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Histone deacetylases (HDACs) are chromatin-modifying enzymes that are involved in the regulation of
proliferation, differentiation and development. HDAC inhibitors induce cell cycle arrest, differentiation, or
apoptosis in tumor cells and are therefore promising antitumor agents. Numerous genes were found to be
deregulated upon HDAC inhibitor treatment; however, the relevant target enzymes are still unidentified.
HDAC1 is required for mouse development and unrestricted proliferation of embryonic stem cells. We show
here that HDAC1 reversibly regulates cellular proliferation and represses the cyclin-dependent kinase inhib-
itor p21 in embryonic stem cells. Disruption of the p21 gene rescues the proliferation phenotype of HDAC1�/�

embryonic stem cells but not the embryonic lethality of HDAC1�/� mice. In the absence of HDAC1, mouse
embryonic fibroblasts scarcely undergo spontaneous immortalization and display increased p21 expression.
Chromatin immunoprecipitation assays demonstrate a direct regulation of the p21 gene by HDAC1 in mouse
embryonic fibroblasts. Transformation with simian virus 40 large T antigen or ablation of p21 restores normal
immortalization of primary HDAC1�/� fibroblasts. Our data demonstrate that repression of the p21 gene is
crucial for HDAC1-mediated control of proliferation and immortalization. HDAC1 might therefore be one of
the relevant targets for HDAC inhibitors as anticancer drugs.

Acetylation of core histones is linked to the opening of
chromatin and transcriptional activation. Modification of ly-
sine residues by acetylation is thought to affect gene expression
either by altering the affinity of histones to the DNA, or by
creating binding sites for detector proteins that regulate chro-
matin accessibility. The antagonistic activities of two types of
enzymes, histone acetyltransferases and histone deacetylases
(HDACs), control the reversible acetylation state at the N-
terminal tail of histones. HDACs catalyze the removal of the
acetyl moieties from acetylated histones and other proteins
and are in general associated with transcriptional repression
(17). Based on their homologies with yeast deacetylases mam-
malian HDACs have been classified into Rpd3-like (class I),
Hda1-like (class II), and Sir2-like (class III) enzymes (19).
HDAC11 seems to represent a class (class IV) on its own.

HDACs have been shown to regulate many important bio-
logical processes, including cell cycle progression, differentia-

tion, and development. In agreement with this idea, HDAC
inhibitor treatment leads to cell cycle arrest, differentiation,
and apoptosis in cultured tumor cells and tumors in animal
models. Therefore, several HDAC inhibitors are currently
tested as antitumor drugs in clinical trials. A variety of HDAC
inhibitors, which target class I and class II enzymes have been
identified (33), and it has been shown that they exert their
antiproliferative effects via transcriptional and nontranscrip-
tional mechanisms (32). Treatment of untransformed cells with
HDAC inhibitors triggers a G2 checkpoint resulting in arrest of
cells in the G2 phase (50). In contrast, HDAC inhibitor treat-
ment often affects the cell viability of tumor cells. Loss of the
G2 cell cycle checkpoint is a frequent event in cancer cells and
may account for the increased sensitivity of cancer cells to the
proapoptotic effects of HDAC inhibitors. Up to now, many
genes have been shown to respond to HDAC inhibitor treat-
ment; however, the relevant target deacetylases for antitumor
drugs have not been identified thus far.

The first steps to answer this question are loss-of-function stud-
ies for individual HDACs in mammalian cells and organisms.
Gene disruption experiments in mice have shown that class II
HDACs are essential for specific differentiation processes and
that their loss results in cellular hyperproliferation (11, 48, 56). In
contrast, ablation of certain class I HDACs in mice or human
tumor cells results in reduced proliferation or cell death (5, 16, 28,
35, 40, 46). Thus, class I deacetylases might be good candidates as
targets for more specific inhibitors as anticancer drugs. This idea
is also supported by observations that class I HDACs act as
repressors of cyclin-dependent kinase (CDK) inhibitors, differen-
tiation factors, and proapoptotic factors (18).
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We have previously shown that HDAC1 gene disruption in
mice leads to severe developmental defects and reduced pro-
liferation both in the mouse embryo and in embryonic stem
(ES) cells (28). Restricted proliferation of HDAC1�/� ES cells
was accompanied by increased expression of the CDK inhibitor
p21/CIP1/WAF1 (referred to here as p21 for simplicity). The
p21 protein is a member of the CIP/WAF family and is in-
volved in the regulation of cell cycle progression, senescence,
and differentiation (10). The p21 gene was shown to be a target
of the transcriptional corepressor HDAC1 in human tumor
cells (20, 27, 40) and mouse ES cells (28). In addition, the p21
gene was consistently found to be upregulated by HDAC in-
hibitors in different cell types (18). However, it is not clear
whether p21 is one of the crucial HDAC1 targets with respect
to proliferation and development, since several hundred genes
are deregulated upon loss of HDAC1 in mouse ES cells (58).
Therefore, we asked in the present study whether p21 plays an
important role in HDAC1-dependent regulation of prolifera-
tion in murine cells. We demonstrate here that HDAC1 acts as
a positive regulator of proliferation in mouse ES cells and
mouse embryonic fibroblasts (MEFs) by repressing the CDK
inhibitor p21. In contrast, the developmental phenotype of
HDAC1-deficient mouse embryos seems to be caused by more
complex changes in gene expression.

MATERIALS AND METHODS

Generation of mice. All mice used in the present study were kept on a mixed
background (C57BL/6;129SV). To obtain HDAC1�/� p21�/� mice, HDAC1�/�

mice were crossed with p21�/� mice (13).
Isolation and culture of ES cells. ES cells were isolated from blastocysts as

described previously (24a). ES cell lines were cultivated in Dulbecco modified
Eagle medium-high glucose (Sigma) supplemented with antibiotics and 15%
(vol/vol) fetal calf serum and either supplemented with 10 3 U of leukemia
inhibitory factor/ml on gelatinized culture dishes or without leukemia inhibitory
factor on feeder cell layers. All ES cell experiments were performed with cell
lines obtained from littermates. To reintroduce HDAC1 into HDAC1-deficient
ES cell lines, pMSCVpuro-HDAC1 (or empty pMSCVpuro as vector control)
was linearized and electroporated into ES cells by using a Bio-Rad Gene Pulser
II with 0.4-cm-wide sterile cuvettes (165-2088; Bio-Rad), with a single pulse at
230V and 500 �F. Electroporated ES cells were incubated for 5 min at room
temperature and then plated onto puromycin-resistant feeder cells. After 24 h,
puromycin (5 �g/ml) was applied to select for transfected cells. The selection
procedure was continued for 14 days, and single clones were picked, expanded,
and analyzed for expression of HDAC1.

