 target gene CD19, thereby inhibiting pro-B cell development. However, 
there was no difference in the expression of intracellular µH chain between pro-B cells 
from wild-type, Ter3tg (Fig. 2B, histogram), heterozygous Ter5High (Fig. 2D, histogram), 
or between total bone marrow cells from Ter3Tg and wild-type mice, or from IgHQM/

wt and IgHQM/wt/Ter3Tg mice (Fig. S3A). Nor was there any difference in membrane 
expression of CD19 between pro-B cells from JH

–/– and JH
–/–/Ter3Tg mice (Fig. S3B), in 

which B cell development is arrested at the pro-B cell stage. Therefore, the expression 
of nonsense µH mRNA from a single endogenous locus (Ter5 mouse) or multiple 
transgenes (Ter3 mouse) does not reduce the availability of transcription factors 
involved in the expression of the endogenous IgH and CD19 locus.

In another experiment, we differentiated between the splenic B cell populations 
in Ter3 transgenic mice and found them unaltered, as compared to wild-type. These 
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Figure 2. Noncoding µH mRNA impairs pro-B cell differentiation. (A) Bone marrow cells of 
6-week-old Ter3 mice and wild-type littermates were membrane stained with the indicated 
antibodies, and fluorescence intensities (FI) of cells in the lymphocyte gate were determined 
by flow cytometry. The percentages of cells in the individual gates are indicated. (B) Pro-B cells 
(c-kit+/CD19+) analyzed for intracellular µH chain. Bone marrow cells were membrane stained 
with antibodies against c-kit and CD19, permeabilized, and re-stained with antibodies against 
µH chain. (C, D) Bone marrow cells of 6-week-old wild-type and heterozygous Ter5Low and 
Ter5High mice were stained as described above. Results of an entire litter (A, B) or of multiple 
litters (C, D) are summarized in the diagrams shown to the right; one dot represents one mouse. 

populations included recirculating naive B cells (population a in Fig. 3A), transitional 
type II B cells (population b in Fig. 3A), and marginal zone, immature transitional 
type I, B1 and memory B cells (population c in Fig. 3A). Finally, we looked at T cell 
development, which requires recombination of the TCR-b locus at the pro-T cell stage 
(the double-negative DN III stage). Pre-T cells of Ter3Tg/Tg mice express µH mRNA at 
levels approximately one fifth of that in pre-B cells (Fig. 3B) and two fifths of that in 
Ter3 heterozygous pre-B cells. VDJ recombination at the TCR-b locus occurs in the 
DN III population (pro-T cell stage), and impaired recombination should increase this 
population (35). But this and the other thymic cell populations were unaltered (Fig. 3C).

Frequency of recombined IgH alleles is decreased by stable µH mRNA

As far as we could determine, stable µH mRNA affected only the numbers of pro-B 
and pre-B cells. In pro-B cells, it also reduced the number of µ-expressing cells  
(Fig. 2B,D), presumably because of a reduced frequency of recombined IgH alleles. 
To measure this frequency directly, we isolated DNA from pro-B cells and determined 
the ratio of VDJ rearrangements vs. germ line configuration by quantitative TaqMan 
PCR. The forward primer was specific for the most abundant VH1 (J558) family, and 
the reverse primer was specific for the JH3 segment, which is used in neither the Ter3 
nor the Ter5 transgene. Both homozygous Ter3Tg/Tg and heterozygous Ter5High mice 
had about half as many VH1-DJH3 rearrangements as wild-type and heterozygous 
Ter3Low mice, respectively (Fig. 4A). These results correlate closely with the decreased 
frequency of µH chain-positive cells in the pro-B cell populations of the respective 
mice (Fig. 2B,D).

In a second TaqMan PCR, we assessed the relative frequency of DQ52 elements 
that still contained their upstream recombination signal, i.e., IgH alleles that were 
either in the germ line configuration or had a DQ52JH rearrangement (Fig. 4B). In this 
assay, DNA from heterozygous Ter5High mice gave a threefold stronger signal than 
DNA from heterozygous Ter5Low mice, indicating a higher proportion of pro-B cells 
with either a non-rearranged H allele or an allele with a DQ52-to-JH rearrangement in 
Ter5High mice. Furthermore, the frequency of immature B cells with a VH-replaced QM 
allele was lower in QM mice with a transgenic Ter3 allele than in QM mice without it  
(Fig. S4). These observations support our hypothesis that developmental inhibition 
occurs before or at the stage of V-to-DJ recombination. 
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Figure 3. Ter3 mRNA does not affect later B cell stages and thymic development. (A) Sple-
nocytes from 6-week-old mice membrane stained with the indicated antibodies. Fluorescence 
intensities (FI) of cells in the lymphocyte gate were determined. The percentages of cells in the 
individual gates are indicated. The following populations are marked clockwise by squares in 
the dot plot diagram and explained in the schematic diagram to the right: population a, recircu-
lating naive B cells (IgMdull, IgDhigh); population b, transitional type II B cells (IgMhigh, IgDhigh); and 
population c, IgMhigh, IgDdull cells including marginal zone, immature transitional type I, B1 and 
memory B cells. (B) Ter3 µH chain and HPRT mRNA abundances were measured by quantitative 
RT-PCR in sorted pre-B and pre-T cells from three Ter3Tg/Tg mice. (C) Thymocytes from 6-week-
old mice were membrane stained with the indicated antibodies, and fluorescence intensities 
(FI) of cells in the lymphocyte gate were determined. The percentages of cells in the individual 
gates are indicated. Upper panel: Cells were analyzed for CD4 and CD8 expression. Lower 
panel: The double-negative (DN) population indicated in the upper diagrams was divided into 
stages DN I to IV, based on CD25 and CD44 expression. 

VDJ recombinase is unaffected by stable µH mRNA

To determine whether stable µH mRNA interferes with VDJ recombination by directly 
inhibiting the RAG recombinase, we transduced sorted pro-B cells from the bone 
marrow of homozygous Ter5High and Ter5Low mice with a VDJ recombination plasmid 
that contains an inverted eGFP gene. The eGFP cassette is flanked by recombination 
signal sequences (RSS) and can be activated upon recombination activating gene 
(RAG)-mediated reversion (35). RAG activities in pro-B cells from both wild-type and 
Ter5High mice were similar (Fig. 5). Hence, the accumulation of noncoding µH mRNA 
does not directly affect the VDJ recombinase, a finding consistent with the normal 
development of B cells beyond the pre-B cell stage.
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Figure 4

Figure 4. VDJ recombination frequency is decreased by stable µH mRNA. (A) Quantification 
of VH1DJH3 rearrangements in pro-B cells by TaqMan PCR. Genomic DNA from FACS-sorted 
CD19+/c-kit+ pro-B cells of the indicated genotypes was analyzed using the indicated primers 
and probe. Signals in Ter3Tg/Tg and IgHwt/Ter5High mice were normalized to those in wild-type and 
IgHwt/Ter5Low mice, respectively. (B) Quantification of germ line or DQ52JH-rearranged IgH loci by 
TaqMan PCR. Amplification of the sequence 5' of the DQ52 gene segment is possible only on 
germ line or DQ52JH-rearranged IgH loci; it is deleted by all other D-to-JH rearrangements or a 
VH-to-DQ52 rearrangement. Genomic DNA from sorted CD19+/c-kit+/surface IgM- pro-B cells of 
the indicated mice was analyzed using the indicated primers and probe. Results (mean ± SD) 
are from one of two independent experiments. 
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Figure 5. VDJ recombinase 
activity is unaffected by stable 
µH mRNA. Total bone marrow 
cells from homozygous Ter5Low 
and Ter5High mice were isolated 
and transduced with two viral 
vectors containing an inverted 
eGFP flanked by recombina-
tion signal sequences (RSS). 
The first vector contained two  
compatible RSS, which allows 
inversion and expression of 
the eGFP. The second variant 
contained two incompatible 
RSS and served as negative 
control. Frequency of recom-
bined GFP-positive cells in the 
infected hCD4-positive popula-
tion was measured 48 h after 
infection and is depicted as re-
combination activity index.
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discussion

Currently, allelic exclusion at the IgH locus is explained by a feedback mechanism that 
presumes signaling via the pre-BCR containing the µH chain encoded by a productive 
allele. An analysis of mice with a deletion including the µ membrane exons (µMT 
mice) shows that sequences spanning and flanking the membrane exons are needed 
for IgH allelic exclusion (10). However, from this experiment it is not clear whether 
these sequences are only necessary to generate the µH chain protein, or whether the 
(stable) µH mRNA, or even the untranslated regions of the mRNA, also contribute to 
allelic exclusion. 

In this study, we investigated the potential role of µH mRNA in the remarkable 
strictness of exclusion at the IgH locus. Our data show that a stable µH mRNA impairs 
pro-B cell development in the absence of a µH chain signal. We cannot exclude that a 
non-translatable but stable mRNA other than that encoding µH chain would have the 
same effect. But with the many stable translated mRNAs encoding functional proteins 
already present in a cell, just adding any other one might not be expected to make a 
difference. At any rate, as we did not detect an effect on the development of pre-B 
and immature B cells into mature B cell subsets (Fig. 3A), or on T cell development 
in the thymus (Fig. 3C), the effect would have to be restricted to pro-B cells. One 
could also argue that a well-transcribed IgH allele will sequester transcription 
factors for target genes whose expression levels are critical at an early stage in B cell 
development, like the µH chain and CD19 gene. However, as the expression levels 
of µH chain and CD19 were not affected by the expression of Ter3 and Ter5 mRNA  
(Figs. 2B, 2D, S3), we think that the observed phenotype is not caused by transcription 
factor sequestration. 

Our result rather fit the observations in mice with decreased nonsense-mediated 
mRNA degradation (NMD), which are reported in the accompanying manuscript by 
Frischmeyer-Guerrerio et al. Their study demonstrated a critical role for the NMD in 
T and B lymphocyte development. B cells may thus distinguish between productively 
and nonproductively rearranged IgH alleles at the RNA level, and this distinction may 
help in allelic exclusion. But how can µH mRNA contribute to allelic exclusion? We 
demonstrated the effect of a µH mRNA on B cell differentiation in mice with either 
a conventional IgH transgene (the Ter3 mouse) or a VDJ exon knock-in (the Ter5 
mouse). One explanation for the observed phenotype could be that expression of 
a µH mRNA simply confers a growth disadvantage to pro-B cells. In this case, pro-B 
cells with a productive IgH gene, and thus expressing a stable coding µH mRNA, 
would grow more slowly than cells that have not yet rearranged; but cells without a 
productive VDJ rearrangement do not progress anyway, because they do not receive 
a differentiation signal from a µH chain protein. A cell with two productive VDJ 
rearrangements would grow even more slowly and would be at a disadvantage 
compared to a cell with only one productive VDJ rearrangement. 

Alternatively, we propose a model in which stable µH mRNA has a suppressive 
effect on VDJ recombination, even in the absence of µH chain protein. Because NMD 
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selectively degrades noncoding transcripts from nonproductive IgH alleles, only sense 
µH transcripts accumulate and are capable of inhibiting, directly or indirectly, V-to-DJ 
rearrangements. Because we excluded a direct effect on RAG activity, µH mRNA 
might interfere with the opening and/or the accessibility of the second IgH allele, for 
example, in combination with antisense RNA transcribed during VDJ recombination 
from the IgH locus (20). Alternatively, abundant µH transcripts could act similarly to 
Xist, which mediates X chromosome inactivation (36). In this model, suppression of 
recombination at the other IgH allele is followed by the strong feedback signal from 
the pre-BCR, which would shut it down permanently. Such an adapted feedback 
model of allelic exclusion could bridge the time gap between a productive VDJ 
rearrangement and the initiation of an H-chain-dependent pre-BCR signal. 

In summary, we have identified a specific µH mRNA-dependent process that 
- independent of a µH chain signal - distinguishes between a productive and a 
nonproductive IgH allele and thereby may contribute to the establishment of allelic 
exclusion at the IgH locus. 

materials and methods 

Supplemental online procedures

Standard procedures and methods such as animal handling, flow cytometry, and RNA 
analyses as well as statistical methods are described in supplemental online material. 

Rag activity assay in primary pro-B cells

The viral vectors pMX-RSS-GFP/IReS-hCD4 and pMX-RSS-GFP.23x23/IReS-hCD4 (35) 
(kindly provided by M. Schlissel) were packaged in Plate cells and used to infect 
total bone marrow cells from homozygous Ter5L and Ter5H mice. Frequency of GFP-
positive cells in the hCD4-positive population was measured by flow cytometry 48 
hours after infection and is depicted as recombination activity index.
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supplemental materials and methods

Mice

Ter3 transgenic animals were established using the vector pµTer3 described 
previously(1). Briefly, we changed codon 3 in the leader peptide of the H chain 
expression vector pµGPT to an in-frame TGA stop codon and replaced downstream 
in-frame ATG codons in the VH region sequence by Ala codons to prevent reinitiation 
and translation of a truncated H chain protein. To construct transgenic Ter3 mice, 
a 12.3kb SalI/XhoI fragment bearing the IgH promoter, the Ter3 VH region of 
the hybridoma 17.2.25 and a genomic Cµ region from a Sv129 mouse (H chain  
allotype a) was isolated from pµTer3 and injected into the pronucleus of C57/BL6 
oocytes. Three independent lines (7204, 7302, and 7307) were established by 
backcrossing the corresponding founders to C57/BL6 animals. Here we present 
data of the 7307 line. The insertion sites of the lines 7204 and 7307 were mapped 
by circular PCR to positions chr5: 109.975.633 and chr5:10.473.198, respectively. 
Offspring were screened by PCR for the presence of the Ter3 transgene. Wildtype 
configuration of the allele was detected in with primers flanking the insertion site. 
For 7204 line, we used the primers 5’ of Ter7204 fwd (CAA GAC AAC TCT CGA 
CTA CAT GTG AG) and 3’ of Ter7204 rev (CTG TCC TGA AAC TCA CCT TGT AGA 
CC) and for 7307 line the primers 5’ of Ter7307 fwd2 (AAC ATC AAG TTT CCA AGT 
AGT GGT GG) and 3’ of Ter7307 rev3 (GCT TCT ACT AGA TTC AGT GTA TCT GG). 
Presence of the transgene was detected with the respective forward primer and the 
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primer IgMTer113 rev (CTG TCA AAG CTA CTT GAT GAG GAT GC), which binds to 
a sequence in the transgene. QM(2), VHB1-8(3), Ter5H (pII(4)) and Ter5L (pΔ(4)) mice 
have been described previously. All animal experiments were performed according to 
institutional and national guide lines.

Antibodies

Fluorochrome-conjugated mAbs against CD19 (clone 1D3, PerCP), c-kit (clone ack45, 
Pe), CD25 (clone PC61, Pe), IgMa (clone DS-1, FITC), and IgMb (clone AF6-78, Pe) 
were purchased from BD PharMingen and Cy5-conjugated goat abs against mouse 
µH chain from Southern Biotechnology. The unlabeled monoclonal rat antibody 
against the VH17.2.25 idiotype (clone R2.438.8, kind gift of T. Imanishi-Kari, Tufts 
University, Boston, MA) were detected with a secondary Cy5-conjugated goat-anti-
rat IgG serum (Chemicon).

Flow cytometry

Single cell suspensions were prepared from bone marrow, spleen and thymus of 6- 
to 8-week-old mice. erythrocytes were removed by incubation with 0.15 M NH4Cl, 
20 mM HePeS for 5min at RT, and cells were membrane-stained with respective 
antibodies for 60 min on ice. For intracellular staining, cells were first fixed and 
permeabilized using the Fix and Perm kit (An der Grub Biotechnologies). Stained cells 
were examined in a FACSCalibur (BD Biosciences), and data were analyzed with the 
Cell Quest software (BD Biosciences). Cell sorting was performed on a MoFlo cell 
sorter (DakoCytomation). Only events falling in the viable lymphocyte gate, as judged 
by forward/sideward scattering, are shown in histograms and dot plots.

Quantitative TaqMan PCR (qPCR)

All qPCRs were performed on Applied Biosystems 7300 or 7500 Real-Time PCR 
Systems. The amount of Ter5 mRNA was measured in splenocytes from 
heterozygous VHB1-8, Ter5High (Ter5H) and Ter5Low (Ter5L) mice using 
primers VHB1-8 fwd (GAG CTG TAT CAT CAT CCT CTT CTT G) or Ter5-VHb1-8 fwd 
(GAG CTG ACT CAT CAT CCT CTT CTT G) with VHB1-8 rev (CAG GCT GCT GCA 
GTT GGA) and the fluorescently labeled VHB1-8 probe (6FAM-AGC AAC AGC TAC 
AGG TGT CCA CTC CCA-TAM). To detect VH1-DH3 recombinations, genomic DNA 
from FACS-sorted CD19+/c-kit+ pro-B cells was analyzed using the primers VH1-FR3 
fwd (GAG GAC TCT GCR GTC TAT TWC TGT GC (5)) and JH3 rev (CCC TGA CCC 
AGA CCC ATG T) and the fluorescently labeled JH3 probe (6FAM-TTC AAC CCC TTT 
GTC CCA AAG TT-TAM). The amount of germline or DQ52JH rearranged IgH loci was 
measured on genomic DNA isolated from sorted CD19+/c-kit+/surface IgM- pro-B cells 
using the primers DQ52 fwd (CAA GAG ATG ACT GGC AGA TTG G) and DQ52 rev 
(TCA AAA CCT TGC ACC AGT CAG A) and the fluorescently labeled DQ52 probe 
(6FAM-ATA CCC ATA CTC TGT GGC TAG TGT GAG GTT TAA GCC-TAM). These 
primers amplify a sequence 5’ of the DQ52 gene segment, including its 5’ RSS, which 
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is only present on germline or DQ52JH rearranged IgH loci, because it is deleted in all 
other D-to-JH rearrangements or a VH-to-DQ52 rearrangement. 

