Histone deacetylases 1 and 2 act in concert
to promote the G1-to-S progression
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Histone deacetylases (HDACs) regulate gene expression by deacetylating histones and also modulate the
acetylation of a number of nonhistone proteins, thus impinging on various cellular processes. Here, we analyzed
the major class I enzymes HDAC1 and HDAC2 in primary mouse fibroblasts and in the B-cell lineage. Fibroblasts
lacking both enzymes fail to proliferate in culture and exhibit a strong cell cycle block in the G1 phase that is
associated with up-regulation of the CDK inhibitors p21"VAFY/CIP! and p57%iP2 and of the corresponding mRNAs.
This regulation is direct, as in wild-type cells HDAC1 and HDAC2 are bound to the promoter regions of the
P21 and p57 genes. Furthermore, analysis of the transcriptome and of histone modifications in mutant cells
demonstrated that HDAC1 and HDAC2 have only partly overlapping roles. Next, we eliminated HDAC1 and
HDAC?2 in the B cells of conditionally targeted mice. We found that B-cell development strictly requires the
presence of at least one of these enzymes: When both enzymes are ablated, B-cell development is blocked at an
early stage, and the rare remaining pre-B cells show a block in G1 accompanied by the induction of apoptosis. In
contrast, elimination of HDAC1 and HDAC2 in mature resting B cells has no negative impact, unless these cells
are induced to proliferate. These results indicate that HDAC1 and HDAC2, by normally repressing the expression

of p21 and p57, regulate the G1-to-S-phase transition of the cell cycle.
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Covalent modifications of core histones were linked to
transcriptional activity nearly half a century ago (Allfrey
et al. 1964), yet the details of the molecular mechanisms
involved were unexplored until recently. Acetylation on
histone lysine residues is positively correlated with gene
transcription, and genome-wide studies showed that the
bulk of histone H3 and H4 acetylation is enriched in gene
active loci such as euchromatic regions, whereas hypo-
acetylated histones are detected in gene-repressed loci
such as heterochromatic regions, centromeres, and telo-
meres (Vogelauer et al. 2000; Kurdistani et al. 2004; Roh
et al. 2005). Histone acetylation occurs reversibly at the
g-amino group of lysine residues in all core histones,
mainly at the tails but also at a few residues within the
globular domain (Berger 2007). Histone acetylation is
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proposed to regulate gene expression by making the
chromatin structure open and also by providing a docking
site for bromodomain-containing proteins, which facili-
tates the binding of transcription factors to initiate and
enhance transcription (Berger 2007).

This reversible acetylation is mediated by two op-
posing enzymatic activities: histone acetyltransferases
(HATS) and histone deacetylases (HDACs). HDACs cata-
lyze the deacetylation of lysine residues of histones as
well as of an increasing number of other proteins, such as
p53 (Luo et al. 2000), HSP9O (Bali et al. 2005; Kovacs et al.
2005), or a-tubulin (Hubbert et al. 2002; Zhang et al. 2003,
2008; for review, see Minucci and Pelicci 2006). In mam-
mals, 18 HDACs that can be grouped into four classes have
been identified. The class I enzymes HDAC1 and HDAC2
are the closest homologs of yeast Rpd3, which is the main
HDAC regulating the global level of histone acetylation
in yeast (Kurdistani et al. 2002). In mammals, HDAC1
and HDAC2 are highly related proteins showing 87%
amino acid identity in mice; they are predominantly
localized in the nucleus and are coexpressed in a wide
range of tissues and cell types. HDAC1 and HDAC2
have been identified as components of three distinct
repressive complexes: the Sin3, NuRD, and Co-REST
complexes, which, through interaction with a number of
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DNA-binding transcription factors, are recruited to many
genes (Yang and Seto 2008).