Isolation and culture of MEFs. HDAC1-deficient ES cells were injected into
B6/CBA blastocysts and transferred into pseudopregnant females. Eleven days
later, fibroblasts were isolated from chimeric embryos and cultivated in Dulbecco
modified Eagle medium supplemented with 10% (vol/vol) fetal calf serum and
antibiotics. Cells were grown for 24 h and then split at a 1:3 ratio. To select for
presence of the Neo marker, cells were kept in the presence of G418 (300 �g/ml).

Immortalization of MEFs (3T3 protocol). After we reached a critical density
(subconfluent, usually day 5 to 7), fresh MEFs were split on new 60-mm dishes
in 3 � 105 cell aliquots, grown for 3 days, and then split again in aliquots of 3 �
105 cells on new 60-mm dishes. This splitting was subsequently repeated until
cells reached the crisis, characterized by high mortality and low proliferation
rates. Then, culture medium was replaced every 3 days until the appearance of
clones, which represent the immortalized fibroblasts.

Viral oncogene infection of MEFs. MEFs were infected with pBABEpuro
simian virus 40 (SV40) LT, pBABE HPV16 E6/E7 (expresses E6 and E7),
pBABE HPV16 E6/E7s (expresses E6 with a stop codon in E7), or pBABE
HPV16 E6s/E7 (expresses E7 with a stop codon in E6) (38). Retroviral super-
natant was obtained from transiently transfected BOSC23 packaging cells as
previously described (44) and subjected to selection with puromycin (1 �g/ml).

FACS analysis. Cell cycle distribution was analyzed by fluorescence-activated
cell sorter (FACS) analysis with a Partec PAS-II sorter.

SA �-Gal staining. Senescence-associated �-galactosidase (SA �-Gal) activity
was determined as described previously (14) with slight changes. Cells were

washed in phosphate-buffered saline (PBS), fixed for 3 to 5 min at room tem-
perature with 2% (vol/vol) formaldehyde–0.2% glutaraldehyde, washed with
PBS, and incubated at 37°C without CO2 with freshly prepared staining solution
containing 1 mg of X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside;
Sigma)/ml, 30 mM citric acid, sodium phosphate (pH 5.5), 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2 for
at least 2 h.

Protein analysis and antibodies. Whole-cell protein extraction and Western
blot analysis were performed as previously described (44). The following anti-
bodies were used for protein detection on immunoblots, indirect immunofluo-
rescence, and chromatin immunoprecipitation assays: p21 (F5; Santa Cruz),
HDAC1 polyclonal rabbit antibody and monoclonal mouse antibody from Mil-
lipore, and acetyl histone-H3 and acetyl histone-H4 (both from Millipore). The
�-actin protein was visualized with a monoclonal antibody (AC74; Sigma). The
proliferation marker Ki67 was detected with the monoclonal Ki67 antigen anti-
body (Novo Castra) by indirect immunofluorescence microscopy (Zeiss Axiovert
135TV microscope) as previously described (28). Nuclear DNA was visualized by
using DAPI (4�,6�-diamidino-2-phenylindole).

Chromatin immunoprecipitation assays. Chromatin immunoprecipitation as-
says were carried out as described previously (23) with some modifications.
Chromatin was cross-linked for 10 min with 1% formaldehyde and then soni-
cated. Equal amounts of sonicated chromatin were diluted 10-fold and precipi-
tated overnight with the following antibodies: HDAC1, acetyl-histone H3, acetyl-
histone H4, and preimmune serum as a control. The chromatin-antibody
complexes were isolated by incubation with 30 �l of protein A-Sepharose beads
(50% slurry, 100 �g of salmon sperm DNA/ml, and 500 �g of bovine serum
albumin/ml), while rocking at 4°C for 2 h. The beads were harvested and washed
as described previously (23). Chromatin-antibody complexes were eluted from
the protein A-Sepharose beads by addition of 2% sodium dodecyl sulfate, 0.1 M
NaHCO3, and 10 mM dithiothreitol. Cross-linking was reversed by addition of a
0.05 volume of 4 M NaCl and incubation of the eluted samples for 6 h at 65°C.
The DNA was extracted with phenol-chloroform, precipitated with ethanol, and
dissolved in water.

PCR analysis of immunoprecipitated DNA. All PCRs were performed on a
Thermocycler T3 (Biometra) by using Promega PCR Master Mix. The linear
range for each primer pair was determined empirically using different amounts of
genomic DNA. PCRs with 1:40 dilutions of genomic DNA (input) were carried
out along with the immunoprecipitated DNA. PCR products were resolved on
2% agarose–Tris-acetate-EDTA gels. Primer sequences are available upon re-
quest.

Whole-mount in situ hybridization. Whole-mount in situ hybridization was
performed essentially as described previously (24) using BM purple (Roche) as
the color substrate. The digoxigenin-labeled antisense riboprobe mouse HDAC1
cDNA (3� fragment, bp 1041 to 1550) was used for hybridization (4).

RNA isolation and RT-PCR analysis. Total cellular RNA was isolated with
TRIzol reagent (Gibco-BRL) as recommended by the manufacturer. For cDNA,
1 �g of total RNA was reversely transcribed with the iScript cDNA synthesis kit
(Bio-Rad). Real-time reverse transcription-PCRs (RT-PCRs) were performed
with 0.5 �l of the RT reaction mixture by the iCycler iQ system (Bio-Rad), using
SYBR green (Molecular Probes) for labeling. Primer sequences are available
upon request.

Proliferation assays. Proliferation assays were performed as previously de-
scribed (40). A total of 1,000 viable cells/well were plated into a 96-well tissue
culture dish. The day after (day 0), the cells were treated with the indicated
concentrations of trichostatin A (TSA). Every 24 h, a 96-well tissue culture dish
was stained with crystal violet solution. Crystal violet incorporated in the cellular
membrane was solubilized with a solution of 10% acetic acid-phosphate-buffered
saline (PBS), and the absorbance was measured at 595 nm with an MRX mi-
croplate reader (Dynatech). The increase in cell numbers at a given day is
obtained as the ratio of absorbance at a given time (“time i”) relative to the zero
time point (time i is thus 0, 24, 48, or 72 h after the addition of drug). Each
experimental time point is the average of three independent experiments, with
the respective standard deviation.

