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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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