Gene targeting studies of HDAC1 have demonstrated
that this protein is essential for embryogenesis (Lagger
et al. 2002). Furthermore, HDACI-null embryonic stem
(ES) cells exhibit a proliferation defect, in part caused
by up-regulation of the cell cycle inhibitor p21, which
was found to be a target of HDACI in these cells (Lagger
et al. 2003). Recently, the p21 promoter was shown
to be a common target of HDAC1 and HDAC2, at least
in cancer cells (Lin et al. 2008). In contrast, HDAC2-
deficient mice—made recently following a slightly dif-
ferent inactivation strategy—show partial or complete
perinatal lethality, depending on the allele (Montgomery
et al. 2007; Trivedi et al. 2007; Zimmermann et al.
2007; Guan et al. 2009). Conditional deletion was used
to test the role of HDAC1 or HDAC2 in cardiomyocytes
and in neuronal precursors; in both cases, normal de-
velopment was observed. However, combined loss of
the two proteins was found to lead to severe defects
in cell survival and development, suggesting functional
redundancy between HDAC1 and HDAC2 in these
biological systems (Montgomery et al. 2007, 2009).
In spite of these recent studies, the physiological func-
tions of HDAC1 and HDAC2 have remained largely
unaddressed, and the molecular mechanisms by which
these enzymes regulate cellular function are not well
understood.

Here we examined the role of HDAC1 and HDAC2 in
mouse embryonic fibroblasts (MEFs) and in B cells. MEFs
lacking only one of these two proteins show moderate or
no proliferation defects, whereas the combined loss of
both proteins completely blocks cell cycle progression
in the G1 phase and is associated with up-regulation of
the cyclin-dependent kinase (CDK) inhibitors (CDXKis)
p21WAFL/CIPL ynd p57%iP2 Importantly, HDAC1 and
HDAC2 bind to the promoter regions of the p21 and
p57 genes, indicating that they directly regulate their ex-
pression to control cell cycle progression. Down-regula-
tion of p21 and p57 by shRNA in double-deficient cells
largely alleviates the cell cycle block. Similar results
were obtained in vivo by elimination of these enzymes in
the B-cell lineage. Using different cre-expressing strains
and mice conditionally targeted at the HDAC1 and
HDAC?2 loci, we eliminated these enzymes either in
the entire B-cell lineage or specifically in nondividing
terminally differentiated B cells. We found that, in the
absence of either of these proteins, B-cell develop-
ment proceeds normally. Simultaneous elimination of
both enzymes in early B-cell progenitors leads to
a dramatic block in B-cell development at the pre—
B-cell stage, accompanied by G1 arrest and apoptosis
induction. In contrast, mature B cells lacking both
enzymes show no defect in cell viability; however,
they fail to proliferate and undergo rapid apoptosis
upon exogenous mitogenic stimulation. These results,
obtained in different cellular systems, indicate that
HDACI1 and HDAC2 act in concert to promote the
G1-to-S-phase transition by inhibiting the expression of
p21 and p57.
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Results

Conditional inactivation of HDAC1 and HDAC2
in primary mouse fibroblasts

The HDACI1 and HDAC2 proteins are highly homolo-
gous and share 87% identity at the amino acid level.
Although the initial germline knockout (KO) of HDAC1
in mice was described to be embryonic-lethal (Lagger
et al. 2002), recent results have shown that deletion of
HDACI1 in adult tissues has no obvious phenotypic
consequences (Montgomery et al. 2007, 2009), suggesting
that another HDAC could redundantly replace HDACI.
Given the high homology between HDAC1 and HDAC2,
and previous results showing that the HDAC2 protein is
up-regulated in HDACI1-deficient ES cells (Lagger et al.
2002), HDAC2 appears to be a good candidate. To directly
test this, we set out to analyze the functions of these two
enzymes in MEFs. For this, we designed a system allow-
ing us to down-regulate in an inducible manner HDAC1
and/or HDAC?2 in the same parental fibroblast cell line.
To do so, we combined cre-loxP recombination of the
HDAC1 gene with RNAi to down-regulate the product of
HDAC2 (Fig. 1A). First, mice conditionally targeted at the
HDACI1 locus were generated (see the Materials and
Methods; Supplemental Fig. 1A). Next, MEFs were pre-
pared from individual HDAC1"/F embryos and were trans-
duced with two different retroviruses: One virus expresses
the tamoxifen-inducible cre recombinase Cre-ERT?2 (Indra
et al. 1999) and green fluorescent protein (GFP), and
the second virus expresses either a small hairpin micro-
RNA (miRNA) against HDAC2 or a scrambled version
thereof together with a puromycin resistance gene (Fig.
1A). Selecting cells that are puromycin-resistant and
GFP* allowed us to generate cell pools that were infected
with both viruses. HDAC1™F MEFs expressing either
a scrambled miRNA or a miRNA against HDAC2 can
be induced by addition of tamoxifen to delete HDACI,
thereby generating four different genotypes: wild-type,
HDACI1 KO, HDAC2 knockdown (Kd), and HDAC1/2
KO/Kd.