RESULTS

The proliferation phenotype of HDAC1�/� ES cells is re-
versible. We have previously demonstrated that germ line mu-
tation of HDAC1 is embryonic lethal (28). HDAC1�/� em-
bryos are severely growth retarded and die before embryonic
day 10.5 (E10.5). The proliferation of HDAC1-deficient ES
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cells was impaired, suggesting a role for HDAC1 in regulating
cellular proliferation. To analyze the proliferation phenotype
of HDAC1�/� ES cells in more detail, we first sought to de-
termine whether the reduced proliferation rate could be re-
versed by reintroduction of HDAC1. To this end, HDAC1�/�

ES cells were transfected with a pMSCV-HDAC1 expression
vector. As controls, HDAC1�/� and HDAC1�/� ES cells were
transfected with empty vector. HDAC1 expression levels of
reintroduced ES cell clones were analyzed for mRNA expres-
sion by real-time RT-PCR and for protein expression by im-
munoblots (Fig. 1A and B). Two clones (HD1�/� reA and
HD1�/� reB) that displayed 70 and 50% of HDAC1�/�

mRNA levels and comparable HDAC1 protein levels were
chosen for further analysis. To examine proliferation rates,
equal numbers of vector transfected HDAC1�/� cells, vector
transfected HDAC1�/� cells and HDAC1 reintroduced ES
cells (HD1�/� reA) were plated, and cell numbers were deter-
mined daily on a Casy Coulter Counter over a period of 4 days.
As observed previously (28), HDAC1�/� ES cells showed de-
creased proliferation rates compared to HDAC1�/� cells (Fig.
1C). Reintroduction of HDAC1 into HDAC1-deficient ES
cells restored cellular proliferation almost to HDAC1�/�

levels.
Reduced proliferation rates of HDAC1�/� ES cells are ac-

companied by elevated expression of the CDK inhibitor p21
(28). The p21 gene was previously shown to be a direct target
of the transcriptional corepressor HDAC1 (20, 27). Therefore,
we investigated whether reintroduction of HDAC1 would re-
duce the increased levels of p21 in HDAC1�/� ES cells. As
shown in Fig. 1A and B, both mRNA and protein expression of
p21 were reversed to HDAC1�/� levels in HDAC1-reintro-
duced ES cells. From these results we conclude that HDAC1
reversibly regulates proliferation of murine ES cells and the
expression of the CDK inhibitor p21 in ES cells.

Impaired proliferation of HDAC1�/� ES cells is rescued by
additional ablation of p21. Reduced proliferation rates in
HDAC1-deficient embryos and ES cells are accompanied by
upregulation of p21 expression (28). To examine whether the
proliferation defect of ES cells in the absence of HDAC1
might result from increased p21 levels, we ablated the expres-
sion of the CDK inhibitor in HDAC1�/� and HDAC1�/�

mice. To this purpose, we crossed HDAC1 heterozygous mice
in a p21-deficient background (13). Mice lacking p21 undergo
normal development. As shown in Table 1, genotyping of off-
spring from HDAC1�/� p21�/� breedings revealed the ab-
sence of HDAC1�/� p21�/� animals, indicating embryonic
lethality. To find out whether additional loss of p21 would
affect the onset of embryonic lethality, embryos from
HDAC1�/� p21�/� breedings were analyzed at days E8.5 and
E9.5, respectively. As shown in Fig. 2A, HDAC1�/� p21�/�

embryos were severely growth retarded and resembled from

FIG. 1. Reintroduction of HDAC1 into HDAC1�/� ES cells re-
stores proliferation and low p21 expression. (A) Analysis of HDAC1
and p21 mRNA expression in ES cells. RNA from vector transfected
HDAC1�/� ES cells (WTvec) and HDAC1�/� ES cells (HD1�/�vec)
and two different HDAC1 reintroduced ES cell lines (HD1�/�reA and
HD1�/�reB) was analyzed by real-time PCR. Expression of HDAC1
and p21 is shown relative to �-actin. The relative expression in vector-
transfected HDAC1�/� cells was arbitrarily set to 1. The data are
shown as mean values of three independent experiments with standard
deviation (SD). (B) Immunoblot analysis of HDAC1 and p21 protein
expression. Whole-cell extracts were prepared from vector-transfected
HDAC1�/� and HDAC1�/� ES cells and HDAC1 reintroduced ES
cell lines (HD1�/�reA and HD1�/�reB) and analyzed for the presence
of HDAC1 and p21. �-Actin was used as loading control. (C) Growth
curves of vector-transfected HDAC1�/� and HDAC1�/� ES cells and
HDAC1�/� ES cells transfected with pMSCV-HDAC1 (HD1�/�re).
For each cell line, 105 cells were seeded in triplicates, and aliquots were
counted daily for 4 days and presented as mean values � the SD.

TABLE 1. Genotype of offspring from HDAC1�/� p21�/� �
HDAC1�/� p21�/� matings

Cell phenotype No. of offspring %

HDAC1�/� p21�/� 77 38.5
HDAC1�/� p21�/� 123 61.5
HDAC1�/� p21�/� 0 0

VOL. 30, 2010 p21 IS A CRUCIAL TARGET FOR HDAC1 1173



their appearance HDAC1�/� p21�/� embryos (28). Therefore,
disruption of the p21 gene did not rescue or delay the onset of
embryonic lethality of HDAC1-deficient mice.

To investigate a possible effect of p21 ablation on the pro-

liferation phenotype of HDAC1-deficient cells, ES cells from
HDAC1�/� p21�/� intercrossings were generated by blasto-
cyst outgrowth. We obtained several cell lines for each of the
expected genotypes. For further analysis, an HDAC1�/�

p21�/� cell line and an HDAC1�/� p21�/� cell line derived
from littermates, was used (Fig. 2B and C). The expression of
HDAC1 and p21 in the respective cell lines was controlled by
immunoblot analysis (Fig. 2B). To investigate proliferation
rates, equal numbers of HDAC1�/� p21�/�, HDAC1�/�

p21�/�, HDAC1�/� p21�/�, and HDAC1�/� p21�/� ES cells
were plated, and cell numbers were determined daily on a Casy
Coulter Counter over a period of 4 days. In line with previous
observations (28), HDAC1�/� p21�/� ES cells showed re-
duced proliferation rates compared to HDAC1�/� p21�/�

cells (Fig. 2C). HDAC1�/� cells displayed comparable prolif-
eration rates in the presence (HDAC1�/� p21�/�) or absence
(HDAC1�/� p21�/�) of p21, indicating that in undifferenti-
ated ES cells loss of p21 does not affect proliferation. Remark-
ably, HDAC1�/� cells regained normal proliferation rates
in the absence of p21 (compare HDAC1�/� p21�/� and
HDAC1�/� p21�/�), indicating that the proliferation of
HDAC1-deficient ES cells was rescued by additional ablation
of p21. Thus, the CDK inhibitor p21 is a crucial target of
HDAC1 as regulator of proliferation in mouse ES cells.