Quantification of Ter3 H chain-mRNA amounts

To compare the amounts of Ter3 transcripts to that of endogenously encoded sense 
H chain-transcripts, Ter3 mice were bred to quasi monoclonal (QM) mice carrying 
a copy of the productive wildtype VH17.2.25 VDJ exon (i.e., without a nonsense 
codon) homologously targeted into the IgH locus (2). Thereby, abundances of 
nonsense VH17.2.25-H chain (Ter3) mRNA expressed from the Ter3 transgene and 
sense VH17.2.25-H chain mRNA from the endogenous IgH locus can be compared. 
Total RNA was isolated from sorted c-kit+/CD19+ bone marrow and splenic CD19+/ 
VH17.2.25 idiotype+ B cells from IgHQM/wt, Ter3Tg mice. Sense and nonsense transcripts 
were amplified together by RT-PCR with primers binding to the 5’ UTR of both sense 
VH17.2.25-H chain and Ter3 mRNA (5’UTR of 17.2.25 fwd, CTA CAG ACA CTG AAT 
CTC AAG GTC C) and the Cµ1 region (mCμ1 rev, GAA GGA AAT GGT GCT GGG 
CAG G). The 567bp PCR product was gel purified, digested with FspI, which due to 
the presence of a mutated Ala codon cleaves only the nonsense Ter3 but not sense 
VH17.2.25-H chain PCR product into a 188bp and a 379bp fragment (Fig. S1), and 
re-analyzed on an etBr agarose gel. The relative amount of Ter3 nonsense mRNA 
was determined by dividing the band intensity of the 567bp product in digested 
samples (containing only sense VH17.2.25-H chain mRNAs) by that in undigested 
samples (containing both sense and nonsense VH17.2.25 transcripts). The specificity 
of the digest was controlled with cDNA from Ag8 hybridoma cells transfected with 
expression plasmids encoding either the sense (pµGPT) or nonsense form (pµTer3) of 
VH17.2.25 transcripts.  
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Supplemental Figures and Tables

Supplementary Figure 1 Comparison of the abundance of nonsense H chain transcripts from 
the Ter3 transgene (VH17.2.25 VDJ exon with stop = Ter3) with that of sense H chain transcripts 
from the QM allele (productive VH17.2.25 VDJ targeted into the IgH locus). (a) Genomic 
organization of the wild-type sense and Ter3 nonsense VH17.2.25 VDJ exon in the respective 
transgenes and pµ expression vectors. The conversion of a downstream ATG into an Ala codon 
created a FspI restriction site in the nonsense allele, which distinguishes the two VH17.2.25
exons. PCR primer pairs are indicated by arrows. (b) RT-PCR analysis of VH17.2.25 mRNA in 
Ag8 plasmacytoma cells transfected with the sense pµ and nonsense pµTer3 plasmid and in B 
lymphoid populations isolated from Ter3 transgenic mice heterozygous for the knock-in wild-
type VH17.2.25 VDJ exon (IgHQM/wt, Ter3Tg mice). RNA was isolated from transfected Ag8 cells 
as well as sorted c-kit+ pro-B cells and VH17.2.25 idiotype+ splenic B cells. VH17.2.25 H chain 
mRNA was amplified by RT-PCR with the primers indicated in panel A and purified and 
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supplementary Figure 1.  Comparison of the abundance of nonsense H chain transcripts 
from the Ter3 transgene (VH17.2.25 VDJ exon with stop = Ter3) with that of sense H chain tran-
scripts from the QM allele (productive VH17.2.25 VDJ targeted into the IgH locus). (a) Genomic 
organization of the wild-type sense and Ter3 nonsense VH17.2.25 VDJ exon in the respective 
transgenes and pµ expression vectors. The conversion of a downstream ATG into an Ala codon 
created a FspI restriction site in the nonsense allele, which distinguishes the two VH17.2.25 
exons. PCR primer pairs are indicated by arrows. (b) RT-PCR analysis of VH17.2.25 mRNA in 
Ag8 plasmacytoma cells transfected with the sense pµ and nonsense pµTer3 plasmid and in 
B lymphoid populations isolated from Ter3 transgenic mice heterozygous for the knock-in 
wild-type VH17.2.25 VDJ exon (IgHQM/wt, Ter3Tg mice). RNA was isolated from transfected Ag8 
cells as well as sorted c-kit+ pro-B cells and VH17.2.25 idiotype+ splenic B cells. VH17.2.25 H 
chain mRNA was amplified by RT-PCR with the primers indicated in panel A and purified and 
electrophoretically separated before (-) or after (+) FspI digest. The ethidium bromide-stained 
gel was scanned, and ratios of sense VH17.2.25-H chain to total VH17.2.25-H chain mRNA 
were calculated by dividing the intensities of the bands for the full-length 567-bp product in 
digested samples (containing only indigestible sense VH17.2.25 H chain mRNA) by that from 
undigested samples (containing both wild-type and Ter3 H chain mRNA). Results are from three 
assays, with RNA from two mice (#1 and #2). The analysis revealed a threefold increase in the 
abundance of Ter3 mRNA in c-kit+ pro-B cells and about equal amounts of both Ter3 and sense 
VH17.2.25-H chain transcripts in sorted CD19+/VH17.2.25 idiotype+ splenic B cells.

supplementary table 1. Average cell numbers of B cell populations in the bone marrow 
of 6-week-old Ter3 mice and littermate controls. Data are from a representative litter (mean ± 
SD).

9

8.33 (±1.65)18.98 (-)18.73 (±12.64)µHC+

17.27 (±4.66)36.32 (-)43.85 (±28.27)CD25+

12.66 (±2.36)6.84 (-)5.25 (±3.0)c-kit+
Ter3Tg/TgTer3TgWildtypeCells x105

Supplementary Table 1

Supplementary Table 1 Average cell numbers of B cell populations in the bone marrow of 6-
week-old Ter3 mice and littermate controls. Data are from a representative litter (mean ± SD).
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Supplementary Figure 2. Ter3 and Ter5 µ mRNAs are not translated into H chain protein.
(a) Bone marrow cells of 6-week-old mice were either membrane stained for c-kit and CD19 or 
fixed and stained for intracellular H chain using a polyclonal goat anti-IgM antibody. 
Fluorescence intensities (FI) of cells in the lymphocyte gate were determined. The percentages of 
cells in the individual gates are indicated. FSC, forward scatter; SSC, side scatter. (b) Lysates 
prepared from bone marrow cells of RAG-deficient (Rag-/-), wild-type (wt) and homozygous 
Ter5Low and Ter5High mice were subjected to Western blot analysis using a polyclonal goat anti-
µH chain antibody. Actin signals served as control for the integrity and quantity of loaded 
protein.  

supplementary Figure 2.  Ter3 and Ter5 µ mRNAs are not translated into H chain protein. 
(a) Bone marrow cells of 6-week-old mice were either membrane stained for c-kit and CD19 or 
fixed and stained for intracellular H chain using a polyclonal goat anti-IgM antibody. Fluorescence 
intensities (FI) of cells in the lymphocyte gate were determined. The percentages of cells in the 
individual gates are indicated. FSC, forward scatter; SSC, side scatter. (b) Lysates prepared from 
bone marrow cells of RAG-deficient (Rag-/-), wild-type (wt) and homozygous Ter5Low and Ter5High 
mice were subjected to Western blot analysis using a polyclonal goat anti-µH chain antibody. 
Actin signals served as control for the integrity and quantity of loaded protein.
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supplementary Figure 3.  Ter3 mRNA does not affect expression of IgM and CD19 in 
Ter3 transgenic mice. (A) Bone marrow cells from 6-week-old mice of the indicated genotypes 
stained for intracellular H chain. (B) Bone marrow cells from JH-deficient mice membrane 
stained for CD19.
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the productive knock-in VH17.2.25-H chain gene (QM allele) can be modified by VH
replacement. As a result, B cells in heterozygous IgHQM/wt mice can express any of three types of 
H chains: (I) the unchanged VH17.2.25-H chain with VH17.2.25 idiotype (Id+) and IgMa allotype, 
(II) an H chain with a productively replaced VH domain (Id-) and IgMa allotype, or (III) an H 
chain with IgMb allotype encoded by a productively rearranged wild-type (wt) allele in cells with 
a nonproductive replacement (VDJ-). (B) The effect of the Ter3 transgene on the frequency of VH
replacement was determined in the bone marrow of 6-week-old mice by flow cytometry in two 
ways. In the upper panel, the frequency of VH17.2.25-Id+ cells expressing the unchanged QM 
allele was determined within the IgMa-positive population. The lower panel shows the analysis of 
IgMa-positive cells expressing the QM allele and IgMb-positive cells expressing a productively 
rearranged wild-type allele. Expression of the Ter3 transgene reduced the frequencies of both 
idiotype-negative cells in the IgMa-positive B cell population and IgMb-positive cells in the total 
B cell population. These data suggest a suppressive effect of Ter3 mRNA on VDJ recombination. 
Results for the entire litter are presented in the diagrams to the right; one dot represents one 
mouse. 

supplementary Figure 4.  Ter3 transcripts interfere with VH replacement. (A) The VH 
exon of the productive knock-in VH17.2.25-H chain gene (QM allele) can be modified by VH 
replacement. As a result, B cells in heterozygous IgHQM/wt mice can express any of three types of 
H chains: (I) the unchanged VH17.2.25-H chain with VH17.2.25 idiotype (Id+) and IgMa allotype, 
(II) an H chain with a productively replaced VH domain (Id-) and IgMa allotype, or (III) an H chain 
with IgMb allotype encoded by a productively rearranged wild-type (wt) allele in cells with a 
nonproductive replacement (VDJ-). (B) The effect of the Ter3 transgene on the frequency of VH 
replacement was determined in the bone marrow of 6-week-old mice by flow cytometry in two 
ways. In the upper panel, the frequency of VH17.2.25-Id+ cells expressing the unchanged QM 
allele was determined within the IgMa-positive population. The lower panel shows the analysis 
of IgMa-positive cells expressing the QM allele and IgMb-positive cells expressing a productively 
rearranged wild-type allele. expression of the Ter3 transgene reduced the frequencies of both 
idiotype-negative cells in the IgMa-positive B cell population and IgMb-positive cells in the total 
B cell population. These data suggest a suppressive effect of Ter3 mRNA on VDJ recombination. 
Results for the entire litter are presented in the diagrams to the right; one dot represents one 
mouse.
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summary

To improve adaptive immunity, the activation induced cytidine deaminase (AID) 
initiates somatic hypermutation (SHM) and class switch recombination (CSR) in 
immunoglobulin (Ig) genes. As shown by selective mutation analysis, non-Ig genes 
are targeted by AID, although the genome-wide impact of aberrant targeting remains 
to be determined. The aim of this study was to establish an unbiased, genome-wide 
approach to reveal AID binding sites and identify molecular parameters controlling 
the targeting of AID. To accomplish these goals, we here applied the DamID technique 
for AID in a hypermutation-competent Burkitt lymphoma cell line. If operational, 
AID is expected to bind preferentially transcribed genes. Indeed, AID had a strong 
preference to bind actively transcribed genes, validating the DamID approach.  
The AID targets were scattered throughout the genome. Moreover, AID binding is 
favored in regions enriched in their G/C content and enriched for G-stretches in the 
coding strand. Furthermore, AID does not exhibit an intrinsic preference for binding 
to RGYW motifs, suggesting that these hot spots of SHM are deamination rather 
than binding hot spots of AID. 
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introduction

To generate high affinity antibodies, germinal center (GC) B cells initiate a highly 
efficient mutation process that introduces single nucleotide substitutions into the 
variable region of immunoglobulin (Ig) genes. This process of somatic hypermutation 
(SHM) occurs at an extraordinary rate of about 10-3 base pairs per generation, a 
million-fold higher as compared to spontaneous mutations [1]. Furthermore, to adapt 
novel Ig effector functions, B cells of the GC are triggered to undergo class switch 
recombination (CSR). During CSR the constant Igm/d region is replaced by one of the 
other downstream constant regions, resulting in an isotype switch from IgM/IgD to 
IgG, Ige, or IgA [2]. The initiation of both SHM and CSR require AID. In mature B cells 
AID is differentially expressed in centroblasts of the GC [3-5]. AID deaminates cytosine 
(C) into uracil (U) within Ig variable and switch regions, respectively. During SHM, 
mutagenic processing at and around the initial U lesions leads to point mutations 
in the Ig variable regions. During CSR, adjacent U’s on opposite strands of an Ig 
switch region appear necessary to generate staggered DSB. When two DSBs occur in 
independent switch regions the intervening strand is deleted and subsequently the 
two ends are joined by a process that involves non-homologous end joining (NHeJ).

How specific AID is directed to Ig genes is central to the understanding of AID 
biology. As demonstrated in mouse models, SHM and CSR require active transcription 
of variable and switch regions, respectively [6-8]. Moreover in a SHM competent cell 
line, the mutation rate is proportional to the rate of transcription [9]. The correlation 
between transcription and Ig gene remodelling likely reflects the restrictive single 
strand DNA (ssDNA) binding activity of AID. In fact, AID binds and deaminates 
selectively ssDNA [10-13]. The binding of AID to ssDNA is facilitated by its interaction 
with replication protein A (RPA), a protein that forms DNA/protein filaments to 
stabilize ssDNA [14]. 

At the DNA level SHM has a preference for the RGYW/WRCY motif (R is a purine 
base A or G, Y a pyrimidine base C or T, and W weak hydrogen bond A or T) [15;16]. 
In addition, insertion of e2A (CAGGTG) binding motifs in the variable region of the 
Ig heavy chain (Igh) enhances SHM without altering transcription, suggesting a role 
for e2A in the recruitment of AID [17]. In addition other known targets of SHM like 
BCL6, IGA and IGB, harbor e2A binding motifs within 2kb of the promoter proximal 
transcribed regions [18]. Furthermore, G/C rich sequences which can stabilize and 
expose ssDNA structures favor AID binding [19]. We hypothesize that these and other 
yet unknown parameters synergize in targeting AID preferentially to Ig loci. However, 
their generic nature implies that aberrant targeting takes place.  

CSR and SHM generate DNA strand breaks and point mutations, potentially 
dangerous lesions, which predispose GC B cells to oncogenic transformation  
[20-22]. Indeed, these lesions induced by AID coincide with the sites of chromosomal 
translocations and point mutations. Translocations between oncogenes and the IGH 
are cytogenetic hallmarks of defined classes of B cell non-Hodgkin’s lymphoma. 
For example, translocations between MYC and IGH switch regions [t(8;14)] are 
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associated invariably with the sporadic form of Burkitt lymphoma, BCL6 t[(3;14)] 
and less frequent BCL2 t[(14;18)] with diffuse large B cell lymphoma (DLBCL), 
fibroblast growth factor receptor 3 (cyclinD3) t[(4;14)], c-MAF t[(14;16)] and MUM1/
IRF4 t[(6;14)] with Multiple Myeloma, and PAX5 t[(9;14)] with lymphoplasmacytic 
lymphoma [23]. In line with these observations, two independent studies directly 
demonstrated a critical role of AID in the generation of t(8;14) translocations [24;25]. 
Apart from these specific translocations, the malignant transformation of B cells 
requires additional genetic alterations, some of those might relate to aberrant SHM. 
There is strong evidence that SHM and aberrant targeting of AID occurs in (onco)-
genes, like BCL6, FAS, IGA, IGB, RHOH, PIM1, PAX5, MYC and others [26-30]. In 
addition, employing SHM reporter genes two independent studies demonstrated, 
that AID triggers mutagenesis of predefined SHM substrates at random insertion 
sites in the genome [31;32]. Further evidence for the mutagenic potential and 
aberrant targeting of AID has been provided recently for myeloid cells. During the  
B lymphoid blast crisis of chronic myeloid leukemia (CML) AID confers drug resistance 
by mutating the BCR-ABL1 fusion [33]. Of note, aberrant targeting of AID does not 
always implicate mutagenesis, as uracils generated by AID are efficiently prohibited 
by base excision repair (BeR) or mismatch repair (MMR) [34]. These studies raise two 
central questions: 1. How specific is the targeting of AID within the genome? 2. What 
is the contribution of AID regarding the initiation and progression of GC derived 
lymphomas?