In both wild-type and HDAC2 Kd cells, addition of
tamoxifen induces complete recombination of the flox
allele, as measured by a PCR assay (Supplemental Fig. 1B,
cf. lanes 1,2 and lanes 3,4). The content of HDAC1 and
HDAC2 proteins in these different cells was then ana-
lyzed by Western blot. To accurately quantify the level
of proteins, we used a fluorochrome-coupled secondary
antibody and quantified the blots with an infrared imag-
ing system. In the HDAC2 Kd cells, only 1%-2% of the
protein remained (Fig. 1B, lanes 3,4). After tamoxifen
addition, no HDACI protein was detectable, suggesting
a complete recombination, as seen at the DNA level by
PCR analysis (Fig. 1B, lanes 2,4). In HDAC1 KO cells, we
observed an increase of HDAC2 content by ~50% (Fig.
1B, cf. lanes 1 and 2). An up-regulation of HDAC2 protein
in the absence of HDAC]1 was also seen in ES cells (Lagger
et al. 2002). The opposite is also true, and, in the absence
of HDAC2, the HDACI1 level increases about three times
(Fig. 1B, cf. lanes 1 and 3).
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Elevated histone acetylation in double-mutant MEFs

We examined the effect of HDAC inactivation on histone
acetylation, since both HDACs are known to be localized
exclusively in the nucleus (as shown in Supplemental Fig.
2A; Rountree et al. 2000; Taplick et al. 2001). For this,
histones were extracted from the different MEFs, and
the level of histone acetylation was visualized by West-
ern blotting with specific antibodies (Fig. 1C). The
acetylation level of the bulk histone H3 did not show
significant differences between wild-type or mutant
cells, and this was also true for specific residues such
as H3K9 or H3K4 (data not shown). In contrast, acety-
lation on H3K14 showed an ~2.5-fold increase when
HDACI is deleted. This effect appears to be specific
to HDACI, as it was not observed in HDAC2 Kd
cells, and KO/Kd cells did not show further enhanced
H3K14 acetylation compared with HDACI KO cells.
Unlike histone H3, bulk histone H4 showed acetylation
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HDACI1 and HDAC2 promote G1/S transition