Primary HDAC1�/� MEFs show decreased proliferation
rates and are lost during immortalization. To further investi-
gate a potential role of HDAC1 in cellular proliferation, we
intended to generate HDAC1-deficient MEFs. The generation
of MEFs derived from embryos as early as E8.5 has been
previously described (see, for instance, reference 55). There-
fore, we isolated HDAC1�/� and HDAC1�/� embryos at E8.5
and established primary cell cultures. Several different fibro-
blast lines were obtained from HDAC1�/� embryos. However,
we did not obtain a single HDAC1 mutant cell line, possibly
due to the fact that the HDAC1 mutant embryos are too
retarded in development to allow the generation of MEFs. To
circumvent this problem, we injected HDAC1�/� ES cells into
blastocysts and generated MEFs from chimeric E13.5 embryos
(Table 2). Chimeric embryos were identified by PCR with
primers specific for the HDAC1-null allele, and fibroblast
cultures were prepared. The ratio of HDAC1�/� MEFs to
HDAC1�/� MEFs was analyzed by indirect immunofluores-
cence microscopy with HDAC1 specific antibodies at passage
1. Several mixed MEF cell populations with up to 80% of
HDAC1�/� cells were obtained (Table 2). These cell mixtures
were subjected to the 3T3 immortalization protocol, and the
fraction of HDAC1-deficient cells at different passages was
monitored by indirect immunofluorescence microscopy.

The fraction of HDAC1�/� MEFs was consistently found to

TABLE 2. Number of chimeric E13.5 embryosa and chimerism of
MEFs at passage 1, as identified by immunofluorescence with an

HDAC1-specific antibody

Genotype of injected
ES cells

No. of injected
blastocysts

No. of chimeric
embryos

Avg chimerism
(%)

HDAC1�/� p21�/� 19 4 44
HDAC1�/� p21�/� 21 5 59

a Identified by PCR genotyping.

FIG. 2. Loss of HDAC1 in a p21-deficient background rescues im-
paired proliferation of HDAC1-null ES cells. (A) Phenotype of
HDAC1�/� and HDAC1�/� embryos in a p21 null background. Em-
bryos were obtained from HDAC1�/� p21�/� crossbreeding at E8.5
and E9.5. The genotype of the embryos was visualized by in situ
hybridization with an HDAC1 riboprobe. (B) Immunoblot analysis of
HDAC1 and p21 protein expression. Expression of HDAC1 and p21
was examined in protein extracts prepared from HDAC1�/� p21�/�,
HDAC1�/� p21�/�, HDAC1�/� p21�/�, and HDAC1�/�p21�/� ES
cell lines. (C) Growth curves of HDAC1�/� p21�/�, HDAC1�/�

p21�/�, HDAC1�/� p21�/�, and HDAC1�/�p21�/� ES cell lines. For
each cell line, 105 cells were seeded in triplicates, and aliquots were
counted daily during a time period of 4 days and shown as mean values �
the SD.
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decrease during culturing of mixed cell populations derived
from different chimeric embryos (Fig. 3A). Therefore, we
sought to determine whether the loss of HDAC1�/� MEFs
during immortalization is due to reduced proliferation or pre-
mature senescence. Immunofluorescence analysis of the pro-

liferation marker Ki67 at passage 4 revealed a significant re-
duction in proliferation for the HDAC1�/� MEFs compared
to HDAC1�/� MEFs (Fig. 3B). At passage 8, when cells
approached the senescence state both HDAC1�/� and
HDAC1�/� MEFs contained a similar small fraction of Ki67-
positive cells. When the SA �-Gal activity was measured, al-
most no senescent cells were observed at passage 4 in both
HDAC1�/� MEFs and MEF populations with 81% HDAC1-
deficient cells (Fig. 3C). At passage 10, the fibroblasts entered
senescence, as demonstrated by the appearance of SA �-Gal
activity and the reduction of Ki67 positive cells (Fig. 3B and C).
Importantly, MEF populations that contain ca. 70% of
HDAC1�/� cells show similar numbers of SA-�-Gal positive
cells at passages 7 and 10 as cell populations that consist
exclusively of HDAC1�/� cells (Fig. 3C and data not shown).
Taken together, loss of HDAC1�/� in MEFs leads to reduced
proliferation but not premature senescence.

Next, we attempted to obtain pure populations of HDAC1�/�

MEFs. The HDAC1�/� allele contains a Neo selection marker
that was previously used to identify ES cells with a recombined
HDAC1 locus (28). Consequently, MEF populations from chi-
meras containing HDAC1-deficient cells (as analyzed by PCR
of DNA from chimeras) were subjected to selection with G418
(300 �g/ml) from passage 1 onward. Surprisingly, not only
HDAC1�/� cells, but also HDAC1-deficient cells, which were
expected to be resistant to selection with G418, underwent
excessive cell death after 1 week of G418 selection and were
completely lost within 2 weeks. This is not due to silencing of
the neo transgene because SV40-LT transformed HDAC1�/�

fibroblasts (described below) were still G418 resistant (data
not shown). The survival of HDAC1�/� fibroblasts could be
dependent on the presence of HDAC1�/� cells as a conse-
quence of factors secreted or presented by HDAC1 expressing
cells. To test this hypothesis, we performed the G418 selection
with conditioned medium obtained as supernatant from
HDAC1�/� MEFs. Again, HDAC1�/� fibroblasts failed to
survive, suggesting that their proliferation does not depend
entirely on factors secreted by HDAC1�/� cells (data not
shown).