To understand the contribution of AID in lymphoma development it is of great 
importance to identify novel target sites of AID within the human genome. In addition, 
the identification of multiple binding sites of AID can be used to gain insights into 
the targeting preference of AID and help discriminating mutation hot spots from 
cold spots. To accomplish these goals, we here established the DamID technique for 
AID in a hypermutation-competent Burkitt lymphoma cell line [35;36]. Consistent 
with the cytosine-deaminase activity and ssDNA-binding activity of AID, the vast 
majority of these targets are highly transcribed and enriched for G/C base pairs and 
G runs. Future perspectives of the DamID technology regarding the identification 
of oncogenic mutations contributing to the development of B cell lymphoma are 
discussed.

results 

Experimental approach: The DamID technology

To define the targeting specificity of AID and identify molecular parameters that 
determine the binding of AID within the human genome, we established the DamID 
technique for B cells (figure S1). DamID allows in vivo identification of binding 
regions of chromatin proteins within complex genomes of higher eukaryotes [36;37].  
The technique is based on the creation of a fusion protein consisting of E. coli 
DNA adenine methyltransferase (Dam) and the chromatin protein of interest. The 
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prokaryotic Dam methylates specifically adenines in GATC sequences. endogenous 
methylation of adenines is absent in higher eukaryotes. During an incubation of three 
days, Dam is targeted passively to the native binding sites of the chromatin protein, 
resulting in local methylation of adenine residues (GAmTC). Hence, a transient binding 
of a chromatin protein can be marked by a stable methylation tag. After isolation, 
the genomic DNA is digested with methyl-sensitive DpnI and subsequently adaptors 
are ligated to the DNA fragments. To increase the specificity of DamID, the genomic 
DNA fragments are further digested by DpnII. DpnI specific fragments are amplified 
by ligation-mediated PCR and labeled fluorescently. To distinguish AID- from 
Dam-mediated binding, a Dam transduced culture is processed in parallel, labeled 
differentially, and used for a competitive hybridization of a microarray.

Functional validation of the Dam-AID fusion

To establish a genome wide binding profile of AID, lentiviral based expression constructs 
for Dam-AID and Dam were generated (figure 1A). The constructs were checked by 
sequencing and Western blotting. As a model system for the DamID screen we chose 
the human Burkitt lymphoma line Ramos, a GC derived, hypermutation competent  
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Figure 1. Validation of the Dam-AID fusion. (A) Schematic representation of the Dam-AID, 
CBX1-Dam and Dam construct used in this study. These constructs include a V5-tag, which can 
be used for detection. (B) PCR amplified GAmTC fragments were separated on a 1% agarose 
gel and stained with etBr. The amplified PCR fragments, ranging from 0.2-2 kb, were obtained 
from Ramos cells expressing Dam, Dam-AID or CBX1-Dam. The negative controls (no DpnI, 
no ligase or non-transfected Ramos cells) show no PCR amplification. (C) 3T3-NTZ indicator 
cells were infected with empty vector (Mock), AID or Dam-AID. Twelve days after infection the 
frequency of GFP expressing revertants was measured by flow cytometry. Numbers within the 
dot plots indicate percentages. The histogram shows independent experiments normalized to 
values obtained from wild type AID controls.
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B cell line [38]. First, the fusion was tested for its DNA-methylation activity. Therefore, 
the amplification of DpnI fragments between Ramos cells transduced with Dam-AID 
and Dam was analyzed by agarose gel electrophoresis. As indicated in figure 1B, both 
Dam-AID and Dam are efficient in generating methyl-sensitive DpnI fragments. This 
proofs that the Dam-AID fusion is functional regarding its DNA methyl-transferase 
activity. To demonstrate that the fusion can induce SHM we used the 3T3-NTZ 
indicator cell line, which harbors an actively transcribed, mutant GFP sequence. This 
GFP sequence contains a premature stop codon (TAG) within a RGYW motif, an 
intrinsic hot spot of SHM (here: AGTA in TAG TAT). Retroviral transduction of AID 
in 3T3-NTZ restores the open reading frame and hence GFP expression. To compare 
the activity of Dam-AID versus wild type AID we analyzed the frequency of 3T3-NTZ 
expressing GFP. As shown in figure 1C, both AID and Dam-AID initiated SHM, 
although the frequency of GFP positive cells was 10-fold decreased as compared to 
wild type AID. Dam is fused to the N-terminal portion of AID and N-terminal fusions 
of AID can block the nuclear import [39]. Hence, a reduced nuclear import of the 
fusion likely explains the decrease in reversion frequency. However it is unlikely that 
this impairment affects the sensitivity of the DamID screen, as the DamID technique 
requires low-level expression to maximize specific methylation. In conclusion, the 
Dam-AID fusion is methylation and deamination competent, verifying its application 
for DamID screenings.

Genome-wide binding of AID 

Ramos cells were transduced with recombinant lentivirus expressing Dam-AID or the 
fusion partner Dam only. Of note, to avoid high levels of background methylation and 
exclude mistargeting caused by over-expression, Dam and Dam-AID are expressed 
under the control of a truncated, minimal heat shock promoter, resulting in expression 
levels which are undetectable by Western blotting. Furthermore, under these conditions 
DamAID is likely to dimerize with endogenous AID. As expected, methylation specific 
DNA fragments were amplified efficiently in the Dam-AID sample and the Dam 
sample (figure 1C). In this initial study, AID specific targeted Dam methylation was 
analyzed on a relatively simple microarray format, the Operon Human Genome Oligo 
Set Version 3.0 containing 34,580 probes within the transcribed region, representing 
24,650 genes. All oligos are 70-mer sequences. To generate a genome wide binding 
profile of AID we combined the data of three independent experiments. In addition, 
dye-swaps were included for each experiment to exclude potential artifacts related to 
fragment-labeling and hybridization. The combined ratio/intensity (M/A) plot of the 
three independent biological replicates and their dye swaps indicated a group of 349 
highly significant AID binding sites (figure 2A and Table S1). These target sites were 
distributed throughout the genome, suggesting that aberrant targeting of AID occurs 
throughout the genome. Their specificity was further validated by a Dam versus Dam 
hybridization, including a dye swap. The M/A plots of this ‘self-self’ control lacked 
significant targets, proving that our methods for fragment-labeling and hybridization 
are robust (figure 2B).
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To address whether the group of 349 AID target sites share common aspects 
regarding the cellular composition, biological processes or molecular functions, we 
used gene ontology (GO) software. This analysis failed to reveal common features 
between these target genes. 

Differential Targeting of AID and CBX1 in B cells 

To further test the specificity of AID targets, we directly compared the chromatin 
binding profile of AID to the heterochromatin protein CBX1. CBX1 is a heterochromatin 
protein that binds preferentially to genes encoding KRAB domain containing zinc 
finger (KRAB-ZNF) transcriptional repressors in human and mouse cell lines [40]. 
Based on size, CBX1 (185 residues) is similar to AID (198 residues), but based on 
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Figure 2. Differential targeting of AID and CBX1 in the human genome. (A) DamID binding 
profile of AID in Ramos cells. The data from three independent experiments were combined. 
After normalization, the binary logarithmic ratio of the fluorescent signals (y-axis) was plotted 
against the fluorescence intensity (x-axis). AID binding sites are shown in red (pcut-off=10-6). 
Horizontal, dotted lines represent a two and a three-fold enrichment. (B) ‘Self-self’ hybridiza-
tion of Dam fragments. After normalization, the binary logarithmic ratio of the fluorescent 
signals (y-axis) was plotted against the fluorescence intensity (x-axis). This ‘self-self’ hybridiza-
tion did not reveal specific signals (pcut-off=10-2). (C) DamID binding profile of the heterochro-
matin protein CBX1 in Ramos cells. After normalization, the ratio of the fluorescent signals 
(y-axis) was plotted against the fluorescence intensity (x-axis). Significant targets (pcut-off=10-2) 
are shown in red. Horizontal, dotted lines represent a two- and three-fold enrichment. (D) 
Bivariate scatter plot showing the binary logarithmic ratio of the fluorescent signals from the 
AID and CBX1 screens. The Pearson correlation coefficient is indicated (r).
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structure and function these proteins are unrelated. To allow a direct comparison 
between DamID screens of AID and CBX1 the CBX1-Dam fusion and Dam were 
expressed in Ramos cells. The M/A plot of the CBX1 screen is shown in figure 2C. 
In contrast to AID but consistent with previous findings, CBX1 preferentially targets 
genes encoding transcriptional repressor proteins containing a KRAB-ZNF (data not 
shown). The scatter plot of the AID and CBX1 binding profiles revealed no correlation 
(figure 2D), providing further evidence for the specificity of the DamID approach and 
the AID binding profile.

Preferential targeting of AID to transcriptional active genes

It is known that AID favors to mutate highly transcribed genes, a feature that relates 
to the preference of AID in binding ssDNA [41-48]. To further validate the DamID 
approach, we determined whether transcription promotes aberrant targeting of AID 
within the genome. The relative transcript levels of reverse transcribed Ramos mRNA 
species were determined by splitting the cDNA pool into half, labeling each half 
differentially with Cy3 and Cy5 and using the mixture to hybridize to the human 
oligo expression array (data not shown). In this ‘self-self’ hybridization the fluorescent 
intensity of each array spot is an approximate measure for the mRNA expression 
level. In figure 3A, the relative transcript levels of the Dam-AID targets (see figure 
2A, red dots) are compared to the transcript levels of the non-targets (see figure 2A, 
black dots). A highly significant shift of the target curve was found (PWilcox= 6.2e-14), 
indicating that AID target sites locate preferably within transcriptional active regions 
(compare the red- with the black curve). For comparison, our CBX1 screen in Ramos 
cells reveals that CBX1 binding is not favored by transcription (figure 3B), which is 
in line with observations made previously [49]. In conclusion, the DamID approach 
provides unbiased evidence for transcription as a critical factor in determining binding 
of AID within the genome. The bimodal curve suggests that besides transcription 
additional parameters favor AID binding.

Preferential targeting of AID to G/C rich sequences 

G-rich DNA can stabilize the non-template strand during transcription by the 
formation of R-loops [50]. Interestingly, proto-oncogene instability in AID positive 
B cell lymphoma appears to be favored in DNA enriched for guanosine (G) [51]. 
Therefore we here analyzed the G/C content of AID targets. Again, given the size 
range of DpnI sensitive fragments from 0.2-2 kb, we performed our analysis using a 
2 kb window around the corresponding oligo present on the microarray. This analysis 
revealed a highly significant increase of G/C base pairs within the AID binding sites 
(P=8.1e-14) (figure 4A). To determine whether the increased G/C content resides 
within the proximity of AID-binding or a larger region we extended the analysis 
gradually from two to ten kb. This analysis revealed that the G/C content diminishes 
when extending the distance from the binding site (for example: P=8.0e-6 for a 10kb 
window). Apparently, targeting of AID correlates with the G/C content of the binding 
site. G rich DNA is able to form R-loops [52;53]. A prerequisite for the formation 
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of G-loops are G-runs in the coding strand, i.e. short stretches of G nucleotides. 
These G-loops promote the formation and stabilization of single stranded DNA. To 
address whether G-runs favor AID binding, we compared the frequency of GGG (data 
not shown; but similar to 4B) and GGGG stretches (figure 4B) in a window of 2-10 
kb around the Dam-AID binding sites. The frequency of G stretches peaks within a 
window of 2 kb around the Dam-AID binding site and diminishes when increasing 
the window to 10 kb (figure 4B). In summary, this unbiased analysis indicates that 
AID binding favors regions enriched in their G/C content and G-runs, two molecular 
features known to generate R-loops and hence stabilize ssDNA.

No enrichment of E2A motifs in AID binding sites

Using a transgenic setting, insertion of e2A binding motifs (CAGGTG) in the V region 
enhances the frequency of SHM about four-fold without altering the transcription 
level of the Ig locus [54]. This motif is present in all Ig enhancers; in addition other 
known targets of SHM like BCL6, IGA and IGA harbor e2A motifs within their 
promoters, enhancers and within 2kb of the promoter proximal transcribed regions 
[55]. In addition, given the size range of DpnI sensitive fragments from 0.2-2 kb, 
we compared the frequencies of e2A motifs within a 2 kb window around the AID-
target and non-target sites. Overall, the frequency of e2A binding sites were similar 
between target and non-target sites (P=0.35; figure 5A), suggesting that in general 
the presence of an e2A motif is not a prerequisite for AID targeting. 

AID binding is not ruled by RGYW/WRCY motifs

Prior to the identification of AID, the RGYW/WRCY motif was identified as an intrinsic 
hot spot of SHM [56]. To distinguish if these hot spots are preferred sites of AID-
binding or deamination, we here determined the frequency of defined RGYW motifs 
within a 2 kb window around AID-target and non-target sites (figure 5B). Only two 
(GGCT and GGCA) out of eight motifs were found to be enriched within AID binding 
regions. This preference likely relates to the overall preference of AID to bind G/C rich 
regions. This interpretation is further supported by the fact that two alternative RGYW 
motifs enriched for A/T (AGTA and AGTT) disfavor the binding of AID. Overall, AID 
binding does not favor RGYW motifs. The same observations were made for WRCY, 
the reverse complement of the RGYW motif (figure S2). These data suggest that the 
RGYW/WRCY motif is a preferred deamination rather than binding motif of AID. 

discussion

Given the mutagenic potential and catalytic nature of AID, its regulation is of special 
interest. One important aspect of AID regulation relates to the overall targeting 
specificity of this mutator protein within the genome. In this regard, a genome wide 
DNA binding profile of AID is particularly interesting as it allows to access the overall 
mutagenic potential, reveal mutation hot spots and eventually oncogenic targets. In 
addition, the identification of multiple, independent AID target sites might provide 
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Figure 5. e2A and RGYW motifs are not enriched within AID binding sites. (A) Density plot 
comparing the frequency of e2A motifs in AID target sites (red dots figure 2A) to the frequency 
in non-target sites (black dots in figure 2A). The frequency of targets (y-axis) was plotted against 
the frequency of e2A motifs (x-axis). The analysis was restricted to a 2 kb window surrounding 
the corresponding oligo of the AID binding and non-binding sites. The PWilcox value is indicated 
in the upper right corner. (B) Density plots comparing the frequency of defined RGYW motifs 
in AID target sites (red dots figure 2A) to the frequency in non-target sites (black dots in figure 
2A). The frequency of targets (y-axis) was plotted against the frequency of defined RGYW 
motifs as indicated (x-axis). The analysis was restricted to a 2 kb window surrounding the  
corresponding oligo of the AID binding and non-binding sites. The PWilcox values are indicated 
in the upper right corners.

intrinsic molecular parameters that (dis)favor the binding of AID within the genome. 
To accomplish these goals we chose to set up the DamID technique. We reasoned 
that a long lasting Dam-specific methylation mark might be pivotal to reveal potential 
transient AID/DNA interactions within the genome. As primary B cells of the GC 
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cannot be maintained and modified easily in vitro, we chose for the Burkitt lymphoma 
Ramos, a GC derived, hypermutation competent B cell line [57]. Validation of the 
Dam-AID construct revealed that this fusion is methylation-competent. Moreover, 
despite the presence of a 32 kD Dam portion, the Dam-AID fusion is still capable of 
reverting a premature stop-codon located within a RGYW hotspot of a transcribed GFP 
reporter in SHM-incompetent 3T3 NZT cells. Given the fact, that N-terminal fusions 
can block the nuclear import [58], the reduced reversion frequency of the Dam-AID 
fusion likely relates to a compromised nuclear import. As the DamID technique is 
based on low-level expression to maximize specific methylation, an impaired import 
is unlikely to influence the sensitivity of this screen. In conclusion, the Dam-AID fusion 
is methylation- and deamination-competent, verifying its application for DamID 
screenings.

The binding profile of AID revealed a group of 349 binding sites, whose 
chromosomal location is scattered throughout the genome. Apparently, aberrant 
targeting of AID occurs throughout the genome. These findings extend on previous 
reports demonstrating, that predefined SHM reporter genes can mutate at random 
insertion sites within the genome [59;60]. In addition, by sequencing 2 kb proximal 
to the promoter, a recent study by Liu et al. clearly indicated that 31 of 118 most 
highly expressed genes in GC B cells are targeted by AID and mutate in an AID 
dependent manner. Apparently, the specificity of SHM is not established at the level 
of AID binding (this study) and not at the level of deamination [61], but probably at 
the level of DNA repair. Of note, as our study makes use of an oligo array, the Operon 
Human Genome Oligo Set Version 3.0 that matches the 3’ ends of coding regions 
limits direct comparisons to published data, which are biased towards the 5’ regions 
of transcribed genes. 

The identification of a large set of putative AID target- and non-target sites 
allowed us to determine intrinsic parameters that favor AID binding to these specific 
regions in the genome. Using this unbiased approach, we clearly demonstrated that 
AID binding strongly correlates with high transcript levels. As noted previously, this 
correlation between transcription and Ig gene remodeling is likely to reflect the 
restrictive ssDNA binding activity of AID. In fact, AID binds and deaminates selectively 
ssDNA in vitro [62-65], and aberrant targeting of AID to non-Ig genes is to some 
extent determined by transcription [66]. By using the DamID approach we confirm 
transcription as a critical parameter in determining AID targeting. 

To identify additional parameters contributing to the selective targeting of AID, 
we compared the primary DNA sequence surrounding AID target and non-target 
sites. Our data demonstrate that AID favors G/C- and disfavors A/T-rich sequences. To 
further investigate the potential of G-loop formation we here examined the frequency 
of G-runs in the vicinity of the AID binding site. G-runs were enriched in the proximity 
of AID binding sites. These findings support previous studies showing that during 
transcription of G rich coding strands secondary DNA structures are formed, known 
as R-loops, which stabilize ssDNA. Our findings strongly suggest that AID targeting 
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prefers regions enriched in their G/C content and G-runs. These molecular features 
likely relate to their intrinsic capacity in stabilizing ssDNA structures in transcribed or 
replicating DNA. 