Figure 1. Elevated histone acetylation in
MEFs lacking HDAC1 or HDAC2. (A) Ex-
perimental strategy. Primary MEFs from
HDAC1"F mice were infected with two dif-
ferent retroviruses: One virus expresses Cre-
ERT2 and GFP, and the second virus encodes
puromycin resistance and also expresses ei-
ther a small hairpin miRNA against HDAC2
or a scrambled small hairpin miRNA. Fol-
lowing infection, stable cell pools are ob-
tained by puromycin selection followed by
FACS sorting of GFP-positive cells. Addition
of tamoxifen allows us to generate the four
different genotypes (wild-type [WT], HDAC1
KO, HDAC2 Kd, and HDAC1/2 KO/Kd) from
the same starting cells, allowing a direct
comparison. (B) Protein extracts were pre-
pared from cells of the four different geno-
types and probed with antibodies against
HDACI, HDAC2, and actin, as indicated.
Western blot analysis was done using the
Odyssey Infrared Imaging System. The quan-
tification of band intensities is indicated
below using arbitrary units. (Lane 1) The
amount of HDAC1 or HDAC?2 in the initial
cells was set to 100%. (C) Loss of HDACI1
and/or HDAC?2 leads to selective increase in
histone acetylation. Nuclear extracts from
the indicated MEF cells were probed with
antibodies recognizing H3 or H4, or the
acetylated forms of H3, H4, H3K14, H4K5,
H4K8, H4K12, or H4K16. The signal for H3
and H4 is presented, demonstrating equal
protein loading. Western blot analysis was
done using the Odyssey Infrared Imaging
System. The quantification of band intensi-
ties is indicated below using arbitrary units.
(Lane 1) The amount in the wild-type cells
was set to 100, and all values were corrected
for the H3 or H4 signal. A representative
experiment is presented.
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changes between the different cellular backgrounds.
Indeed, single-mutant cells showed a slight increase
(1.1-fold to 1.4-fold), while double-mutant cells had
a more than fourfold increase in total H4 acetylation.
This effect was also observed by immunofluorescence:
In KO/Kd cells, the intensity of acetylation increased
much more than in wild-type cells, and was present
throughout the nucleus (Supplemental Fig. 2B). Similar
observations were made for the acetylation level of in-
dividual residues such as H4K5ac, H4K8ac, or H4K12ac:
In these cases, acetylation was moderately enhanced in
the individual mutant cells and more than additively
increased in the double-mutant cells to reach more than
threefold increase in the case of H4KS8. In contrast,
acetylation of H4K16 was slightly reduced in all mutant
cells. Together, these observations suggest that HDAC1
and HDAC2 may have different substrate specificities
on histone residues.
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HDAC1/2 double-mutant MEFs cease proliferation
and undergo apoptosis

The proliferation potential of the different MEF lines was
monitored by counting the number of viable cells over
time. We did not observe significant proliferation differ-
ences between wild-type and HDAC2 Kd cells (Fig. 2A, cf.
black line and gray line). Furthermore, similar treatment

of wild-type cells with tamoxifen did not impair their
proliferation (see Supplemental Fig. 3A). In contrast,
when we induced the deletion of HDACI in HDAC1"/F
cells, we observed a slow proliferation phenotype. A
similar phenotype had been described previously for ES
cells lacking HDACI (Lagger et al. 2002). Strikingly, the
double-mutant MEFs completely stopped proliferating
(Fig. 2A, dashed gray line) following 4 d of tamoxifen
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Figure 2. Elimination of HDAC1 and HDAC2 leads to impaired cell proliferation and induction of apoptosis. (A) Growth curve. MEFs
of the different genotypes were passaged every 3 or 4 d, the total number of cells was counted, and cells were reseeded at 5 X 10° cells
per 100-mm dish. Tamoxifen was added at day 4. Each growth curve is the average (=SD) of three independent MEF cells generated
from different embryos. (Solid black line) Wild-type cells; (black dashed line) HDAC1 KO cells; (solid gray line) HDAC2 Kd cells; (gray
dashed line) HDAC1/2 KO/Kd cells. (B) Analysis of apoptosis by annexin V staining. HDAC1"/¥ MEF cells expressing Cre-ERT2 and
a small hairpin miRNA against HDAC2 were followed over time after addition of tamoxifen. After fixation and staining with an
annexin V antibody, the cells were analyzed by flow cytometry. The bar graph represents the average of three independent experiments
(£SD). (C) Gene expression profiles. Supervised hierarchical clustering was performed using comparative expression values of the gene
lists indicated above the dendrogram (for gene lists, see Supplemental Table 1). In all cases, the expression value for the wild-type cells
was used to normalize expression levels. (D) Gene Ontology term analysis of the main gene expression changes observed in the
different MEF lines. The networks and molecular functions scoring the eight highest P-value in HDACI1/2 KO/Kd cells are listed
together with the P-value in each single-mutant cell.
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treatment, a time at which the HDACI1 protein is no
longer detectable by Western blot (see Fig. 3D). After the
cells stop proliferating, most of them remain viable for
>1 wk, with gradual detachment from the dish followed
by cell death. These double-mutant cells were tested
by annexin V staining at different time points for the
appearance of apoptosis. As shown in Figure 2B, the
percentage of apoptotic cells gradually increased follow-
ing tamoxifen addition to reach ~15% of the cells at day
9 and ~50% at day 11. Apoptosis was also examined in
the other MEF lines after identical treatment with tamox-
ifen or vehicle. In this case, however, we did not observe
more apoptosis in HDAC1 KO or HDAC2 Kd cells than in
wild-type cells (Supplemental Fig. 4A).