Expression of viral oncogenes rescues the proliferation/im-
mortalization defect of HDAC1�/� primary fibroblasts. In
MEFs spontaneous immortalization is usually accompanied by
mutational inactivation of the tumor suppressors p53 (22)
and/or p19 (26). Simian virus 40 large T antigen (SV40 LT)
transforms cells by inhibiting the ability of pRb family mem-
bers to repress E2F-dependent transcription (41), as well as by
interfering with the ability of p53 to activate transcription of its
target genes (3). To analyze whether immortalization mediated
by SV40 LT is still functional in HDAC1-deficient MEFs, we
transfected mixtures of primary HDAC1�/� and HDAC1�/�

MEFs isolated from chimeric embryos at passage 1 with a
retroviral pBABEpuro SV40 LT expression vector. After pu-
romycin selection, single clones were isolated and analyzed by
indirect immunofluorescence for HDAC1 expression (data not
shown). As previously described (45), Western blot analysis
revealed high p53 protein expression upon SV40 LT expres-
sion in both HDAC1�/� and HDAC1�/� MEFs (Fig. 4A).
Three clones of each genotype were used for further analysis.
As expected, SV40 LT transformed HDAC1�/� cells showed
unrestricted proliferation and did not enter senescence. Im-

FIG. 3. Immortalization defect of HDAC1-deficient primary MEFs.
(A) Growth curves of HDAC1�/� and HDAC1�/� MEFs. A total of
3 � 105 MEFs derived from chimeric embryos (mixed HDAC1�/� and
HDAC1�/�) were passaged every 3 to 4 days in triplicates and
HDAC1�/� and HDAC1�/� MEFs were identified by indirect immu-
nofluorescence microscopy. Cumulative cell numbers are presented
relative to cell numbers of day 0 as mean values � the SD. Arrows
indicate the passage number. (B) Proliferation of HDAC1�/� and
HDAC1�/� MEFs. Primary fibroblasts isolated from chimeric embryos
were analyzed at passages 4 and 8 by indirect immunofluorescence
microscopy for the presence of HDAC1 and the proliferation marker
Ki67. Nuclear DNA was stained with DAPI. The numbers of Ki67-
positive cells were determined of triplicates and are shown as mean
values � the SD. Asterisks indicate statistically significant differences
(P � 0.0056 [Student t test]). (C) Senescence of HDAC1�/� and
HDAC1�/� MEFs. Senescent fibroblasts were identified by detection
of SA �-Gal activity at passages 4 and 10. The percentage of
HDAC1�/� cells is indicated in the upper left corner or each subpanel.
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portantly, SV40 LT transformed HDAC1�/� MEFs showed
similar proliferation rates and did not display any signs of
senescence (data not shown). Moreover, Ki67 staining of sev-
eral SV40 transformed cell lines derived from single clones did

not reveal significant differences in the numbers of Ki67-pos-
itive cells between SV40 LT transformed HDAC1�/� and
HDAC1�/� fibroblasts (Fig. 4B). We conclude that SV40 LT
expression rescues the proliferation/immortalization pheno-
type of HDAC1-deficient fibroblasts.

Next, we sought to determine whether it would be sufficient
to impair either the p53 or the pRB pathway for the rescue of
HDAC1�/� MEFs. To this end we transfected primary MEFs
isolated from chimeric embryos of mixed WT and HDAC1�/�

background with retroviral expression vectors encoding either
human papillomavirus 16 (HPV16) E6 or E7 oncoproteins or
both oncoproteins (E6/E7). HPV16 E6 protein is known to
mediate p53 polyubiqitination and therefore cause rapid deg-
radation of this tumor suppressor gene that directly affects
levels of p53 target genes (39). As expected, p53 protein levels
were low in E6 and E6/E7 transfected cells (Fig. 4A). In ad-
dition, expression of the p53 target gene p21 was reduced in
the absence of functional p53 caused by enhanced degradation
(E6, E6/E7) or inactivation (SV40 LT). On the other hand,
HPV16 E7 protein can directly bind to the pRB tumor sup-
pressor leading to its inactivation and fast synthesis of S phase
proteins (15).

Transfection with either HPV16 E6 or E7 resulted in trans-
formation of both HDAC1�/� and HDAC1�/� cells, which
displayed similar proliferation rates regardless of the viral pro-
tein transfected. However, the proliferation rates of E6 or E7
only transfected MEFs were more than five times lower than
proliferation rates of same cells transfected with SV40 LT
antigen regardless of their genotype (Fig. 4C). Transfection of
primary MEFs with both E6 and E7 proteins (E6/E7) led to a
dramatic increase in the proliferation rate, which was compa-
rable to the proliferation rate of SV40 LT transformed MEFs.
Thus, we conclude that inactivation of either p53 or pRb is
sufficient to rescue the immortalization phenotype of primary
HDAC1�/� MEFs. Inactivation of both p53 and pRB by
HPV16 E6/E7 or SV40 LT led to enhanced proliferation in
both transformed HDAC1�/� and HDAC1�/� MEFs.

HDAC inhibitor treatment impairs proliferation of trans-
formed HDAC1�/� and HDAC1�/� fibroblasts. Treatment of
tumor cells with HDAC inhibitors leads to impaired prolifer-
ation. However, the relevant target enzymes are not yet iden-
tified. To test the importance of HDAC1 for the growth inhib-
itory effect of HDAC inhibitors, we treated HDAC1�/� and
HDAC1�/� SV40 LT and E6/E7 HPV16 transformed fibro-
blasts for 3 days with different concentrations of the general
HDAC inhibitor TSA. Treatment with TSA resulted in dose-
and time-dependent growth inhibition of all tested cell lines
(Fig. 5 and data not shown). Interestingly, both HDAC1�/�

and HDAC1�/� cells were inhibited at similar levels. Similar
results were obtained with the HDAC inhibitor suberoylanilide
hydroxamic acid also known as Vorinostat or Zolinza (data not
shown). Thus, in agreement with several reports on prolifera-
tion-associated functions of other HDACs (16, 29, 51, 57), our
data suggest that HDAC1 is not the only deacetylase that is
relevant for the growth-inhibitory effect of HDAC inhibitors.