Previously it was shown that the presence of two additional e2A motifs within 
the V region enhanced SHM in an Ig transgenic setting [67]. Moreover, a recent 
study demonstrated that e2A motifs when present in a 2 kb window downstream of 
the transcription initiation site favor SHM [68]. In contrast to these observations our 
data did not show a significant enrichment of e2A motifs in the AID target sites. This 
discrepancy might be explained by the fact that our study reveals AID binding sites, 
while the other two were based on mutation analysis. Of note, while the analysis by 
Liu et al. was restricted to the first 2 kb downstream of the transcription start site our 
data set largely relate to the 3’ end of expressed genes. 

In vivo and in vitro studies have demonstrated that AID favors to deaminate 
cytosine residues within RGYW/WRCY motifs [69;70]. Therefore, we here compared 
the frequency of these motifs in the vicinity of AID binding sites to non-binding 
regions. AID binding sites are not enriched for RGYW/WRCY motifs. This observation 
implies that AID binding is not governed by the presence or absence of RGYW/WRCY 
motifs. Rather, these data support a model in which AID - at least in vivo - acts 
processively when sliding along the ssDNA substrate. During this sliding process 
specific secondary structures may expose cytosines within RGYW/WRCY motifs 
that favor AID-mediated deamination indirectly. Apparently, RGYW/WRCY motifs 
do not facilitate AID binding; rather these motifs represent preferred sites of AID 
deamination.

This primary study on a low-resolution micro-array platform provides interesting 
insights into the targeting specificity and binding preference of AID. Future studies will 
have to include high resolution, genome-wide tiling arrays. These microarrays should 
provide binding profiles, which will allow us to identify AID-binding domains rather 
than sites. Furthermore, these binding domains might reveal additional insights into 
molecular parameters determining AID binding. In this context, we can also test AID’s 
preference to bind methylated CpG islands, as suggested by the recent publication by 
Bhutani et al [71]. Given the protective nature of BeR and MMR in counteracting AID 
induced DNA lesions the identification of mutated aberrant AID target sites requires a 
very sensitive sequencing approach. At present we are establishing deep sequencing 
using the Illumina genome analyzer to reveal mutation hotspots of AID in the human 
genome. High throughput sequencing of AID-binding domains in memory B cells and 
GC-derived tumors will facilitate the identification of mutation-hot spots, cold spots 
and potentially oncogenic targets causal to the development of GC and post-GC B 
cell lymphomas.
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materials & methods

Dam-fusion constructs

Lentiviral Dam-fusion transfer constructs were based on the pL-HSP-EcoDam vector, 
as described [36]. Maps and sequences can be found at http://research.nki.nl/
vansteensellab. For the Dam-AID fusion, the full length human AID cDNA was cloned 
downstream of Dam of the pL-HSP-EcoDam vector, generating the pL-HSP-EcoDam-
V5-hAID vector. Cloning of the Dam-AID fusion construct was verified by sequencing.

Cell culture, lentiviral production and infection

Burkitt lymphoma (Ramos) and human embryonic kidney cells (HeK 293T) were 
maintained in IMDM (Gibco) supplemented with 8% FCS and antibiotics. 3T3-NTZ 
indicator cells were cultured in DMeM supplemented with 8% FCS and antibiotics. 
For production of lentivirus 293T cells were transfected using 8 ml Fugene (Roche), 
1.5 mg transfervector pL-Dam or pL-Dam-AID or pL-CBX-Dam, 1 mg of VSVg envelope 
vector pMD.G, 1 mg of RSV-rev and 1 mg of packaging vector pCMVDR8.2 (29). Viral 
supernatants were harvested 48 hours and 72 hours post-transfection and filtered. 
Subsequently the virus was concentrated 50 fold by ultra-centrifugation using the 
SW28 rotor at 72.000g. Ramos cells were infected by spinoculation for 120 min. at 
2000g. 

GFP Reversion assay

Retroviruses were produced by transfecting F-eco cells with either 1 mg pBabe-puro 
empty vector, 1 mg pBabe-AID-puro or 1 mg pBabe-DamAID-puro. Supernatants were 
filtered and collected after 72 hours. Virus supernatants were used immediately to 
infect 3T3-NTZ indicator cells. These cells were cultured in the absence of tetracycline 
and selected by puromycin starting one day after infection. GFP expression was 
measured by FACS on day 12 after infection.

DamID, microarrays and analyzes

The DamID protocol has been described in detail [36]. In this study we used 70-mer 
oligonucleotide arrays containing the human Operon v3 35K library: 34,580 probes 
representing 24,650 genes and 37,123 gene transcripts (Operon Biotechnologies). 
These arrays were printed by the NKI microarray facility (see http://microarray.nki.nl-/
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services/oligo.html). Arrays were scanned at 5 mm resolution (Agilent Technologies, 
Santa Clara, CA, USA) and analyzed by ImaGene 6 software. Normalization and dye 
swap comparisons were performed using a lowess fit per subarray [72] experiments 
were done in dye-swap fashion and combined to create one dataset on which an 
outlier analysis was performed. A weighted average ratio and confidence level  
(P-value) was calculated per gene by a NKI platform adjusted error model [73]. All 
statistical analyses were performed in the R language (http://www.r-project.org/). The 
expression array protocol can be found online on http://microarray.nki.nl. All datasets 
can be viewed at Arrayexpress (accession: e-NCMF-15). 
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table s1. Summary of AID binding sites. The 349 AID binding sites defined in this study 
(pcut-off=10-6) are listed according to their P value. The description, gene symbol and accession 
numbers from genbank, refseq, the ratio between the Dam-AID and Dam signal (M), the  
fluorescence intensity (A), and the p-value (P) of the AID binding sites are indicated.
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TAB]