Next we carried out a transcriptome analysis to iden-
tify the genes deregulated upon loss of HDAC1, HDAC2,
or both. For this, RNA was isolated from each MEF line
and subjected to a microarray analysis using the Affymet-
rix GeneArray MOE430 version 2.0. We found that the
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number of deregulated genes in each cell line was
correlated with the severity of the proliferation pheno-
type; the least changes were observed in HDAC2 Kd cells
(193 genes up-regulated and 90 genes down-regulated)
(Supplemental Fig. 5A), and the most changes were seen
in HDAC1/2 KO/Kd cells (2795 genes up-regulated and
1286 genes down-regulated) (Fig. 2C). HDAC1 KO cells
showed an intermediate level of deregulation (412 up-
regulated genes and 301 down-regulated genes) (Supple-
mental Fig. 5A). The number of deregulated genes in
double-mutant cells was much greater than the combined
numbers of HDAC1 KO and HDAC2 Kd cells. This more
than additive effect in double-mutant cells suggests that
both proteins could redundantly regulate the expression
of many genes. It may also reflect some phenotypic
consequences of the proliferation stop observed with
HDACI1/2 KO/Kd cells. We compared the overlap of
deregulated genes in each genotype and found that only
a small fraction of the genes were commonly deregulated
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Figure 3. Loss of HDAC1 and HDAC2 leads to a cell cycle block in G1 accompanied by increased levels of CDKis p21WVAFY/CIP! ynd
p57%P2 (A} Cell cycle analysis by flow cytometry. Following a 30-min pulse of BrdU, cells were collected and ethanol-fixed. After
staining with an antibody against BrdU and 7-AAD, cells were analyzed by FACS. Representative dot plots are shown for each genotype,
and the percentage of cells in the different cell cycle phases are indicated to the right of each panel. (B) Protein extracts were prepared
from wild-type, HDAC1 KO, HDAC2 Kd, and HDAC1/2 KO/Kd cells and probed with antibodies against cyclin D2, cyclin B1, and
actin, as indicated. (C) Deregulated expression of CDKis in the absence of HDACI1 and HDAC2. Protein extracts were prepared from
wild-type, HDAC1 KO, HDAC2 Kd, and HDAC1/2 KO cells and probed with antibodies against p15 (cdkn2b), p16 (cdkn2a), p21
(cdknla), p27 (cdknlb), and p57 (cdknlc), as indicated. (D) p21 protein expression increases proportionally to the down-regulation of
HDACI. Deletion of HDAC1 was induced in HDAC2 Kd cells by addition of tamoxifen, and the level of HDAC1, HDAC?2, and p21
proteins was followed by Western blot analysis at different time points, as indicated. Band intensities were quantified using the
Odyssey Infrared Imaging System and were plotted using arbitrary units.
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between HDACI1 and HDAC2 mutant cells (Supplemen-
tal Fig. 5B). One-hundred genes are common in HDAC1
KO and HDAC2 Kd cells, which are 14% of the genes
deregulated in HDAC1 KO and 35% of the genes deregu-
lated in HDAC2 Kd cells. The gene expression changes
were analyzed for networks and molecular functions
through the use of Ingenuity Pathways Analysis (Ingenu-
ity Systems) (Fig. 2D). In good agreement with the pro-
liferation defect observed with HDACI1/2 KO/Kd cells
(Fig. 2A), the most deregulated genes were identified as
components of molecular networks for “cell cycle” and
“cell growth and proliferation,” with a very high P-value
compared with the other networks (Fig. 2D). Deregula-
tion of genes belonging to these two categories were also
observed in transcriptomic studies done in HDAC1~/~ ES
cells (Zupkovitz et al. 2006) or in HDAC1/2 Kd human
cancer cells (Senese et al. 2007).

