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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.
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Shalin Naik3, Heinz Jacobs3 and Jan-Hermen dannenberg1#
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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 1 Hdac2 com-
pensates for the loss 
of Hdac1. Quantitative 
Western blotting showing 
Hdac1 and Hdac2 protein 
levels in 3 control and 3 
MxCre+;Hdac1 D/D mice. Bar 
graphs showing Hdac1 and 
Hdac2 levels relative to 
tubulin.
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Figure 2 Hdac1 and Hdac2 are indispensible for hematopoiesis. A) Bar graph demonstrating 
the bone marrow composition of control (n=3)(without the mxCre allele), MxCre+;Hdac1 D/D 
(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.
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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 
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(n=3 mice per group) and representative plots showing FACS analyses from thymocytes of these 
mice stained with antibodies against CD4 and CD8.  
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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 
from the indicated mouse strains at one week and 3 weeks after birth. Bar graph showing the 
absolute number of DN, CD4, CD8 and DP=double positive (CD4+CD8+) thymocytes (n=3 mice 
per group). D) Representative CD24/TCRb plots of the indicated mouse strains one week and 3 
weeks after birth (n=3 mice per group). e) Histogram showing TCRb staining on CD8+ thymo-
cytes of the indicated mice strains.
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Figure 5 Hdac1 and Hdac2 suppress lymphomagenesis. A) Kaplan-Meier survival plot of 
control Lck+;Hdac1D/D, Lck+;Hdac1D/+Hdac2 D/+, Lck+;Hdac1D/+Hdac2 D/D and Lck+;Hdac1 D/DHdac2 

D/+ mice. B) Hematoxylin staining of sections of indicated tissues. C) Representative CD4/CD8 
plots of an 8 week old control thymus and of two tumor samples from mice sacrificed at 8 
weeks after birth. D) Representative histograms showing surface and intracellular TCRb staining 
on CD4lowCD8+ and CD4+CD8+ tumor samples. D) Southern blot showing genomic DNA of 12 
different tumor samples and one tail sample digested with ecoRI and probed with a P32sequence 
recognizing the Jb2 region of the TCRb locus, g.l.=germline Tcrb.

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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