oligoId symbol description refseq genbank M A P
H200008269 MIC2 T-CELL SURFACE GLYCOPROTEIN E2 PRECURSOR (E2 ANTIGEN) (CD99) (MIC2 PROTEIN) (12E7) NM_002414 J03841 1,12686 7,66715 1,53E-13
H300017979 MEMBRANE INTERACTING PROTEIN OF RGS16 NM_016641 U91321 1,03959 8,06877 7,01E-18
H200019884 BC009775 2,13945 10,0443 0
H300021639 NM_024051 BC019243 1,39991 7,51911 5,23E-30
H300021940 GH1 SOMATOTROPIN PRECURSOR NM_022561 A00469 0,759352 7,17622 1,27E-10
H300011377 APBA3 AMYLOID BETA A4 PRECURSOR PROTEIN-BINDING FAMILY A MEMBER 3 NM_004886 AF029110 1,12873 8,86343 2,25E-19
H300018140 DEAD/H (ASP-GLU-ALA-ASP/HIS) BOX POLYPEPTIDE 11; DEAD/H BOX-11 NM_004399 U33833 1,14042 9,8222 8,37E-22
H300017660 CALPAIN 1, LARGE [CATALYTIC] SUBUNIT (EC 3.4.22.17) BC015091 1,00208 7,06622 6,55E-10
H200006089 MDH1 MALATE DEHYDROGENASE, CYTOPLASMIC (EC 1.1.1.37) NM_005917 BC001484 0,774008 5,95634 4,96E-14
H200016277 AB033027 1,03769 9,80287 1,04E-14
H200004007 AB011128 2,45091 8,75947 0
H200004387 COL9A2 COLLAGEN ALPHA 2(IX) CHAIN PRECURSOR NM_001852 M95610 1,97936 6,75702 4,8E-09
H300010659 RAD51 DNA REPAIR PROTEIN RAD51 HOMOLOG 1 (HRAD51) (HSRAD51) NM_002875 BC001459 1,62556 7,67474 6,62E-11
H300011167 SLIT HOMOLOG 1 (DROSOPHILA); SLIT (DROSOPHILA) HOMOLOG 1; SLIT1 0,722488 7,55854 3,24E-14
H300019874 GPC1 GLYPICAN-1 PRECURSOR NM_002081 X54232 2,15247 6,80461 7,88E-13
H300007318 NGEF NEURONAL GUANINE NUCLEOTIDE EXCHANGE FACTOR BC031573 0,922092 5,6466 1,17E-07
H300019632 ATP11A POTENTIAL PHOSPHOLIPID-TRANSPORTING ATPASE IS (EC 3.6.3.1) (FRAGMENT) AB028944 2,60397 6,86337 1,84E-22
H200014026 GUANINE NUCLEOTIDE-BINDING PROTEIN BETA SUBUNIT 5 (TRANSDUCIN BETA CHAIN 5) AL117471 0,993647 8,73488 8,49E-08
H300022293 TRRAP TRANSFORMATION/TRANSCRIPTION DOMAIN-ASSOCIATED PROTEIN NM_003496 AK001533 0,528605 8,25066 2,51E-07
H200008404 POLB DNA POLYMERASE BETA (EC 2.7.7.7) NM_002690 J04201 1,1689 8,35523 2,77E-09
H200010244 PUTATIVE ACID-SENSING ION CHANNEL NM_018674 AJ408884 0,784636 7,46138 2,04E-10
H200007168 NM_024074 BC001195 0,430061 8,29064 1,85E-07
H200011301 DJ402G11.5 (NOVEL PROTEIN SIMILAR TO YEAST AND BACTERIAL PREDICTED PROTEINS) BC001099 0,836619 7,27126 1,6E-10
H200013271 WNT8B WNT-8B PROTEIN PRECURSOR NM_003393 X91940 1,37624 6,40138 6,44E-13
H300007673 FGF4 FIBROBLAST GROWTH FACTOR-4 PRECURSOR (FGF-4) NM_002007 M17446 2,32347 8,50089 8,23E-24
H300019966 RAB7 RAS-RELATED PROTEIN RAB-7 NM_004637 AF050175 0,610016 8,3871 7,19E-12
H300016016 SYNTAXIN BINDING PROTEIN 2 (UNC-18 HOMOLOG 2) (UNC-18B) (UNC18-2) 2,4887 7,73306 4,11E-09
H300014188 HOMEOBOX PROTEIN HOX-A9 (HOX-1G) U81511 0,701625 6,0922 1,56E-07
H300011069 45 KDA CALCIUM-BINDING PROTEIN PRECURSOR (CAB45) (STROMAL CELL-DERIVED FACTOR 4) (SDF-4) NM_016547 AF153686 1,13061 9,41182 2,78E-14
H200011973 NM_020695 AB032964 0,558055 7,06076 1,93E-07
H300015854 HORMONE SENSITIVE LIPASE (EC 3.1.1.-) (HSL) 1,16936 7,61885 2,22E-19
H300009071 T-CELL RECEPTOR BETA CHAIN V REGION YT35 PRECURSOR 1,23969 7,94749 8,7E-18
H200014570 AK095025 1,0157 9,25574 1,7E-13
H300019929 KIF3C KINESIN-LIKE PROTEIN KIF3C NM_002254 AJ002229 1,95568 6,63377 9,85E-42
H200011773 ARSENITE-RESISTANCE PROTEIN 2 NM_015908 BC000082 1,51565 8,71373 2,35E-10
H300018581 NM_015509 BC002888 0,840731 7,79363 1,16E-07
H300010554 F20887_1, PARTIAL CDS (FRAGMENT) AB075861 1,36154 6,13719 1,11E-09
H300019755 F20887_1, PARTIAL CDS (FRAGMENT) AC005578 1,07513 8,05993 2,74E-12
H300021692 LTBP4 LATENT TRANSFORMING GROWTH FACTOR BETA BINDING PROTEIN 4 NM_003573 Y13622 1,64607 9,54441 2,35E-30
H300002195 POU4F3 BRAIN-SPECIFIC HOMEOBOX/POU DOMAIN PROTEIN 3C (BRN-3C) NM_002700 AF044575 1,45155 8,08695 9,64E-17
H300012008 ABL1 PROTO-ONCOGENE TYROSINE-PROTEIN KINASE ABL1 (EC 2.7.1.112) (P150) (C-ABL) NM_007313 0,865255 8,41041 2,98E-07
H200020113 NM_024578 BC029361 1,19071 7,24316 3,45E-07
H200004104 STX1B1 SYNTAXIN 1B NM_052874 D37933 1,00954 8,28121 5,43E-08
H300018616 CIRBP COLD-INDUCIBLE RNA-BINDING PROTEIN (GLYCINE-RICH RNA-BINDING PROTEIN CIRP) (A18 HNRNP) NM_001280 BC000901 1,33503 6,78975 5,23E-12
H300018638 SYNGR1 SYNAPTOGYRIN 1 NM_004711 BC000731 0,723463 6,68192 7,26E-07
H200010947 POLE2 DNA POLYMERASE EPSILON SUBUNIT B (EC 2.7.7.7) (DNA POLYMERASE II SUBUNIT B) NM_002692 AF387033 1,92692 7,39601 5,74E-15
H200006451 NFATC4 NUCLEAR FACTOR OF ACTIVATED T-CELLS, CYTOPLASMIC 4 (T CELL TRANSCRIPTION FACTOR NFAT3) (NF-ATC4) (NF-AT3) NM_004554 L41066 0,816588 6,55187 3,08E-07
H200004082 C20orf14 U5 SNRNP-ASSOCIATED 102 KDA PROTEIN (U5-102 KDA PROTEIN) NM_012469 AL137320 1,93836 9,71632 1,48E-22
H300016782 POLYGLUTAMINE BINDING PROTEIN 1; NUCLEAR PROTEIN CONTAINING WW DOMAIN 38 KD AB041833 1,92556 7,96039 4,84E-11
H300004648 DJ164F3.3 (RIBOSOMAL PROTEIN L44) (FRAGMENT) AL035422 2,32042 9,189 0
H200002298 AB051533 1,70902 6,78482 1,21E-09
H300005425 USP10 UBIQUITIN CARBOXYL-TERMINAL HYDROLASE 10 (EC 3.1.2.15) (UBIQUITIN THIOLESTERASE 10) (UBIQUITIN-SPECIFIC PROCESSING PROTEASE 10) (DEUBIQUITINATINGNM_005153 BC000263 2,73451 9,36166 1,19E-10
H200005813 IL7 INTERLEUKIN-7 PRECURSOR (IL-7) NM_000880 M29052 0,785098 5,20364 2,8E-14
H200011462 CLPTM1 CLEFT LIP AND PALATE ASSOCIATED TRANSMEMBRANE PROTEIN 1 NM_001294 BC012359 1,05628 8,06014 1,4E-12
H300010290 GSK3A GLYCOGEN SYNTHASE KINASE-3 ALPHA (EC 2.7.1.37) (GSK-3 ALPHA) NM_019884 AC006486 0,536166 9,17609 6,99E-10
H300001287 AK022759 2,07945 5,99056 3,94E-09
H300021736 TSGA14 TESTIS SPECIFIC, 14; TESTIS SPECIFIC PROTEIN A14 NM_018718 AF429309 2,53144 11,2271 3E-39
H300016942 SH3-CONTAINING GRB2-LIKE PROTEIN 2 (SH3 DOMAIN PROTEIN 2A) (ENDOPHILIN 1) (EEN-B1) 1,09481 7,79907 1,8E-10
H200003333 AB023227 1,26478 7,03277 1,38E-32
H300020063 NM_014912 BC036444 1,36898 5,44208 1,38E-09
H200012543 TADA2L TRANSCRIPTIONAL ADAPTER 2-LIKE (ADA2-LIKE PROTEIN) (KL04P) NM_133439 BC001172 1,48322 7,47785 3,76E-19
H300022765 RECQL5 ATP-DEPENDENT DNA HELICASE Q5 (RECQ PROTEIN-LIKE 5) (RECQ5) NM_004259 BC016911 0,925819 8,29985 1,18E-07
H300017935 RAS-RELATED PROTEIN RAB-34 (RAB-39) (RAS-RELATED PROTEIN RAH) 0,695891 5,86698 2,38E-07
H300021842 SNX15 SORTING NEXIN 15 NM_147777 BC014520 1,9051 9,41636 0
H200010167 HOST CELL FACTOR 2 NM_013320 BC033799 1,96828 4,3411 3,44E-08
H200004018 AB011100 0,798069 5,51805 8,13E-13
H200002053 NM_015278 AB018333 1,13195 7,39573 1,27E-07
H300021761 C6orf9 NEUROGENIC LOCUS NOTCH HOMOLOG PROTEIN 4 PRECURSOR (NOTCH 4) (HNOTCH4) NM_022107 BC018724 2,04305 9,84776 0
H200004865 DJ467N11.1  PROTEIN NM_006828 AL834463 1,73577 7,47252 0
H300017542 COL9A1 COLLAGEN ALPHA 1(IX) CHAIN PRECURSOR NM_078485 0,42137 6,45455 9,85E-07
H200006406 USP4 UBIQUITIN CARBOXYL-TERMINAL HYDROLASE 4 (EC 3.1.2.15) (UBIQUITIN THIOLESTERASE 4) (UBIQUITIN-SPECIFIC PROCESSING PROTEASE 4) (DEUBIQUITINATING ENNM_003363 AF017306 1,1424 7,59693 1,23E-13
H300012057 0,69146 7,67645 2,35E-17
H300013722 STAT1 SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION 1-ALPHA/BETA (TRANSCRIPTION FACTOR ISGF-3 COMPONENTS P91/P84) NM_007315 U18670 1,67712 8,30417 4,03E-15
H300019204 SULT1C1 SULFOTRANSFERASE 1C1 (EC 2.8.2.-) (SULT1C#1) (ST1C2) (HUMSULTC2) NM_001056 BC005353 1,20758 8,77465 3,22E-27
H200000887 MRPL37 MITOCHONDRIAL RIBOSOMAL PROTEIN L37; RIBOSOMAL PROTEIN, MITOCHONDRIAL, L2 NM_016491 BC000041 1,36154 7,52114 4,76E-19
H300012464 LATROPHILIN 1; KIAA0786 PROTEIN; LECTOMEDIN-1; LATROPHILIN AB018329 0,83213 7,4134 1,02E-09
H200000039 ANTIOXIDANT PROTEIN 2 (1-CYS PEROXIREDOXIN) (1-CYS PRX) (ACIDIC CALCIUM-INDEPENDENT PHOSPHOLIPASE A2) (EC 3.1.1.-) (AIPLA2) (NON- SELENIUM GLUTATHNM_004905 D14662 1,23558 8,75894 6,03E-44
H300014397 NUCLEAR INHIBITOR OF PROTEIN PHOSPHATASE-1 (NIPP-1) (PROTEIN PHOSPHATASE 1, REGULATORY INHIBITOR SUBUNIT 8) [INCLUDES: ACTIVATOR OF RNA DECAY (EC 3.1.4.-) (ARD-1)] 0,600494 6,1635 8,49E-07
H300011879 UBN1 UBINUCLEIN 1 NM_016936 AF108460 2,03379 9,27853 4,13E-22
H300012427 PARASPECKLE PROTEIN 1 NM_018282 BC014184 0,69338 3,88099 1,96E-09
H200011096 PEROXISOMAL MEMBRANE PROTEIN PEX16 (PEROXIN-16) (PEROXISOMAL BIOGENESIS FACTOR 16) NM_057174 BC000467 2,3721 10,7767 2,43E-16
H300011366 SOLUTE CARRIER FAMILY 12 MEMBER 4 (ELECTRONEUTRAL POTASSIUM-CHLORIDE COTRANSPORTER 1) (ERYTHROID K-CL COTRANSPORTER 1) (HKCC1) 0,603844 9,14981 1,72E-07
H200018760 NM_032140 BC008284 1,31906 6,85183 3,1E-07
H300015631 SFRS6 SPLICING FACTOR, ARGININE/SERINE-RICH 6 (PRE-MRNA SPLICING FACTOR SRP55) NM_006275 BC006832 0,655896 7,36951 2,09E-14
H300019701 GDAP1L1 GANGLIOSIDE-INDUCED DIFFERENTIATION-ASSOCIATED PROTEIN 1-LIKE 1 NM_024034 AK056251 0,523508 9,29491 3,5E-07
H200006413 HLA-DMA CLASS II HISTOCOMPATIBILITY ANTIGEN, M ALPHA CHAIN PRECURSOR NM_006120 BC011447 1,32091 7,52079 2,76E-11
H200004831 TEKT3 TEKTIN 3 NM_031898 BC031688 1,84515 5,37958 1,16E-07
H300012851 OPTIC ATROPHY 3 PROTEIN AK098798 0,687525 7,49063 1,43E-07
H200011767 C22orf23 NM_032561 AK057349 1,15505 7,88713 4,8E-27
H200020394 APOBEC3APROBABLE C->U EDITING ENZYME APOBEC-3A (EC 3.5.4.-) (PHORBOLIN 1) NM_145699 AL022318 3,89173 10,0117 5,24E-10
H200016581 HERC2 HECT DOMAIN AND RLD 2 NM_004667 AF071172 0,988749 5,41279 1,92E-07
H200017529 AIPL1 ARYL-HYDROCARBON INTERACTING PROTEIN-LIKE 1 NM_014336 AF525970 1,25928 6,94303 4,24E-08
H200021286 NM_138484 BC017867 1,23678 7,88217 7,58E-07
H200010394 INS INSULIN PRECURSOR NM_000207 AJ009655 2,6682 10,4147 1,5E-11
H200002335 AB046797 1,27085 7,36466 3,46E-11
H300013656 AF353396 1,05371 6,39487 1,21E-07
H300022778 PTPRA VACUOLAR PROTEIN SORTING 16 (HVPS16) NM_080841 X53364 0,612253 7,67566 2,49E-26
H300019335 NM_032837 AK074755 1,83846 7,73337 0
H200002712 SRRM1 SER/ARG-RELATED NUCLEAR MATRIX PROTEIN (PLENTY OF PROLINES 101-L; SER/ARG-RELATED NUCLEAR MATRIX PROTEIN (PLENTY OF PROLINES 101-LIKE) NM_005839 AF048977 0,443016 7,42495 1,12E-08
H200007741 MED6 RNA POLYMERASE II TRANSCRIPTIONAL REGULATION MEDIATOR (MED6, S.; RNA POLYMERASE II TRANSCRIPTIONAL REGULATION MEDIATOR (MED6, S. CEREVISIAE NM_005466 BC004106 1,45267 8,87708 8,75E-10
H300018711 MEIS2 HOMEOBOX PROTEIN MEIS2 (MEIS1-RELATED PROTEIN 1) NM_002399 BC001516 1,05141 8,31977 7,64E-23
H300022648 1,67269 6,7819 3,71E-07
H200021300 SORT1 SORTILIN PRECURSOR (GLYCOPROTEIN 95) (GP95) (NEUROTENSIN RECEPTOR 3) (NT3) (100 KDA NT RECEPTOR) NM_002959 X98248 2,27256 8,99474 4,7E-29
H200011037 CHRND ACETYLCHOLINE RECEPTOR PROTEIN, DELTA CHAIN PRECURSOR NM_000751 X55019 1,15084 9,75342 1,07E-11
H300011830 PAX3 PAIRED BOX PROTEIN PAX-3 (HUP2) NM_013942 1,09082 8,44217 8,37E-16
H300015293 AL834149 1,12942 8,90864 8,72E-15
H200012081 PSMB7 PROTEASOME SUBUNIT BETA TYPE 7 PRECURSOR (EC 3.4.25.1) (PROTEASOME SUUBUNIT Z) (MACROPAIN CHAIN Z) (MULTICATALYTIC ENDOPEPTIDASE COMPLEX C NM_002799 BC017116 1,67051 7,32204 2,06E-14
H300011656 1,92312 9,68196 0
H300022620 MFRP COMPLEMENT-C1Q TUMOR NECROSIS FACTOR-RELATED PROTEIN 5 PRECURSOR NM_031433 AB055505 0,57705 8,53787 6,51E-09
H200001578 NM_018145 AK001441 0,545268 7,15874 3,27E-08
H200004309 HERC3 HECT DOMAIN AND RCC1-LIKE DOMAIN PROTEIN 3 NM_014606 D25215 1,23923 8,35633 2,32E-23
H300003750 RPS26 40S RIBOSOMAL PROTEIN S26 NM_001029 X02414 0,889624 9,19583 2,42E-07
H200017605 ZIC5 ZINC FINGER PROTEIN OF THE CEREBELLUM 5; ZINC FAMILY MEMBER 5 PROTEIN NM_033132 AF378304 1,20052 6,19906 5,08E-07
H200017873 ANP32A ACIDIC LEUCINE-RICH NUCLEAR PHOSPHOPROTEIN 32 FAMILY MEMBER A (POTENT HEAT-STABLE PROTEIN PHOSPHATASE 2A INHIBITOR I1PP2A) (HLA-DR ASSOCIATNM_006305 BC007200 2,13846 8,39298 1,59E-32
H200003034 MITOCHONDRIAL RHO 2 NM_138769 BC014942 1,40602 8,16008 1,17E-20
H200012923 NM_033413 BC010412 0,607902 6,28658 2,94E-07
H300020171 P4HB PROTEIN DISULFIDE ISOMERASE PRECURSOR (PDI) (EC 5.3.4.1) (PROLYL 4- HYDROXYLASE BETA SUBUNIT) (CELLULAR THYROID HORMONE BINDING PROTEIN) (P55) NM_000918 J02783 1,99199 10,3725 6,4E-27
H200001868 EMP3 EPITHELIAL MEMBRANE PROTEIN-3 (EMP-3) (YMP PROTEIN) (HEMATOPOIETIC NEURAL MEMBRANE PROTEIN) (HNMP-1) NM_001425 BC009718 2,39818 8,08578 0
H200014527 SPIB TRANSCRIPTION FACTOR SPI-B NM_003121 X96998 0,85863 8,10308 2,31E-13
H300002973 1,65128 7,8209 2,05E-11
H300020204 POLYCYSTIC KIDNEY DISEASE 1-RELATED NM_024874 AF289597 2,20296 12,2813 3,5E-30
H200003016 BC007835 0,610592 7,68903 2,25E-11
H300018356 AB028960 0,833281 9,13653 3,39E-11
H300007820 NM_173532 AK093157 2,72315 8,23311 1,2E-17
H300022169 PIP5K1A PHOSPHATIDYLINOSITOL-4-PHOSPHATE 5-KINASE, TYPE I, ALPHA NM_003557 BC007833 0,971992 6,94197 3,7E-08
H300014457 TROPOMYOSIN ALPHA 3 CHAIN (TROPOMYOSIN 3) (TROPOMYOSIN GAMMA) AK092712 1,0907 8,62449 3,36E-09
H300022189 NM_152383 AK094293 1,92921 9,19416 0
H200003730 GDP-MANNOSE PYROPHOSPHORYLASE A; MANNOSE-1-PHOSPHATE GUANYLYLTRANSFERASE (GDP) NM_013335 BC007456 1,59831 7,73369 3,87E-21
H300011626 NM_024621 AB051479 1,86712 7,55294 6,51E-30
H300003601 LRE1 ORF2 CONTAINS A REVERSE TRANSCRIPTASE DOMAIN M22333 0,383359 12,4812 6,84E-07
H300013935 PHENYLALANINE-TRNA SYNTHETASE NM_006567 BC020239 1,86752 8,90704 2,16E-26
H300015227 AK025685 2,00908 7,05081 6,34E-15
H300016419 EPHA1 EPHRIN TYPE-A RECEPTOR 1 PRECURSOR (EC 2.7.1.112) (TYROSINE-PROTEIN KINASE RECEPTOR EPH) Z27409 0,442815 7,45231 5,06E-09
H300022212 ZNF75 ZINC FINGER PROTEIN 75 NM_007131 BC029893 1,19532 8,58057 7,5E-07
H300010411 TTTY7 TRANSCRIPT Y 7 (FRAGMENT) AF332233 0,957389 7,27519 8,22E-12
H300001417 CHR10 SYNAPTOTAGMIN (FRAGMENT) AJ303363 0,736642 7,32695 1,61E-11
H300020448 PCDH15 PROTOCADHERIN 15 PRECURSOR NM_033056 AY029237 0,734437 6,26685 7,55E-32
H200010483 GABRA2 GAMMA-AMINOBUTYRIC-ACID RECEPTOR ALPHA-2 SUBUNIT PRECURSOR (GABA(A) RECEPTOR) NM_000807 A28100 1,08078 7,84701 1,17E-14
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H300016264 ZINC FINGER PROTEIN RINZF; HYPOTHETICAL PROTEIN FLJ12752 1,8257 7,00567 2,24E-40
H200015065 NM_031484 BC004995 0,808057 6,15432 2,21E-15
H300000034 AF336877 0,578288 9,04336 2,84E-15
H300004560 PPEF2 SERINE/THREONINE PROTEIN PHOSPHATASE WITH EF-HANDS-2 (EC 3.1.3.16) (PPEF-2) NM_006239 AF023457 0,509678 6,37168 6,49E-09
H300013091 PPP2R2B SERINE/THREONINE PROTEIN PHOSPHATASE 2A, 55 KDA REGULATORY SUBUNIT B, BETA ISOFORM (PP2A, SUBUNIT B, B-BETA ISOFORM) (PP2A, SUBUNIT B, B55- BETNM_004576 BC031790 0,944679 6,25036 1,64E-10
H300005973 GPR112 G-PROTEIN COUPLED RECEPTOR 112 NM_153834 1,03756 6,76272 4,95E-11
H300022297 JAM1 JUNCTIONAL ADHESION MOLECULE 1 PRECURSOR (JAM) (PLATELET ADHESION MOLECULE 1) (PAM-1) (PLATELET F11 RECEPTOR) NM_016946 AL136649 0,440702 6,85094 8,53E-07
H300015963 PROTEIN-ARGININE DEIMINASE TYPE V (EC 3.5.3.15) (PEPTIDYLARGININE DEIMINASE V) (HL-60 PAD) 1,22853 7,55679 3,75E-24
H300020719 TNRC4 TRINUCLEOTIDE REPEAT CONTAINING 4; EXPANDED REPEAT DOMAIN, CAG/CTG 4; CAG REPEAT DOMAIN NM_007185 BC004145 1,68296 9,03076 0
H200008510 AB075852 1,62425 5,32206 2,26E-14
H300014481 REGULATOR OF G-PROTEIN SIGNALING 12 (RGS12) AF464736 0,586832 6,71642 7,2E-10
H300008439 AF336875 0,723287 8,17293 4,92E-07
H200019936 AB023216 1,12296 7,94645 5,05E-24
H300020769 CUTL1 CCAAT DISPLACEMENT PROTEIN (CDP) (CUT-LIKE 1) NM_001913 L12579 2,67211 8,16763 8,84E-18
H200011348 ADAPTOR PROTEIN WITH PLECKSTRIN HOMOLOGY AND SRC HOMOLOGY 2 DOMAINS NM_020979 AB000520 2,20005 10,0073 1,38E-35
H300015485 AK092844 1,20293 7,5244 2,32E-08
H200014062 HBB HEMOGLOBIN BETA CHAIN NM_000518 AF059180 2,90034 11,2862 2,52E-13
H200007356 HCRT OREXIN PRECURSOR (HYPOCRETIN) (HCRT) [CONTAINS: OREXIN-A (HYPOCRETIN- 1) (HCRT1); OREXIN-B (HYPOCRETIN-2) (HCRT2)] NM_001524 AF118885 0,762002 8,26521 6,23E-08
H200012165 SENTRIN-SPECIFIC PROTEASE 3 (EC 3.4.22.-) (SENTRIN/SUMO-SPECIFIC PROTEASE SENP3) (SUMO-1 SPECIFIC PROTEASE 3) NM_015670 AL050283 0,632119 5,95118 6,42E-07
H300007133 STX5A SYNTAXIN 5 NM_003164 BC002645 1,21877 6,64014 6,57E-36
H300002850 0,717835 9,12337 2,97E-10
H300000252 MAGOH MAGO NASHI PROTEIN HOMOLOG NM_002370 BC018176 0,716928 6,83693 3,8E-09
H300012122 AB018263 0,913936 6,54989 3,55E-07
H300013928 INTERFERON-INDUCED GUANYLATE-BINDING PROTEIN 2 (GUANINE NUCLEOTIDE- BINDING PROTEIN 2) AK096141 1,7051 8,05082 7,19E-17
H300017165 PXF PEROXISOMAL FARNESYLATED PROTEIN (33 KDA HOUSEKEEPING PROTEIN) (PEROXIN 19) NM_002857 BC000496 0,806251 9,26718 2,64E-15
H200013253 VANGL2 AB033041 1,34828 7,36539 1,51E-20
H300007914 ENV PROTEIN AF333073 0,643986 8,81918 6,77E-16
H300005146 EDARADD ECTODYSPLASIN A RECEPTOR ASSOCIATED ADAPTER PROTEIN (EDAR-ASSOCIATED DEATH DOMAIN PROTEIN) (CRINKLED HOMOLOG) NM_080738 AY071862 2,07453 7,61272 1,99E-07
H300018098 PROTEIN CGI-27 (C21ORF19-LIKE PROTEIN) 0,780617 8,19863 8,3E-10
H200016771 EN1 HOMEOBOX PROTEIN ENGRAILED-1 (HU-EN-1) NM_001426 L12698 0,519011 8,93328 2,02E-07
H300014567 SIMILAR TO CLIP-ASSOCIATING PROTEIN 2 AK091451 2,07307 8,69604 8,09E-31
H300012744 SLC2A2 SOLUTE CARRIER FAMILY 2, FACILITATED GLUCOSE TRANSPORTER, MEMBER 2 (GLUCOSE TRANSPORTER TYPE 2, LIVER) NM_000340 J03810 1,44204 8,15328 4E-07
H300011266 NM_152542 AL834271 1,67365 8,51348 2,17E-12
H300020889 APBB2 AMYLOID BETA A4 PRECURSOR PROTEIN-BINDING FAMILY B MEMBER 2 (FE65-LIKE PROTEIN) (FRAGMENT) NM_173075 U62325 0,887808 7,08072 1,64E-10
H300010681 ZNF258 ZINC FINGER PROTEIN 258 NM_145310 BC007070 2,48804 9,98323 0
H300014652 NM_015911 BC000157 1,71172 7,25058 1,3E-28
H200000002 ADH1B ALCOHOL DEHYDROGENASE ALPHA CHAIN (EC 1.1.1.1) NM_000668 AF040967 0,890831 8,25912 5,69E-11
H200002841 KRAB-ZINC FINGER PROTEIN SZF1-1 BC005859 0,827275 6,93682 6,15E-11
H300003622 0,572882 8,90144 3E-10
H300009065 AK093809 0,859216 8,18966 1,01E-32
H300016738 AF440401 0,824856 6,09878 5,32E-10
H300004042 WILLIAMS-BEUREN SYNDROME CHROMOSOME REGION 27 NM_152559 BC030295 1,23056 10,058 1,25E-12
H300004487 AQP7 AQUAPORIN 7 (AQUAPORIN-7 LIKE) (AQUAPORIN ADIPOSE) (AQPAP) NM_001170 AB006190 1,79748 6,36611 1,54E-17
H300006431 BC036722 1,55221 6,98945 5,88E-22
H300008875 0,408938 7,54042 1,36E-18
H300003414 MAGE FAMILY TESTIS AND TUMOR-SPECIFIC PROTEIN-LIKE; HEPATOCELLULAR CARCINOMA-ASSOCIATED PROTEIN HCA2 NM_138702 AF490508 1,08547 7,65548 1,25E-20
H300021023 CASP7 CASPASE-7 PRECURSOR (EC 3.4.22.-) (ICE-LIKE APOPTOTIC PROTEASE 3) (ICE-LAP3) (APOPTOTIC PROTEASE MCH-3) (CMH-1) NM_001227 BC015799 0,780612 6,45659 3,49E-28
H200015578 AMN AMNIONLESS PROTEIN; VISCERAL ENDODERM-SPECIFIC TYPE 1 TRANSMEMBRANE PROTEIN NM_030943 AF328788 2,14182 9,8673 1,9E-15
H300009806 0,881718 7,45195 5,69E-15
H200001810 PCDH16 PROTOCADHERIN 16 PRECURSOR (CADHERIN 19) (CADHERIN FIBROBLAST 1) NM_003737 AB000895 0,499826 6,49467 8,62E-07
H300001775 0,745541 7,74886 2,59E-10
H300012078 NERVE INJURY GENE 283; HYPOTHETICAL PROTEIN FLJ14846; HYPOTHETICAL PROTEIN DKFZP434E229 AK027752 1,25497 6,4579 7,13E-12
H200005196 HEART ALPHA-KINASE NM_052947 AY044450 1,48581 7,83227 2,03E-40
H300003325 ZNF229 ZINC FINGER PROTEIN 229 (FRAGMENT) AC084239 0,725983 5,15307 6,01E-09
H300000321 0,95746 7,17127 8,79E-07
H300003706 NM_173544 AK097121 2,19968 8,30266 3,33E-33
H300002440 BC010467 0,897258 9,78224 1,87E-13
H300014761 NM_032854 AK027777 1,12641 8,39768 3,37E-07
H300006311 BINDER OF RHO GTPASE 3-LIKE NM_145057 BC024327 0,801185 8,5801 2,64E-35
H300015946 1,60882 6,96883 6,21E-09
H300017155 NM_024792 AK025935 0,646175 8,46419 1,61E-19
H200017054 IGFBP6 INSULIN-LIKE GROWTH FACTOR BINDING PROTEIN 6 PRECURSOR (IGFBP-6) (IBP-6) (IGF-BINDING PROTEIN 6) NM_002178 M69054 1,7451 6,33596 2,29E-16
H300001798 AE006466 2,02851 5,87214 1,65E-08
H300015386 0,689007 8,51758 1,14E-12
H300022590 HLA-A HLA CLASS I HISTOCOMPATIBILITY ANTIGEN, A-1 ALPHA CHAIN PRECURSOR AJ278305 1,17218 8,40332 5,46E-35
H300015245 HLA CLASS I HISTOCOMPATIBILITY ANTIGEN, ALPHA CHAIN G PRECURSOR (HLA G ANTIGEN) M90686 0,708566 8,8403 1,04E-08
H200000424 HTR1E 5-HYDROXYTRYPTAMINE 1E RECEPTOR (5-HT-1E) (SEROTONIN RECEPTOR) (5- HT1E) (S31) NM_000865 AB041373 3,40366 8,94075 2,38E-10
H300013365 0,640322 9,2805 1,82E-09
H300006808 0,579385 9,09603 1,09E-07
H300015073 2,16599 9,83084 0
H200003820 AB007928 1,44121 4,43712 4,47E-10
H300021283 PFKFB3 6-PHOSPHOFRUCTO-2-KINASE/FRUCTOSE-2,6-BIPHOSPHATASE 3 (6PF-2-K/FRU- 2,6-P2ASE BRAIN/PLACENTA-TYPE ISOZYME) (IPFK-2) [INCLUDES: 6- PHOSPHOFRUCTNM_004566 AF056320 1,20503 9,54557 3,27E-09
H200015008 NM_020467 BC008712 0,54301 7,27703 3,08E-07
H300010802 1,98182 7,58481 1,15E-34
H200008255 AL137512 1,36621 7,4427 4,32E-10
H200008748 2,68162 8,51177 2,19E-09
H300000718 AF336877 0,738681 9,10401 4,43E-16
H300009891 0,768693 7,31304 1,33E-08
H200019249 NM_145308 BC004224 0,962381 5,39467 5,79E-07
H300021299 GPHN GEPHYRIN NM_020806 AB037806 0,668681 5,37514 1,6E-07
H200002085 TIEG2 TRANSFORMING GROWTH FACTOR-BETA-INDUCIBLE EARLY GROWTH RESPONSE PROTEIN 2 (TGFB-INDUCIBLE EARLY GROWTH RESPONSE PROTEIN 2) (TIEG-2) (KR NM_003597 AF272830 0,865636 7,23197 1,1E-12
H300004543 AF336887 0,6523 9,28088 2,92E-10
H300009485 P40 U93574 0,698805 11,5321 1,59E-10
H300003730 AF336876 0,554633 10,0581 2,9E-14
H300003729 AF336876 0,567676 9,94717 7,87E-22
H300004544 AF336887 0,691808 9,38589 2,42E-10
H300002044 AF336885 0,675524 9,62962 2,57E-11
H300004476 0,568206 9,41663 1,38E-07
H300000540 AF336876 0,615306 9,81953 2,91E-11
H300010197 0,654791 9,49716 3,61E-07
H300010450 GLUCOSE TRANSPORTER 14 0,801393 6,74731 2,03E-11
H300005473 AF336886 0,714565 9,33833 9,77E-11
H300002663 AF336885 0,739036 9,31051 1,61E-11
H300008719 AF336876 0,598917 9,14758 5,66E-07
H300000173 AF336876 0,684925 9,69939 5,81E-10
H300008031 WFIKKN PROTEIN PRECURSOR NM_175575 AF468657 0,962951 7,91037 6,61E-17
H300003511 AF336887 0,753576 9,34629 1,68E-07
H200000672 HOXB2 HOMEOBOX PROTEIN HOX-B2 (HOX-2H) (HOX-2.8) (K8) NM_002145 X78978 0,490639 7,92215 1,08E-07
H300000817 AF336886 0,672313 9,22834 4,55E-09
H300004267 AF336887 0,793901 8,91644 1,01E-09
H300002759 1,02331 7,84356 2,28E-11
H300008722 AF336876 0,663808 9,3187 5,25E-08
H300008842 AF336887 0,620103 9,76173 2,07E-07
H300000971 AF336876 0,665224 8,84192 8,53E-09
H300003863 0,328009 12,0718 2,24E-07
H300001295 0,740608 9,11851 9,78E-08
H300009949 AF336887 0,646794 9,20171 3,52E-11
H300009896 AF336876 0,704169 9,1279 1,59E-14
H200003005 AK023175 1,22292 6,53838 3,9E-08
H300013408 0,818693 6,99771 1,6E-07
H300002798 AF336887 0,577785 9,4996 3E-09
H300004194 AF336887 0,668547 9,27245 7,58E-08
H300002990 0,673503 9,78186 5,56E-11
H300009950 AF336876 0,758725 9,19134 2,26E-10
H300003748 AF336882 0,741782 9,27908 6,12E-14
H300002620 0,699251 9,14831 2,26E-17
H300003434 0,710576 9,32591 2,62E-10
H300005041 AF336876 0,656748 9,72765 4,65E-14
H300003310 AF336887 0,732218 8,87433 1,7E-09
H300001084 0,67503 9,22965 2,87E-10
H300021783 GREB1 PROTEIN ISOFORM B; GENE REGULATED BY ESTROGEN IN BREAST CANCER PROTEIN NM_014668 AB011147 0,723353 6,62876 9,37E-21
H300008515 AF336876 0,750856 9,5285 8,23E-09
H300004198 0,721956 9,43288 8,25E-10
H300004311 0,750474 8,96402 1,26E-13
H300011932 NM_144635 BC037299 1,9752 6,42345 2,49E-29
H300005163 AF336876 0,725897 9,12943 4,02E-10
H300013772 0,67671 8,84198 8,75E-07
H300004541 AF336887 0,676116 8,97609 8,91E-08
H300008917 OLFACTORY RECEPTOR 52B2 AB065939 0,507267 5,7808 8,43E-07
H300006007 HMX1 HOMEO BOX (H6 FAMILY) 1 NM_018942 M99587 1,30995 7,59281 1,07E-31
H300000005 P40 M80343 0,578335 11,2759 9,23E-08
H300000174 AF336887 0,608901 9,38924 2,37E-10
H200001602 NM_144678 AK057308 0,509121 6,9992 1,36E-08
H300010211 0,610955 9,35973 4,3E-08
H300001989 1,86936 7,39062 7,02E-26
H300016308 1,73656 6,68199 1,18E-22
H300005376 1,12762 9,00991 9,93E-10
H200000662 GPX2 GLUTATHIONE PEROXIDASE-GASTROINTESTINAL (EC 1.11.1.9) (GSHPX-GI) (GLUTATHIONE PEROXIDASE-RELATED PROTEIN 2) (GASTROINTESTINAL GLUTATHIONE PENM_002083 AF199441 0,898642 6,62911 3,67E-11
H300000723 0,683281 7,72668 3,83E-15
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H300003970 1,73963 7,94276 1,67E-42
H300003332 FOXD4 FORKHEAD BOX PROTEIN D4-LIKE 1 NM_012184 AL078621 0,823344 6,79491 2,48E-08
H300005744 0,961855 7,77572 2,05E-07
H300008529 0,907895 4,62591 3,3E-07
H300013606 CASK-INTERACTING PROTEIN 2 NM_020753 AB032965 0,676132 7,86201 2,45E-08
H300003243 AK097513 1,27418 7,25326 3,82E-12
H300003594 1,3521 6,83367 3,81E-13
H300001418 2,1697 9,34858 9,63E-17
H300013132 LRDD LEUCINE RICH REPEAT AND DEATH DOMAIN CONTAINING PROTEIN ISOFORM 1 NM_145886 AF274972 1,04427 7,08577 2,51E-08
H300002600 0,791754 9,1671 1,01E-09
H200005750 POLR2L DNA-DIRECTED RNA POLYMERASE II 7.6 KDA POLYPEPTIDE (EC 2.7.7.6) (RPB10) (RPB7.6) NM_021128 AK011021 1,18824 6,61158 4,94E-10
H300007035 2,61494 12,2479 0
H200006401 HNRPA0 HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN A0 (HNRNP A0) NM_006805 U23803 0,808461 7,20884 1,57E-10
H300007417 0,728521 8,9547 3,78E-08
H300004691 0,418683 8,15944 4,54E-08
H300006041 0,667729 9,47367 1,71E-07
H300009455 2,93928 10,4832 0
H300000031 NM_153690 AK074503 2,62837 6,49253 1,68E-13
H300006105 ATP6V0C VACUOLAR ATP SYNTHASE 16 KDA PROTEOLIPID SUBUNIT (EC 3.6.3.14) NM_001694 BC010147 2,26226 7,90501 1,5E-32
H300000936 AK090647 0,812761 6,67145 2,95E-08
H300003845 1,03401 4,78711 1,76E-10
H200017718 0,294344 7,44585 6,39E-08
H300017260 SIMILAR TO NUCLEAR PROTEIN E3-3 ORF1 BC002873 1,69227 6,37408 1,45E-17
H300021485 DUX4 DOUBLE HOMEOBOX, 4; DOUBLE HOMEOBOX PROTEIN 4 NM_033178 D38024 0,970678 7,79685 8,72E-09
H200014623 NM_017720 BC000795 1,74591 7,64475 2,35E-15
H300008084 HEPATOCELLULAR CARCINOMA-ASSOCIATED ANTIGEN HCA25A AF469043 0,858415 9,55954 1,08E-09
H300004380 2,10672 6,93018 2,91E-11
H200018099 AF130107 1,14734 8,01613 3,38E-11
H300000697 AJ291676 0,60004 8,54331 3,36E-18
H200001678 WDR6 WD-REPEAT PROTEIN 6 NM_018031 AL133589 1,11373 8,33583 6,16E-13
H200016483 PRM3 PROTAMINE 3 NM_021247 Z46940 0,749171 8,5387 6,62E-10
H300016370 SPAG11 SPERM-ASSOCIATED ANTIGEN 11 PRECURSOR (SPERM ANTIGEN HE2) NM_058207 AY005129 1,16891 7,13608 6,46E-08
H300003366 BC034696 1,01845 5,1583 2,22E-08
H300009321 1,47614 8,42427 2,42E-11
H300009730 0,322758 12,01 3,24E-08
H300021526 AB011095 1,29955 7,34659 8,11E-14
H300000629 0,905947 7,12758 4,11E-08
H300008753 1,85354 8,16267 0
H300005066 PREPRO-NEUROPEPTIDE W POLYPEPTIDE (FRAGMENT) AB084276 0,483941 8,26308 9,43E-08
H300003708 0,770203 8,69165 1,6E-08
H200008492 AF142569 2,1014 7,66688 2,15E-25
H300008718 0,527822 8,92598 2,83E-24
H200010264 1,34391 6,0248 3,2E-07
H300021619 TP53TG3 PROTEIN NM_016212 AB023508 0,780214 8,35913 1,43E-08
H300002609 0,499318 11,1368 5,49E-07
H300003510 AF338195 0,761057 9,45606 7,75E-14
H300004241 SEVEN TRANSMEMBRANE HELIX RECEPTOR AB065454 0,62713 8,18425 1,62E-08
H300005584 ZINC FINGER PROTEIN 121 (ZINC FINGER PROTEIN 20) (FRAGMENT) M99593 0,390108 7,99841 1,06E-09
H300006249 NM_033309 BC012191 0,760756 6,03084 8,4E-08
H300017487 CSH2 LACTOGEN PRECURSOR (CHORIOMAMMOTROPIN) (CHORIONIC SOMATOMAMMOTROPIN) NM_020991 BC020756 0,355778 7,84155 1,16E-07
H300009259 RPS26 40S RIBOSOMAL PROTEIN S26 NM_001029 X02414 0,593221 9,42543 1,56E-07
H300004062 1,45884 6,55588 5,69E-12
H300002134 0,618082 8,11027 2,6E-12
H300022738 SULT1A3 MONOAMINE-SULFATING PHENOL SULFOTRANSFERASE (EC 2.8.2.1) (SULFOTRANSFERASE, MONOAMINE-PREFERRING) (M-PST) (THERMOLABILE PHENOL SULFOTRANM_003166 U08099 0,419153 7,81351 5,61E-07
H300001640 RPL36A 60S RIBOSOMAL PROTEIN L44 (L36A) NM_021029 BC000741 1,09056 10,0557 6,92E-09
H300000526 0,643592 10,3263 3,51E-07
H200012731 F2R PROTEINASE ACTIVATED RECEPTOR 1 PRECURSOR (PAR-1) (THROMBIN RECEPTOR) (COAGULATION FACTOR II RECEPTOR) NM_001992 BC002464 1,01158 5,65813 5,05E-07
H300012698 0,642677 9,15939 1,3E-11
H300007137 SEVEN TRANSMEMBRANE HELIX RECEPTOR AB065686 0,608691 8,25673 9,42E-07
H300002420 0,513969 6,64344 3,26E-11
H300003697 0,519567 9,32863 2,96E-11
H300005966 AK096576 0,464109 6,56008 2,84E-08
H200011757 2,20791 8,89925 4,06E-34
H300005661 AK096009 0,577814 7,03215 2,34E-20
H300005696 2,04461 8,58846 4,95E-20
H200017238 PUTATIVE LEUKOCYTE PLATELET-ACTIVATING FACTOR RECEPTOR NM_022571 AB065563 0,653133 5,18593 9,69E-13
H300022919 SULT1A3 MONOAMINE-SULFATING PHENOL SULFOTRANSFERASE (EC 2.8.2.1) (SULFOTRANSFERASE, MONOAMINE-PREFERRING) (M-PST) (THERMOLABILE PHENOL SULFOTRANM_003166 U08099 0,505154 7,45028 1,08E-13
H300006029 BRI3BP BRI3-BINDING PROTEIN; CERVICAL CANCER 1 PROTO-ONCOGENE-BINDING PROTEIN NM_080626 BC034525 1,09416 7,21933 8,75E-37
H300001014 0,927139 5,62582 4,28E-07
H300003119 1,60133 6,8109 1,25E-19
H300008740 0,641295 9,22749 6,36E-12
H300006359 1,81912 5,04753 6,21E-09