HDAC1/2 double-mutant cells are blocked
in G1 and accumulate CDKis

As HDAC1/2 double-mutant MEFs stopped dividing, and
genes involved in the cell cycle are overrepresented in the
genome-wide expression profile, we next sought to iden-
tify molecular mechanisms underlying the proliferation
defect. For this, 5-bromo-2-deoxyuridine (BrdU) incorpo-
ration assays were performed with cells in culture. As
shown in Figure 3A, there were no cell cycle differences
between wild-type and HDAC2 Kd cells (~57% of cells
in S phase and ~33% in Gl for both genotypes), in good
agreement with the growth curve experiments (Fig. 2A).
In contrast, HDAC1 KO cells showed a strongly reduced
percentage of cells in S phase (27.9%) and a corresponding
increase in G1 (60.5%) (Fig. 3A, bottom left panel); this
observation correlates well with the slow proliferation
phenotype observed in the absence of HDACI. Finally,
the double-mutant HDAC1/2 KO/Kd MEFs have almost
no cells in S phase (~3%), and the vast majority of the
cells (84.5%) are arrested in G1 (Fig. 3A).

We next examined cell cycle regulators and investi-
gated the cyclin content of the different MEFs. For this,
cell extracts were probed for an early G1 cyclin (cyclin
D2) and for a mitotic cyclin (cyclin B1). As presented in
Figure 3B, HDAC1 KO MEFs show an accumulation of
cyclin D2 and a reduced amount of cyclin Bl relative to
wild-type cells (cf. lanes 1 and 2). In contrast, HDAC1/2
KO/Kd cells exhibit a stronger phenotype. Indeed, these
cells present the same accumulation of cyclin D2, but are
completely depleted of cyclin Bl (Fig. 3B, cf. lanes 1 and 4).
Furthermore, the genome-wide gene expression profile
showed a decrease of all cyclins except cyclin D family
(E, A, and B) (see Supplemental Table 1). These results
strongly suggest that the double-mutant cells are blocked
in early G1, likely before the restriction point. Moreover,
in MEFs lacking only HDACI, we observed a slow pro-
liferation phenotype that may reflect impaired pro-
gression through G1. The phenotype obtained in these
mutant cells suggests that it could be due to a misregula-
tion of some small CDKis. We therefore examined the
content of several of the CDKis by Western blotting. As
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shown in Figure 3C, p21 is up-regulated in HDAC1 KO
MEFs, and the increase is even larger in double-mutant
cells (Fig. 3C, lanes 2,4), which also show an up-regulation
of p57 (Fig. 3C, lane 4). This deregulation of p21 and p57 is
due to the elimination of HDAC1 and HDAC?2, as it is not
observed in wild-type cells treated with tamoxifen (see
Supplemental Fig. 3B).

In contrast, we did not observe any change in expres-
sion of the CDKis p27 or pl5 (Fig. 3C). Finally, pl6 was
down-regulated in HDAC2 Kd cells, as well in the double-
mutant cells, but was not affected by the absence of
HDACI only. p21 and p57 are known to inhibit mainly
CDK2/cyclinE (Malumbres et al. 2000). To exclude a pos-
sible artefact due to the use of RNAI, the same experi-
ments were repeated using MEFs conditionally targeted
for both genes (HDAC1/2™F). In these cells as well,
deletion of HDACI1 and HDAC2 leads to GI1 arrest and
up-regulation of p21 and p57 (Supplemental Fig. 4B-D).
Therefore, the strong accumulation of these two proteins
in the double-mutant cells is the likely cause of the cell
cycle block in G1 (see below). Next, we examined the
disappearance of HDACI1 and the accumulation of p21
over time upon tamoxifen treatment of HDAC2 Kd cells
(Fig. 3D). After 4 d of tamoxifen treatment, the HDACI1
protein is almost undetectable, and the cells become
growth-arrested (Figs. 2A, 3D). At this time point, the
level of p21 already reaches its plateau. The quantifica-
tion of these Western blots (Fig. 3D, bottom panel) shows
an inversely proportional relation between the amounts
of HDACI1 and p21 proteins, strongly suggesting that
HDACI could control p21 transcription directly.