Impaired proliferation in HDAC1�/� immortalized MEFs is
accompanied by increased levels of p21 and hyperacetylation
at the p21 promoter. In our numerous attempts to isolate
fibroblast lines by spontaneous immortalization without viral
oncogene transfection we obtained only two HDAC1-deficient

FIG. 4. Transfection with viral oncogenes can rescue the prolif-
eration/immortalization phenotype of primary HDAC1�/� MEFs.
(A) Immunoblot analysis of HDAC1, HDAC2, p53, and p21 protein
expression. Whole-cell extracts were prepared from HDAC1�/� and
HDAC1�/� MEF single clones obtained after transfection with HPV16
E6, HPV16 E7, HPV16 E6/E7, and SV40 LT. �-actin was used as loading
control. (B) Proliferation of transformed HDAC�/� and HDAC1�/�

fibroblasts. SV40 LT-transformed HDAC�/� and HDAC1�/� fibroblast
lines were analyzed by indirect immunofluorescence microscopy for both
HDAC1 and Ki67 expression. The fraction of Ki67-positive cells is de-
picted as the mean value � the SD of triplicates for three independent cell
lines of each genotype. (C) Relative proliferation rates of E6, E7, E6/E7,
and SV40 LT-transfected MEFs. A total of 105 cells of at least three
different single clones for each transfection were seeded and counted after
time period of 3 days. Proliferation rates were determined and are pre-
sented as cell numbers per day relative to the value of SV40 LT cell lines
in percentages as mean values � the SD.
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MEF lines (HDAC1�/� 1 and HDAC1�/� 2) (Fig. 6A). Com-
pared to HDAC1�/� cells, the HDAC1�/� fibroblast lines
showed reduced proliferation rates (Fig. 6B) and never
reached the confluence of HDAC1�/� fibroblasts (data not
shown). To determine whether the cell cycle distribution of
HDAC1-deficient fibroblasts was affected, we performed
FACS analysis of logarithmically growing HDAC1�/� and
HDAC1�/� cell lines (Fig. 6C). Importantly, HDAC1�/� cells
displayed reduced numbers of cycling cells in S phase, while
the amount of cells in G1 was increased by ca. 20%. Further-
more, no apoptotic sub-G1 peak was observed, suggesting that
impaired proliferation of HDAC1-deficient fibroblasts was not
caused by increased apoptosis.

Since the reduced proliferation rate of HDAC1�/� ES cells
was linked with increased levels of p21 (Fig. 2), we analyzed
the expression of this CDK inhibitor in the immortalized MEF
lines. Intriguingly, the two HDAC1�/� MEF lines showed el-
evated p21 levels both on the mRNA and the protein level
compared to HDAC1�/� cells (Fig. 7A and B).

To examine whether HDAC1 directly controls the expres-
sion of the p21 gene in MEFs, we performed chromatin im-
munoprecipitation experiments. To this end, chromatin from
HDAC1�/�, HDAC1�/� 1, and HDAC1�/� 2 cell lines was
prepared and immunoprecipitated with antibodies specific for
HDAC1, acetylated histone H3, acetylated histone H4, and an
unspecific control antibody. As shown in Fig. 7C, HDAC1 was
present at the proximal and distal promoter region of the p21

gene in HDAC1�/� cells but not at the control gene �-actin.
Loss of HDAC1 led to increased acetylation levels of histones
H3 and H4 at both promoter regions of the p21 gene in
HDAC1�/� 1 and HDAC1�/� 2 cells, whereas no significant
differences in the histone acetylation levels were detected at
the �-actin promoter. These data strongly suggest that the
increased levels of p21 in HDAC1�/� MEF lines are directly
caused by loss of HDAC1.

FIG. 5. Long-term treatment with HDAC inhibitors TSA impairs
the proliferation of transformed HDAC1�/� and HDAC1�/� fibro-
blasts. (A) Concentration-dependent inhibition of proliferation. The
same number of SV40 LT transformed HDAC1�/� and HDAC1�/�

MEFs was plated and treated with the indicated concentrations of
TSA. Proliferation in the absence or presence of TSA was measured at
days 1 and 2 as described in Materials and Methods, and growth
inhibition was calculated relative to untreated control. (B) Time-de-
pendent inhibition of proliferation. Growth curves of SV40-trans-
formed HDAC1�/� and HDAC1�/� fibroblasts treated with 50 or 100
nM TSA. Growth inhibition was calculated as described for panel A.

FIG. 6. Characterization of immortalized HDAC1-deficient fibro-
blasts. (A) One immortalized HDAC1�/� (WT) and two immortalized
HDAC1�/� fibroblast lines were analyzed for the presence of HDAC1
by indirect immunofluorescence microscopy. Nuclei were visualized by
using DAPI. (B) Proliferation rates of HDAC1�/� and HDAC1�/�

immortalized fibroblasts. A total of 105 cells were seeded and counted
after time period of 3 days. The data are averages of triplicate deter-
minations and are expressed as number of grown cells per day � the
SD. (C) FACS analysis of HDAC1�/� and HDAC1�/� fibroblast lines.
The experiment shown is representative for three independent exper-
iments for each cell line. Asterisks indicate statistically significant dif-
ferences in G1 (*) and S (**) phases between HDAC1�/� and
HDAC1�/� cells (for HDAC1�/� 1, PG1 � 0.00028 and PS � 0.00001
and for HDAC1�/� 2, PG1 � 0.0000004 and PS � 0.0000084 [Student
t test]).
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The immortalization phenotype of HDAC1�/� fibroblasts is
rescued by additional ablation of p21. In ES cells, additional
deletion of p21 rescues the proliferation defect of HDAC1�/�

ES cells (Fig. 2). Therefore, we wanted to investigate whether
the observed immortalization phenotype of HDAC1-deficient
MEFs would be rescued in a p21 null background. To this end,
HDAC1�/� p21�/� ES cells were injected into blastocysts and
MEFs were established from chimeric embryos as described
above. Five different MEF populations with up to 73%
HDAC1�/� p21�/� primary MEFs were obtained (Table 2).
HDAC1�/� and HDAC1�/� cells were identified by immuno-
fluorescence analysis, and cell numbers were measured over
eight passages. In contrast to HDAC1�/� p21�/� MEFs, the
proportion of HDAC1�/� p21�/� MEFs did increase at higher
passages in this competitive proliferation assay (Fig. 8A). In
line with this observation, HDAC1�/�p21�/� MEFs showed
significantly higher numbers of Ki67-positive cells compared to
HDAC1�/� cells (Fig. 8B, compare to Fig. 3B). Moreover, we
detected only low numbers of SA �-Gal-positive cells in
HDAC1�/� p21�/� cells at passage 10, indicating that these
primary fibroblasts enter senescence with delay (Fig. 8C, com-
pare to Fig. 3C). However, from passage 13 onward, the num-
ber of Ki67-positive HDAC1�/� p21�/� MEFs was close to
that of HDAC1�/� cells, and the HDAC1�/� p21�/� MEFs
displayed a senescence phenotype (data not shown). Neverthe-
less, the period until spontaneous immortalization occurred
seemed to be shortened in HDAC1�/� p21�/� MEFs com-
pared to HDAC1�/� MEFs. Finally, in contrast to HDAC1�/�

p21�/� ES cells, injection of HDAC1�/� p21�/� ES cells gave
rise to immortalized HDAC1 deficient fibroblast lines with

high efficiency. In conclusion, our data indicate that impaired
spontaneous immortalization of HDAC1-deficient MEFs is
rescued by ablation of p21.