Page PAGE]
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Transduction of cells with 
Dam-AID or Dam

Isolation of 
genomic DNA & 
DPNI digestion

Aplification by 
LM-PCR

Label and hybridize 
on microarray

Dam

Dam

AID Dam
AID

Experimental

Reference

Figure S1

Figure s1. experimental strategy: DamID to trace AID binding sites within the genome. 
To identify the binding sites of AID (red oval) within the human genome, the AID cDNA was 
fused to the e. coli DNA adenine methyltransferase (Dam), see white oval. In parallel experi-
ments Ramos cells are transduced either with a Dam-AID fusion or a Dam expression vector. 
Dam methylates specifically adenine residues within GATC. The methylation sensitive restriction 
enzyme DpnI is specific for methyl GAmTCs, allowing specific amplification of methylated DNA 
fragments by ligation mediated PCR. These fragments are labeled differentially by Cy3 and Cy5 
and used to probe microarrays. 
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Figure S2

Figure s2. AID binding is not dictated by WRCY motifs. Density plots comparing the 
frequency of defined WRCY motifs in AID target sites (red dots figure 2A) to the frequency of in 
non-target sites (black dots in figure 2A). The frequency of targets (y-axis) was plotted against 
the frequency of defined WRCY motifs as indicated (x-axis). The analysis was restricted to a  
2 kb window surrounding the corresponding oligo of the AID binding and non-binding sites. 
The PWilcox values are indicated in the upper right corners.
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summary and discussion

Hematopoiesis takes place in the bone marrow where hematopoietic stem cells (HSCs) 
differentiate, via multiple steps, into all blood cell types. During this process, complex 
signalling networks are activated that result in lineage specific gene transcription 
profiles and cellular differentiation. epigenetic regulation plays a pivotal role in the 
establishment of such transcriptional profiles. Histone deacetylases (HDACs) influence 
the epigenetic landscape by deacetylation of histones in chromatin, which results in 
chromatin compaction and consequently gene silencing. Chapters 2 and 3 present 
Hdac1 and Hdac2 as regulators of the cell cycle and hematopoiesis. Furthermore, it 
is demonstrated that Hdac1 and Hdac2 act as potent tumor suppressors. Chapter 
4 and 5 focus on immunoglobulin (Ig) gene remodelling in developing B cells. This 
involves the primary diversification process V(D)J recombination and the secondary 
diversification processes somatic hypermutation (SHM) and class switch recombination 
(CSR). Chapter 4 demonstrates that functional Ig heavy chain (IgH) transcripts 
unexpectedly control V(D)J recombination and IgH allelic exclusion. Chapter 5 reports 
the results of a genome-wide binding profile and the DNA binding preferences of 
activation induced cytidine deaminase (AID), the initiator of SHM and CSR.

Below I discuss the most relevant results presented in this thesis and reflect 
these findings to present literature. Firstly, I discuss our findings on HDACs and 
their implications for HDAC inhibitor (HDACi)-based therapy. Secondly, I provide a 
consensus model integrating the critical role of IgH transcripts in regulating allelic 
exclusion. Thirdly, I discuss the binding preferences of AID and consequences for 
genome stability.  

Hdac1 and Hdac2 control hematopoiesis and suppress T cell 
lymphomagenesis

HDACi, like vorinistat and romidepsin, are currently used in the clinic to treat patients 
that suffer from cutaneous T cell lymphoma (Zain and O’Connor, 2010). In addition, 
in many ongoing clinical trials, the effect of HDAC inhibition either alone or as part 
of a combination therapy, is tested (Shabason et al., 2010; Zain and O’Connor, 
2010). Reported side effects include gastrointestinal or constitutional symptoms, 
taste disorders and hematologic abnormalities, like thrombocytopenia and anemia 
(Prince et al., 2009). HDACi target a broad range of HDACs, which probably underlies 
this wide range of side effects. In Chapter 1, we show that conditional deletion of 
both Hdac1 and Hdac2 (DKO) in hematopoietic cells of mice results in rapid death, 
which was caused by severe thrombocytopenia and anemia. This finding suggests 
that reported hematological side effects can already, or at least partly, be explained 
by the inhibition of Hdac1 and Hdac2 activity. This knowledge may contribute to 
the development of novel therapeutic strategies, designed to target specifically the 
tumor promoting HDAC to limit the chance of undesirable side effects.

In Chapter 2, we provide direct evidence that the observed anemia and 
thrombocytopenia in DKO mice is caused by ablation of HSCs and their immediate 
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offspring, indicating a role for Hdac1 and Hdac2 in the maintenance of HSCs, 
presumably by preventing apoptosis. A linkage between Hdac1 and Hdac2 and 
apoptosis is supported by studies showing that mouse embryonic stem cells that lack 
Hdac1 and Hdac2 expression undergo apoptosis (unpublished results Dannenberg 
et al.). Moreover, cardiac specific deletion of Hdac1 and Hdac2 in mice resulted in 
abnormal heart development, which was associated with apoptosis (Montgomery 
et al., 2007). Furthermore, neuronal progenitors undergo apoptosis upon deletion 
of both Hdac1 and Hdac2 (Montgomery et al., 2009). How Hdac1 and Hdac2 
link to apoptosis remains unknown. Studies using HDACi in combination with 
overexpression of the anti-apoptotic proteins BCL2 and BCL-XL revealed that the 
intrinsic mitochondrial death pathway is involved (Bolden et al., 2006). This pathway 
might be targeted directly by changing the balance between anti- and proapoptotic 
proteins. Alternatively, HDACs might target specific pathways that induce the intrinsic 
apoptotic way.

Our studies revealed that specific deletion of Hdac1 does not result in abnormal 
hematopoiesis. Likewise, hematopoietic development appears normal in mice 
lacking Hdac2 (Zimmermann et al., 2007). This is in agreement with our studies 
in mouse embryonic fibroblasts (MeFs) were Hdac1 and Hdac2 appear redundant 
regarding cell cycle control. In addition, this phenomenon was also observed in  
B lymphocytes, erythrocytes, megakaryocytes, myocytes and nerve cells (Montgomery 
et al., 2007; Montgomery et al., 2009; Wilting et al., 2010; Yamaguchi et al., 2010). 
Interestingly, hematopoietic cells that lack Hdac1 have elevated levels of Hdac2. 
Moreover, in MeFs, which lack either Hdac1 or Hdac2, we showed stabilization of the 
other (Wilting et al., 2010). Overall, these findings indicate that Hdac1 and Hdac2 
can functionally compensate for each other. Moreover, our results suggest that the 
system can sense Hdac1 or Hdac2 deficiency and compensate this by increasing the 
levels of the other Hdac. 

Mice that lack Hdac1 and one allele of Hdac2 (MxCreHdac1D/DHdac2+/D) also died 
from anemia and thrombocytopenia. Interestingly, this was not caused by massive 
apoptosis in the early hematopoietic compartment, but could be explained by 
defective erythrocyte and thrombocyte maturation. In addition, these mice had a 
complete block in B cell development. This block was caused by a severe reduction 
in the number of common lymphoid progenitors (CLPs). This phenomenon could 
either be explained by selective apoptosis in the CLP compartment or alternatively 
a disturbed lineage determination. In this scenario, hyperacetylation would direct 
HSCs into the myeloid branch thereby excluding lymphoid development. To test this 
hypothesis, future experiments should determine the expression levels of myeloid 
versus lymphoid regulators by gene expression profiling or Q-PCR of the HSC 
compartment. Interestingly, in line with this hypothesis, DNA hypomethylation in mice 
with hypomorphic Dnmt1 caused a similar phenotype, as myeloerythroid regulators 
could no longer be suppressed, causing myeloid differentiation while lymphoid 
differentiation was blocked (Broske et al., 2009). These similar phenotypes suggest 
a link between Hdac1, Hdac2 and Dnmt1. Indeed, recently it was shown in HeK 
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293T cells that Hdac1 deacetylates Dnmt1 and thereby protects it from proteasomal 
degradation (Du et al., 2010). Therefore, decreased Hdac1 and Hdac2 activity in 
HSCs might account for reduced Dnmt1 protein levels causing a block in lymphoid 
differentiation. However, deregulation of extrinsic stimuli or transcription factors that 
direct lymphoid differentiation cannot be excluded. 

In contrast to MxCreHdac1D/DHdac2+/D mice, MxCreHdac1+/DHdac2D/D mice do 
survive. These mice do not develop anemia and thrombocytopenia, but interestingly 
showed a selective reduction in B cell numbers. This observation is in agreement with 
a previous study indicating that conditional deletion of Hdac1 and Hdac2 in B cells 
causes a proliferative defect in pre-B cells (Yamaguchi et al., 2010). Moreover, the 
fact that MxCreHdac1+/DHdac2D/D mice show a much milder phenotype as compared 
to MxCreHdac1D/DHdac2+/D mice, indicates that Hdac1 and Hdac2 do not equally 
compensate for each other, which might be explained by a difference in protein level 
or activity.  

Surprisingly, mice that lack Hdac1 and one allele of Hdac2 specifically in the T cell 
lineage (LckCreHdac1D/DHdac2+/D) developed thymic lymphomas. These lymphomas 
were of monoclonal origin and harbored a recurrent trisomy of chromosome 15, 
which was associated with upregulation of the proto-oncogene c-Myc. Chromosome 
missegregation in cell lines derived from LckCreHdac1D/DHdac2+/D lymphomas suggest 
that Hdac1 and Hdac2 control  chromosome segregation. This is in agreement 
with studies revealing that treatment of human and mouse cells with the HDACi 
trichostatin A (TSA) resulted in chromosome missegregation, due to defective 
chromosome condensation in the pre-anaphase stages leading to defective sister 
chromatid resolution (Taddei et al., 2001; Cimini et al., 2003). The combination of 
these and our findings suggests a model where Hdac1 and Hdac2 play a role in 
maintaining the condensed stage of mitotic chromosomes. Alternatively, Hdac1 and 
Hdac2 may be involved in maintaining the hypoacetylated state of the centromeric 
chromatin, which is in line with other observations indicating that Hdac1 and Hdac2 
are associated with centromeric chromatin (Craig et al., 2003). As the deregulation of 
proteins involved in the mitotic checkpoint can lead to chromosome missegregation 
and tumorigenesis (reviewed by (Kops et al., 2005), it cannot be excluded that Hdac1 
and Hdac2 regulate the expression of mitotic checkpoint regulators. 

LckCreHdac1D/DHdac2+/D lymphomas showed on average 3 fold upregulation of 
c-Myc protein. c-Myc controls cell cycle progression, metabolism, apoptosis and 
genomic stability. Many studies revealed that elevation of c-Myc levels promotes the 
development of cancer (Dudley et al., 2002; Nilsson and Cleveland, 2003). It was 
proposed that overexpression of c-Myc stimulates the cell cycle by accelerating G1 
to S phase progression. To circumvent the pro-apoptotic action of c-Myc, additional 
oncogenic events should activate anti-apoptotic pathways or inactivate apoptotic 
pathways. LckCreHdac1D/DHdac2+/D  lymphoma cells express the TCRb chain, which 
suggests that these cells received pre-TCR signals that mediate survival. The 
combination of c-Myc overexpression and survival signals from the pre-TCR may 
explain the development of thymic lymphomas in LckCreHdac1D/DHdac2+/D mice. 
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Despite the rapid tumor development in these mice, with a lag period of only 5-13 
weeks, the fact that all tumors were of monoclonal origin argues that other tumor 
promoting events have to occur. A frequent genetic alteration observed in T cell 
lymphoma is a translocation between a TCR gene and an oncogene, juxtaposing 
the strong promoter and enhancer elements of the TCR gene with the oncogene 
resulting in its overexpression. These translocations occur during V(D)J recombination 
when double strand (ds) DNA breaks in the TCRb locus are not properly resolved. 
Interestingly, a role for Hdac1 and Hdac2 in ds break repair was recently described 
(Miller et al., 2010), suggesting that the lack of Hdac1 and Hdac2 might impair 
dsDNA break repair during V(D)J recombination and thereby increasing the change of 
translocations. Ongoing SKY chromosome painting analysis should reveal the presence 
of these oncogenic translocations in LckCreHdac1D/DHdac2+/D thymic lymphomas.

 Currently, gene expression profiles are being generated from pre-tumor and 
tumor samples. These can be analyzed for typical thymic lymphoma inducers, like 
activation of the Notch pathway, which is involved in almost 50% of T cell lymphomas 
(Aifantis et al., 2008). In addition, these datasets can be correlated with previous pro-
viral insertional mutagenesis screens in MLV-infected EmMyc-transgenic mice, which 
are prone to develop lymphoma (Uren et al., 2005). In conclusion, the mechanism 
by which LckCreHdac1D/DHdac2+/D thymic lymphomas originate and further develop 
is a complex interplay between c-Myc upregulation, possibly pre-TCR signalling and 
additional genetic and epigenetic events.

HDACi are being used in the clinic as anti-cancer reagents. Remarkably, our data 
imply that Hdac1 and Hdac2 can act as tumor suppressors in mice. Up to now thymic 
lymphoma or other cancer types have not been reported as side effects in HDACi 
based anti-cancer therapies, which might relate to the fact that current therapies are 
based on short term inhibition of HDACs. Therefore, novel strategies that include 
long term inhibition of Hdac1 and Hdac2 activity should take these findings into 
consideration.

In conclusion, Hdac1 and Hdac2 control hematopoiesis at multiple levels, as they 
maintain the HSC compartment and play crucial roles during lymphoid, thrombocyte 
and erythroid development. Furthermore, we demonstrated for the first time that 
Hdac1 and Hdac2 can act as tumor suppressors, which provides a cautionary note on 
the use of HDACi in treating human cancers.

IgH mRNA controls Allelic exclusion

In the genetic regulation model of IgH gene allelic exclusion, IgH protein (as part 
of the pre-BCR) inhibits further rearrangements at the IgH locus, so that a second, 
functional IgH gene cannot be assembled (Alt et al., 1980; Alt et al., 1984). But how 
is this inhibition accomplished? Prior to the rearrangement of a V gene segment, 
both IgH alleles are in a DJ-rearranged configuration and are indistinguishable 
with regard to germ line transcription, nuclear localization, and locus contraction. 
Therefore, V-to-DJ recombination must be either asynchronous to allow enough time 
for IgH surface expression and pre-BCR signaling, or a productive VDJ recombination 
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event must halt recombination until pre-BCR signals have been initiated. Upon 
productive rearrangement, both IgH loci are decontracted to suppress further V-to-DJ 
rearrangements, and the partially or non-functionally rearranged IgH allele is silenced 
by pericentromeric relocation, thereby making it inaccessible for RAG (Roldan et al., 
2005; Sayegh et al., 2005). Given that allelic exclusion of the IgH allele is quite effective 
and double producers are less frequent than predicted in most models that interfere 
with heavy chain signaling, a feedback inhibition of V-to-DJ recombination by the 
pre-BCR alone appears insufficient, suggesting a mechanism that is independent of 
the pre-BCR.

Immediate consequences of any VDJ recombination are a high transcription rate 
of the rearranged locus, which has now the IgH enhancers in close proximity to 
the VH promoter, and the subsequent synthesis of IgH transcripts. However, while 
transcription rates of productively and non-productively rearranged IgH loci are 
similar, only sense transcripts from a productively rearranged IgH gene are stable 
and accumulate, while nonsense mRNA with a premature translational termination 
codon from a non-productively rearranged IgH gene is rapidly degraded by the 
nonsense-mediated mRNA decay (NMD) machinery (Baumann et al., 1985; Buhler 
et al., 2004; Gudikote and Wilkinson, 2002). Therefore, the accumulation of stable 
IgH transcripts could be an immediately available sensor for a productive IgH gene 
rearrangement and a mediator to suppress VDJ recombination of the second IgH 
allele after a productive rearrangement of the first IgH allele. This could bridge a 
critical time gap until IgH-mediated signals arrive in the nucleus. In contrast, unstable 
IgH mRNA from a non-productively rearranged IgH gene is degraded by the NMD 
and would therefore not interfere with rearrangement of the second IgH allele. 
To determine whether the accumulation of a stable IgH mRNA interferes with VDJ 
recombination and B cell development in the absence of IgH-mediated signals, we 
established mouse models that express non-coding IgH mRNA from a productively 
rearranged IgH transgene that were rendered non-productive and NMD insensitive by 
introducing a translational stop codon into the leader exon.

Transgenic expression of stably rearranged IgH mRNA caused a block in B 
cell development at the pro-B cell stage. This block was associated with reduced  
V(D)J recombination at the germline allele, suggesting a role for IgH mRNA in allelic 
exclusion. These findings are in agreement with an accompanying study, which 
revealed that NMD deficient mice show an arrest at the pro-T cell stage, which was 
associated with inhibition of V(D)J recombination (Frischmeyer et al., 2011). A similar 
arrest was observed at the pro-B cell stage in these mice. Overall, these data suggest 
that the accumulation of functional TCRb or IgH mRNA inhibits V(D)J recombination 
at the other allele. These observations imply that the levels of either IgH mRNA or 
TCRb mRNA dictate allelic exclusion. The question remains: how does the cell sense 
IgH mRNA levels? A possible explanation may be that IgH RNA coats chromatin of the 
other IgH allele. A similar mechanism was described for X chromosome inactivation 
were Xist long non-coding RNAs coat the entire X chromosome in the initial stages 
of inactivation (Baumann et al., 1985; Buhler et al., 2004; Nagano and Fraser, 2009). 
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Recently, it was demonstrated that RAG-1 and ATM are involved in the control of 
monoallelic recombination and nuclear positioning of the Ig loci (Hewitt et al., 2009). 
A model was proposed where homologous IgH and Igk alleles undergo cycles of 
pairing and separation. A RAG mediated double strand break in one allele activates 
ATM, which marks the uncleaved allele for relocation to pericentric heterochromatin. 
This mechanism prevents RAG mediated DNA cleavage at both alleles at the same time. 
Our findings suggest a role for IgH mRNA downstream of this process. IgH transcripts 
might have a function in prohibiting the uncleaved allele from returning to the active 
environment, thereby excluding RAG accessibility. This scenario provides a time 
window, which allows the RAG cleaved allele to be repaired, transcribed, translated 
and tested for functionality. Finally, pre-BCR mediated signals may contribute to the 
long term silencing of the other non-productive V(D)J- or DJ-rearranged allele.