DISCUSSION

Reversibility of HDAC1-mediated effects. We analyzed the
function of HDAC1 in proliferation of murine ES cells and
immortalization of MEFs. Loss of HDAC1 was previously
shown to result in reduced proliferation rates of ES cells ac-
companied by increased expression of the CDK inhibitors p21
(28). Reintroduction of HDAC1 led to reversion of the pro-
liferation phenotype and the downregulation of p21 (Fig. 1).
These results are in line with previous observations on changes
in gene expression in HDAC1-deficient ES cells, which were
mostly reversible upon reintroduction of HDAC1 (58). Given
that acetylation of core histones is a highly dynamic and re-
versible process, the reversibility of HDAC1-mediated effects
in ES cells is not unexpected.

Additional ablation of p21 rescues the proliferation defect of
HDAC1�/� ES cells. Treatment of tumor cells with HDAC
inhibitors results in growth inhibition and/or cell death. Several
studies have identified the CDK inhibitor p21 as one of the
most reliable target genes of HDAC inhibitors in different cell
systems (reviewed in reference 36). HDAC1 was identified as
one of the members of the HDAC family that negatively reg-
ulate p21 expression in human tumor cells (27). We show here
that additional loss of p21 rescues the proliferation phenotype
of HDAC1-null ES cells (Fig. 2). Reduced proliferation of
HDAC1-deficient ES cells is completely abolished upon dele-

FIG. 7. Increased levels of p21 in HDAC1-deficient fibroblasts. (A) Analysis of HDAC1 and p21 mRNA expression by real-time RT-PCR.
Expression of p21 is shown relative to �-actin as mean values � the SD. (B) Analysis of HDAC1 and p21 protein expression. Whole-cell extracts
from HDAC1�/� and HDAC1�/� fibroblast lines were analyzed on an immunoblot by sequential incubation with antibodies specific for HDAC1,
p21, and �-actin (as a loading control). (C) Formaldehyde cross-linked chromatin from HDAC1�/� and HDAC1�/� MEF lines was immuno-
precipitated with control antibody or antibodies specific for HDAC1, acetylated H3 (AcH3), and acetylated H4 (AcH4). DNA isolated from
immunoprecipitated fractions, as well as total input chromatin, was analyzed by semiquantitative PCR specific for the distal and proximal p21
promoter.
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tion of p21. In contrast, ablation of p21 alone does not lead to
increased proliferation of HDAC1�/� ES cells. The latter find-
ing is in accordance with previous results published for p21-
deficient MEFs (8).

Cell cycle regulation of ES cells is different from other cell
types, such as fibroblasts and tumor cells. ES cells display short
gap phases, which are achieved by the constitutive, cell cycle,
and mitogen-independent activity of CycE/Cdk2 and CycA/
Cdk2 complexes, whereas CycD/Cdk4/6 activity is almost not
detected in ES cells (9, 43). Increased expression of p21 (and
p27) was found to correlate with severely decreased cyclin A-
and cyclin E-associated kinase activity in HDAC1-deficient ES
cells (28). Therefore, the reduced cyclin A- and cyclin E-asso-
ciated kinase activity in HDAC1�/� ES cells might be less
efficient in phosphorylating pRb, leading to partial sequestra-
tion of E2F by hypophosphorylated pRb and incomplete acti-
vation of E2F-dependent S-phase genes. On the other hand,
pRb was shown to recruit HDAC1 to target promoters and loss
of HDAC1 should therefore result in the activation of E2F
target genes (6, 31). However, comparison of the gene expres-
sion profiles of HDAC1�/� and HDAC1�/� ES cells did not
reveal significant changes in the expression of E2F target genes
(58). We conclude that p21 mediates the antiproliferative ef-
fect in murine ES cells by an alternative pathway. One possible
explanation is the repressive function of p21 on the essential
replication factor proliferating-cell nuclear antigen (PCNA)
(49).

Ablation of p21 fails to rescue the developmental phenotype
of HDAC1-null embryos. Disruption of the HDAC1 gene led
to severe developmental abnormalities during mouse embryo-
genesis (28). In contrast to the effect on proliferation, loss of
p21 was not sufficient to rescue the developmental phenotype
of HDAC1�/� embryos (Fig. 2). The HDAC1�/� p21�/� em-
bryos still died before E10.5 and showed the same develop-
mental defects, including malformed allantois and defects
in head formation, as previously described for HDAC1�/�

p21�/� embryos (28). Since p27, another member of the CIP/
KIP family of CDK inhibitors, is also upregulated in HDAC1�/� ES
cells (28), we ablated HDAC1 in a p27�/� background. How-
ever, the embryonic lethality of HDAC1�/� embryos was not
rescued in either a p27�/� or a p21�/�p27�/� background (D.
Meunier and C. Seiser, unpublished data). Given the role of
the tumor suppressor p53 as important regulator of p21 ex-
pression, we examined in addition the phenotype of HDAC1
deficient mice in a p53 null background. Again, HDAC1�/�

p53�/� embryos were lost before E10.5 (Meunier and Seiser,
unpublished). These data suggest that the reduced prolifera-
tion rates are not the sole reason for the aberrant development
of HDAC1-null embryos but that additional developmental
programs are affected by the absence of HDAC1. This idea is
supported by the fact that several genes with functions during
development are deregulated in HDAC1�/� ES cells (58).