A genome wide binding profile of AID 

To understand the function of AID, it is of great importance to identify the target 
sites of AID within the mammalian genome. The identification of multiple binding 
sites of AID can be used to gain insights into the targeting preference of AID and 
help discriminating mutation hot spots from cold spots. To accomplish these goals, 
we established the DamID technique for AID in a hypermutation-competent cell line. 
Genomic profiling of AID by using the DamID technique revealed that AID binding is 
favored in transcribed regions enriched in G/C content and G-stretches. Furthermore, 
AID does not exhibit an intrinsic preference for binding to RGYW motifs and e2A 
motifs. Interestingly, this study showed that AID binding is not an Ig locus specific 
event as more than 300 binding sites were identified. This finding is in agreement 
with a recent study, which based on ChIP-seq analysis revealed a global AID binding 
preference to promoter-proximal sequences, which were associated with stalled 
polymerases and chromatin activating marks (Yamane et al., 2011). Intriguingly, only 
a limited set of these non-Ig gene binding sides showed SHM, indicating that AID 
binding by itself is not enough to trigger SHM. Moreover, the mutation frequency 
in non-Ig genes is much lower as compared to the Ig genes. This may be explained 
by efficient processing of uracil residues by the canonical base-excision repair (BeR) 
and the mismatch repair pathways (MMR) (Liu et al., 2008). The genome wide 
binding profile of AID implicates besides SHM and CSR other functions. Indeed, 
recent studies have shown that AID is involved in the reprogramming of germ cells 
by DNA demethylation (Popp et al., 2010). In addition, it was demonstrated that 
AID demethylates promoters of key transcription factors involved in reprogramming 
of heterokaryons (Bhutani et al., 2010). Therefore global AID binding to promoter-
proximal sequences might reflect a role in DNA demethylation, suggesting a critical 
role of AID in the differentiation of germinal center B cells. In fact, this might explain 
the GC richness that we found at AID binding sites.  

Still, it remains a mystery how AID action causes such a high frequency of 
mutations in the Ig-locus. One explanation may be that error prone repair pathways 
are predominantly activated in Ig genes to accomplish SHM and CSR at Ig loci. Another 
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explanation might be that ssDNA is more stable and therefore more accessible 
to AID. This assumption is in concordance with previous findings showing that 
phosphorylated AID recruits the ssDNA-binding replication protein A (RPA) exclusively 
to the Ig locus. (Basu et al., 2005; Chaudhuri et al., 2004; McBride et al., 2006; 
Vuong et al., 2009). RPA stabilizes ssDNA, thereby increasing the accessibility for AID 
action. Still, it remains unclear how this interplay between AID phosphorylation and 
RPA confers specificity for the Ig locus.

In conclusion, AID has not only a critical function in secondary Ig gene remodelling 
(SHM & CSR), but also in epigenetic programming. Future studies may reveal a 
potential role of AID in GC B cell differentiation.
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nederlandse samenvattinG

Het in dit proefschrift beschreven onderzoek heeft zich geconcentreerd op processen 
die plaatsvinden tijdens de ontwikkeling van bloedcellen en op de vraag hoe fouten 
tijdens deze processen kunnen leiden tot bloedcelkanker. Wereldwijd lijden miljoenen 
mensen aan deze vorm van kanker. Voorbeelden van bloedcelkanker zijn lymfoom en 
leukemie. Lymfoom is een verzamelnaam voor meer dan veertig verschillende soorten 
kanker die ontstaan uit de ongecontroleerde deling van lymfocyten die zich ophopen 
in de lymfeklieren. Leukemie omvat acht verschillende soorten kanker, die ontstaan 
uit diverse typen bloedcellen die ontregeld worden en zich ophopen in het bloed. 

Deze typen kanker ontstaan tijdens de ontwikkeling van de bloedcellen, die 
in hun volwassen vorm worden onderscheiden in rode en witte bloedcellen. De 
rode bloedcellen, ook wel erythrocyten genoemd, zorgen voor zuurstoftransport 
van de longen naar de lichaamscellen en voor koolstofdioxidetransport van de 
lichaamscellen terug naar de longen. De witte bloedcellen zijn onderdeel van het 
immuunsysteem en bestrijden ziekteverwekkers, zoals bacteriën en virussen. Witte 
bloedcellen omvatten onder andere macrofagen en granulocyten. Deze bloedcellen 
verzorgen de zogenoemde eerstelijnsverdediging en ze zijn in staat een groot scala 
aan ziektekiemen te doden. Wanneer het ze niet lukt om een ziektekiem efficiënt 
te bestrijden, komen twee andere soorten witte bloedcellen in actie, de B- en de 
T-cellen. Deze bloedcellen kunnen zich samen richten op het bestrijden van één 
bepaalde soort ziektekiem. Tevens zorgen deze bloedcellen voor een soort geheugen, 
dat zorgt voor een snelle herkenning en een adequate vernietiging van ziektekiemen 
waaraan ze eerder werden blootgesteld. 

Bloedcelontwikkeling ofwel hematopoiese begint in het beenmerg waar de 
hematopoietische stamcellen zorgen voor de productie van voorlopers van alle 
soorten bloedcellen. Deze voorlopers doorlopen een stapsgewijs ontwikkelingsproces 
voordat ze volwassen bloedcellen zijn. Dit proces kan, afhankelijk van het type 
bloedcel, plaatsvinden in het beenmerg, de lymfeknopen, de milt of de zwezerik. De 
eerste ontwikkelingsstadia van B-cellen vinden bijvoorbeeld plaats in het beenmerg, 
waarna ze het beenmerg verlaten om zich vervolgens verder te ontwikkelen in de milt 
en de lymfeknopen. T-cellen doorlopen de eerste ontwikkelingsstadia in de zwezerik 
waarna ze zich, net als B-cellen, verder ontwikkelen in de milt en de lymfeknopen.

In hoofdstuk 2 en 3 wordt onderzoek beschreven naar de rol van de enzymen 
Hdac1 en Hdac2 tijdens bloedcelontwikkeling. Deze enzymen spelen een belangrijke 
rol bij de regulatie van bepaalde eiwitten in de cel. Ze kunnen een chemische groep, 
de acetylgroep, van die eiwitten afhalen. Hierdoor verandert de structuur van een 
eiwit waardoor het anders gaat functioneren. Ze kunnen bijvoorbeeld acetylgroepen 
verwijderen van histoneiwitten die gebonden zijn aan het DNA. Deze eiwitten spelen 
een belangrijke rol in de activiteit van genen. De verwijdering van acetylgroepen 
heeft tot gevolg dat de structuur van histonen zo verandert dat deze sterker aan DNA 
kunnen binden, waardoor een gen inactief wordt en niet meer wordt omgezet in 
eiwit. Omdat er aanwijzingen zijn dat Hdac1 en Hdac2 een rol spelen bij het ontstaan 
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van verschillende soorten bloedcelkanker is van groot belang om hun functies tijdens 
bloedcelontwikkeling nauwkeurig in kaart te brengen.

Voor dit onderzoek hebben we gebruik gemaakt van genetisch gemodificeerde 
muizen waarin Hdac1 en Hdac2 in bloedcellen kunnen worden uitgeschakeld. Zodra 
Hdac1 en Hdac2 beiden werden uitgeschakeld gingen de muizen binnen twee weken 
dood door een ernstig tekort aan erythrocyten. Verder onderzoek toonde aan dat dit 
werd veroorzaakt door een drastische vermindering van het aantal hematopoietische 
stamcellen in het beenmerg. Deze bevindingen laten zien dat Hdac1 en Hdac2 een 
cruciale rol spelen bij het in stand houden van de hematopoietische stamcelpopulatie 
in het beenmerg. Vervolgens hebben we onderzocht of Hdac1 en Hdac2 een rol 
spelen bij de stapsgewijze ontwikkeling van bloedcellen. Omdat muizen met 
bloedcellen zonder Hdac1 en Hdac2 snel dood gingen en geen bloedcelontwikkeling 
meer vertoonden, hebben we muizen gebruikt met bloedcellen die ofwel nog een 
klein beetje Hdac1 en geen Hdac2 ofwel nog een klein beetje Hdac2 en geen Hdac1 
maken. Bestudering van deze muizen toonde aan dat Hdac1 en Hdac2 belangrijk zijn 
voor de ontwikkeling van zowel erythrocyten als B- en T-cellen. Daarnaast hebben we 
ontdekt dat een klein beetje Hdac2 in afwezigheid van Hdac1 in T-cellen kan leiden 
tot het ontstaan van een lymfoom. Dit is een belangrijk gegeven, omdat HDAC-
remmers tegenwoordig gebruikt worden als therapie tegen bloedcelkanker. Wij laten 
zien dat verwijdering van het overgrote deel van Hdac1 en Hdac2 uit T-cellen, hetgeen 
vergelijkbaar is met het remmen van hun activiteit, juist leidt tot bloedcelkanker. Dit 
zou dus ook een bijwerking van HDAC-remmers kunnen zijn. 

In hoofdstuk 4 en 5 wordt onderzoek beschreven naar de B-cel. B-cellen 
maken antilichamen, die een cruciaal onderdeel zijn van het immuunsysteem. een 
antilichaam kan een ziektekiem specifiek binden en daardoor andere immuuncellen, 
de effectorcellen, activeren om de ziektekiem te verwijderen. een antilichaam of 
immuunglobuline is een eiwitcomplex dat bestaat uit twee zware ketens en twee 
lichte ketens. De zware en lichte ketens bevatten variabele (V) domeinen die samen 
een ziektekiem met hoge specificiteit kunnen binden. Daarnaast bevatten de zware 
ketens ook een constant domein dat kan binden aan bepaalde effectorcellen. er 
zijn zeer grote aantallen verschillende antilichamen nodig om de vele verschillende 
soorten ziektekiemen te kunnen herkennen en elimineren. Om dit te bewerkstelligen 
vinden er tijdens B-cel ontwikkeling een aantal processen plaats die zorgen voor een 
bijna oneindig groot antilichaamrepertoire. 

Het bouwplan van antilichamen ligt opgeslagen in de immunoglobulinegenen. 
Deze bevatten de DNA-codes van de zware en lichte ketens. Deze DNA-codes bestaan 
uit reeksen van verschillende V-, D- en J-segmenten en uit een reeks constante 
gensegmenten. Om de DNA-code voor het variabele domein van een antilichaam te 
vormen wordt in het zware keten gen een combinatie gemaakt van slechts één V-, één 
D- en één J-segment en in het lichte keten gen een combinatie van slechts één V- en 
één J-segment. V(D)J-recombinatie is het proces dat deze segmenten samenbrengt. 
Recombinatie van V-, D- en J-segmenten leidt in iedere zich ontwikkelende B cel tot 
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een andere VDJ-combinatie in het zware keten gen of VJ-combinatie in het lichte 
keten gen. Hierdoor maken de vele B-cellen ieder een eigen type antilichaam.

Het DNA van een cel bevat twee kopieën van elk immunoglobulinegen. Deze 
zouden ieder hun V-, D- en J-segmenten kunnen recombineren en voor verschillende 
antilichamen kunnen coderen. Daardoor zou het mogelijk zijn dat een B-cel twee 
verschillende antilichamen maakt. In de praktijk gebeurt dit niet en maakt elke 
B-cel maar één type antilichaam dat gericht is tegen één bepaald ziektekiem. eerder 
onderzoek heeft aangetoond dat wanneer één van de twee immunoglobuline zware 
keten genen een succesvolle V(D)J-recombinatie heeft ondergaan, V(D)J-recombinatie 
in het tweede gen wordt geremd. er is veel bewijs dat het immunoglobuline-eiwit 
betrokken is bij deze remming. De aanwezigheid van het immunoglobuline-eiwit 
betekent dat er een succesvolle V(D)J- recombinatie heeft plaatsgevonden teneinde 
het eiwit te kunnen maken. Volgens de huidige theorie zou het eiwit een signalering 
in gang zetten dat V(D)J-recombinatie in het andere immunoglobulinegen remt. 

Voordat de VDJ sequentie in het immunoglobuline-DNA wordt omgezet in eiwit, 
wordt het eerst omgezet in mRNA. een mRNA is een kopie van DNA, dat fungeert 
als blauwdruk om een bepaald nieuw eiwit te produceren. In hoofdstuk 3 wordt 
beschreven dat de zware keten mRNA, gecodeerd door een succesvol gerecombineerd 
immunoglobuline gen, de V(D)J-recombinatie in het andere immunoglobulinegen 
van dezelfde cel kan remmen. Wij veronderstelden dat het mRNA net als het eiwit 
als signaal zou kunnen dienen voor een succesvolle V(D)J-recombinatie. Daarom 
hebben we genetisch gemodificeerde muizen gebruikt die vanaf één van de twee 
immunoglobuline zware keten genen mRNA kunnen maken van een VDJ sequentie die 
niet kan worden omgezet in eiwit. Dit stelde ons in staat om het effect van dit mRNA 
te bestuderen op V(D)J-recombinatie in het andere immunoglobuline zware keten 
gen. V(D)J-recombinatie in dit gen werd inderdaad geremd door dit gemodificeerde 
immunoglobuline zware keten mRNA. Dit is een belangwekkende vinding, aangezien 
altijd gedacht werd dat V(D)J-recombinatie alleen wordt gereguleerd op eiwitniveau. 
Toekomstige studies moeten verklaren hoe precies het mRNA recombinatie op het 
tweede immunoglobulinegen kan voorkomen. 

B-cellen presenteren antilichamen in eerste instantie aan de oppervlakte. Wanneer 
een dergelijk antilichaam kan binden aan een ziektekiem wordt de B-cel geactiveerd. 
Vervolgens ondergaat de B-cel somatische hypermutatie (SHM), een proces dat 
het antilichaam zo verandert dat het nog sterker aan de ziektekiem kan binden. 
Tijdens SHM worden willekeurige mutaties in de V-domeinen van immunoglobuline 
zware en lichte keten genen gemaakt. Vervolgens worden B-cellen met mutaties die 
zorgen voor sterkere binding aan de ziektekiem geselecteerd en gestimuleerd om 
zich verder te ontwikkelen. B-cellen met mutaties die niet bijdragen aan een sterkere 
binding gaan dood. Tegelijkertijd met SHM vindt switchrecombinatie plaats, een 
proces dat de gerecombineerde VDJ sequentie verbindt met een bepaald constant 
gensegment. De verschillende constante gensegmenten coderen voor verschillende 
constante domeinen in het antilichaam. Nadat de B-cel SHM en switchrecombinatie 
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heeft ondergaan, ontwikkelt hij zich verder in een plasmacel, die uiteindelijk grote 
hoeveelheden specifieke antilichamen kan uitscheiden.

In hoofdstuk 4 wordt onderzoek beschreven naar het eiwit AID dat een belangrijke 
rol speelt bij zowel SHM als switchrecombinatie. AID kan kleine fouten in de DNA-
code maken. Fouten in het DNA worden normaal gesproken gerepareerd door DNA 
reparatie enzymen. In het immunoglobulinegen worden de fouten die door AID 
zijn aangebracht ook herkend door deze enzymen, maar het reparatieproces is hier 
inefficiënt. Hierdoor kunnen mutaties ontstaan die zorgen voor een sterkere binding 
van het antilichaam aan de ziektekiem. Uit eerder onderzoek is gebleken dat AID 
niet alleen op het immunoglobulinegen kan binden, maar ook op andere genen. 
De binding van AID op deze genen kan leiden tot gevaarlijke mutaties: zo kunnen 
mutaties in genen die een rol spelen bij de celdeling leiden tot de ontwikkeling van 
lymfomen.

Om een beeld te krijgen van welke genen door AID in een B-cel gemuteerd 
kunnen worden en hoe deze genen door AID herkend worden, hebben we de 
bindingsplaatsen van AID op het totale DNA in kaart gebracht. Tot op heden hebben 
we meer dan driehonderd bindingsplaatsen van AID gevonden. Aan de hand van 
hun locaties op het genoom kunnen we concluderen dat AID vooral aan actieve 
genen bindt, dat wil zeggen genen waarbij de DNA-code wordt omgezet in mRNA. 
In toekomstige studies zullen de gevonden bindingsplaatsen worden onderzocht op 
eventuele mutaties. Tevens zal worden bepaald of de gevonden mutaties kunnen 
bijdragen aan de ontwikkeling van lymfomen.

Samenvattend, het onderzoek beschreven in dit proefschrift heeft ten eerste tot 
nieuwe inzichten geleid in de rol van Hdac1 en Hdac2 tijdens de ontwikkeling van 
bloedcellen. Verassend is de vinding dat lage hoeveelheden van Hdac1 en Hdac2 
kunnen leiden tot een lymfoom, wat suggereert dat HDAC-remmers die juist tegen 
kanker worden ingezet dit soort ziekte kunnen veroorzaken. Vervolgstudies moeten 
uitwijzen welk mechanisme ten grondslag ligt aan het ontstaan van lymfomen onder 
deze condities. Daarnaast hebben we voor het eerst laten zien dat immunoglobuline 
zware keten mRNA de V(D)J recombinatie reguleert. Toekomstig onderzoek zal 
moeten leren hoe het mRNA dit mechanistisch bewerkstelligt. Tot slot hebben we 
een bindingskaart van AID op het DNA gemaakt die mogelijk gebruikt kan worden 
om genen op te sporen die een rol spelen bij bloedcelkanker.
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