HDAC1-deficient primary MEFs show impaired spontane-
ous immortalization. According to our previous findings
HDAC1 is crucial for undisturbed cell proliferation in ES cells.
However, as mentioned above, ES cells show fundamental
differences in cell cycle regulation from somatic cells. There-
fore, we aimed to determine the growth properties of HDAC1-
deficient fibroblasts. Chimeric embryos containing HDAC1�/�

fibroblasts were obtained (see Table 1), indicating that fibro-
blast development is not abrogated in the absence of HDAC1.
This is in line with the finding that embryoid bodies derived
from HDAC1�/� ES cells also contained fibroblasts (28).
However, HDAC1�/� fibroblasts showed reduced prolifera-

FIG. 8. Ablation of p21 rescues the immortalization phenotype of
HDAC1-deficient fibroblasts. (A) Competitive proliferation assays of
HDAC1�/� and HDAC1�/� p21�/� primary fibroblasts. MEFs de-
rived from chimeric mice (mixed HDAC1�/�/HDAC1�/� p21�/� and
mixed HDAC1�/�/HDAC1�/� p21�/�) were passaged every 3 to 4
days in triplicates, and HDAC1-deficient cells were identified by indi-
rect immunofluorescence microscopy. Cumulative cell numbers are
presented relative to cell numbers at day 0 as mean values � the SD
(arrows indicate the passage number). (B) Primary fibroblasts isolated
from chimeric embryos obtained after injection of HDAC1�/� p21�/�

ES cells were analyzed by indirect immunofluorescence microscopy
using antibodies specific for HDAC1 and Ki67. Fractions of Ki67
positive HDAC1�/� p21�/� primary fibroblasts are shown for passages
4 and 8. The fraction of HDAC1�/� p21�/� fibroblasts is indicated.
Asterisks (* and **) indicate statistically significant differences (*, P �
0.0037; **, P � 0.0041 [Student t test]). (C) Delayed senescence of
HDAC1�/� p21�/� fibroblasts. Senescent fibroblasts were detected by
SA �-Gal activity at passages 4 and 10. The percentage of HDAC1�/�

p21�/� fibroblasts is indicated.
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tion and were mostly lost during the 3T3 immortalization pro-
cess. This was not due to premature senescence as previously
shown for fibroblasts lacking the Polycomb protein Bmi (25),
since no differences in SA �-Gal staining of HDAC1�/� and
MEFs enriched for HDAC1�/� cells were observed (Fig. 3).

In addition to reduced proliferation, HDAC1-deficient pri-
mary MEFs also were severely impaired in their ability to
spontaneously immortalize. One reason for this effect might be
an increased sensitivity of HDAC1-deficient MEFs to the ox-
idative stress generated by the culture conditions. It is conceiv-
able that HDAC1 is important for the adaptation to stress
during immortalization but is dispensable when cells have es-
caped senescence. In accordance with this idea ablation of
HDAC1 in immortalized fibroblasts does not affect the viabil-
ity and proliferation rate (Patrick Matthias, FMI, unpublished
data; J. Jurkin and C. Seiser, unpublished observations).

p21 gene as target for HDACs and antitumor drugs. The
expression of p21 is transiently induced during the course of
senescence and might therefore contribute to the cell cycle exit
of aging fibroblasts. However, data obtained in studies with
human and mouse fibroblasts showed in part divergent results
with respect to the role of p21 during immortalization (7, 37).
The two HDAC1�/� fibroblast lines that survived the immor-
talization process displayed reduced proliferation rates accom-
panied by increased p21 protein expression (Fig. 6 and 7).
Strikingly, the severely reduced spontaneous immortalization
observed for HDAC1-deficient MEFs is abrogated in a p21-
deficient background, suggesting that p21 also plays an impor-
tant role during immortalization. In accordance with this find-
ing SV40 LT and HPV E6 and E7 rescued the immortalization
phenotype. All three viral oncoproteins negatively affect either
p21 induction via inhibiting p53 and pRB or p21 function (12,
42). Interestingly, HDAC1-deficient fibroblasts transformed
with either SV40 LT or HPV16 E6/E7 show no signs of apop-
tosis as described for HDAC1-deficient human tumor cells
(40). However, in the absence of both HDAC1 and HDAC2,
transformed mouse fibroblasts show a severe inhibition of pro-
liferation, suggesting partially redundant functions of the two
class I HDACs (21).

The HDAC1 protein was found to be present at the p21
gene in HDAC1�/� fibroblasts, indicating that HDAC1 is nec-
essary for transcriptional repression of p21 by establishing a
hypoacetylated p21 promoter region (Fig. 7). In human tumor
cells the HDAC1 repressor protein was shown to be recruited
to the p21 promoter by SP1 (27). In addition, other HDACs,
such as HDAC2, HDAC3, and HDAC4, were identified as
regulator of the p21 gene (30, 53, 54). Correspondingly, the
p21 gene is activated by most of the tested HDAC inhibitors,
suggesting that p21 might in part mediate the antiproliferation
effect of these drugs (18). Indeed, a tumor suppressor function
of p21 was proposed in several reports. For instance, the fre-
quency of tumor formation is increased in aged p21�/� mice
(34). Moreover, loss of p21 accelerates ras oncogenesis in a
mammary cancer model (1). However, there are contradictory
reports on whether or not p21 mediates the growth-inhibitory
effect of diverse HDAC inhibitors in tumor cells and other cell
types (2, 47, 52). Recently, the role of individual HDACs for
proliferation of human tumor cells was analyzed. Based on
knockdown experiments, the class I deacetylases HDAC1 and
HDAC3 were proposed to be relevant targets for anticancer

drugs (16, 40). In this setting, siRNA-mediated knockdown of
HDAC1 in human tumor cells led to apoptosis independent of
p21 presence (40; Susanna Chiocca, unpublished data). The
fact that, in addition to HDAC1, other enzymes are also im-
portant for the maintenance of unrestricted proliferation of
tumor cells.

Redundancy and cell type-specific function of HDAC1. En-
zymatic activity assays performed with ES cells and fibroblasts
indicate that HDAC1, as 1 of 18 members of the mammalian
HDAC family, significantly contributes to the total cellular
deacetylase activity (28; Jurkin and Seiser, unpublished). The
actual contribution of HDAC1 might be even underestimated,
since HDAC2 as the closest HDAC1 homologue can in part
compensate for the loss of HDAC1 (35, 58). The present study,
together with previous findings in ES cells (28), demonstrates
a positive function of HDAC1 in proliferation. In contrast, loss
of HDAC1 in T cells surprisingly leads to increased prolifera-
tion, indicating a negative regulatory role of HDAC1 for pro-
liferation in these cell types (R. Grausenburger et al., unpub-
lished data). Obviously, HDAC1 regulates different sets of
target genes mediating distinct proliferation signals in partic-
ular cell types. These findings suggest a cell-type-specific reg-
ulatory role of HDAC1 for proliferation. In order to reveal
individual and synergistic activities of HDAC1 and HDAC2, it
will be necessary to perform conditional knockout studies for
both class I deacetylases in different cell types and tissues.
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