p21WAFLCIPL 11 d p57KP2 are two targets of HDAC1
and HDAC2 and are up-regulated in the
double-mutant cells

We then performed chromatin immunoprecipitation
(ChIP) experiments with either HDAC1 or HDAC2 to
test the presence of these proteins on the p21 and p57
promoters. HDAC1 was immunoprecipitated in wild-
type cells, in HDAC1 KO cells (control for immunopre-
cipitation), and in HDAC2 Kd cells where the HDACI1
protein is up-regulated. In parallel, HDAC2 was immu-
noprecipitated in the same cells, except that, in this case,
the HDAC2 Kd sample represents the immunoprecipita-
tion control. As shown in the left panel of Figure 4A, the
HDACI immunoprecipitation with wild-type chromatin
shows enrichment for both the p21 and p57 promoters,
indicating that the HDACI1 protein is bound on both
promoters in vivo. The enrichment is several-fold higher
when HDAC] is immunoprecipitated in chromatin from
HDAC2 Kd cells. This result suggests that the up-regula-
tion of HDACI protein seen in these cells leads to an
increased loading on the p21 and p57 promoters. Similar
results were obtained when HDAC2 was immunoprecip-
itated. Indeed, the protein is present on the p21 and p57
promoters in wild-type cells (Fig. 4A, right panel), and
a stronger enrichment was seen when HDAC2 is immu-
noprecipitated in the absence of HDACI1. Furthermore,
expression of the p21 RNA is elevated in double-mutant
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to the p21 and p57 promoters and regulate
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as well as in HDAC1 '~ cells, and expression of the p57
RNA is elevated in double-mutant cells (Fig. 4B) in
accordance with the genome-wide expression analysis
(see Supplemental Table 1) and protein levels (Fig. 3C). A
transcriptomic analysis of HDAC1~/~ ES cells also had
identified deregulation of the p21 gene (Zupkovitz et al.
2006). Together, these results indicate that HDACI1 and
HDAC2 directly negatively regulate the expression of
the p21 and p57 genes, and thereby play a critical role for
cell cycle progression through the G1 phase.

As mentioned above, HDAC1/2"F MEFs (carrying a
Cre-ERT2 vector) fully recapitulate the phenotype ob-
served with the HDAC1/2KO/Kd cells: In the presence
of tamoxifen, they up-regulate p21 and p57, are arrested
in G1, and die by apoptosis, while in the absence of
tamoxifen, they grow like wild-type cells. We therefore
used these cells to attempt a rescue experiment. For this,
HDAC1/2"F cells were infected with a lentivirus express-
ing an shRNA against GFP, or a mixture of lentiviruses
expressing shRNAs against p21 and p57. Infected cells
were either mock-treated or treated with tamoxifen to
induce the deletion of HDAC1 and HDAC2, and, after 6 d,
a cell cycle analysis was done following BrdU incorpora-
tion. As shown in Supplemental Figure 6A, only ~0.5%
of the cells having deleted HDACI and HDAC2 and
infected with an shRNA against GFP are in S phase. In
contrast, when the HDACI1/2 mutant cells express the
shRNAs against p21 and p57 ~6% are in S phase.
Quantitative RT-PCR (qRT-PCR) allowed us to assess
the down-regulation of p21 and p57 expression (Supple-
mental Fig. 6B). Thus, down-regulation of p21 and p57 in
HDACI1/2 mutant cells allows us to partially restore the
cell cycle block.

B-cell-specific elimination of HDAC1 or HDAC2
does not impair B-cell development

We next wanted to see whether a similar phenotype could
also be observed in vivo and ablated HDAC1 and HDAC2

HD1 KO HD2 Kd HD1/2 KO/Kd

of Hprtl. The average (=SD) from two in-
dependent experiments is presented.

in the B-cell lineage. In mammals, B lymphocytes are
generated throughout the life of the animal, and the
ontogeny of these cells has been well characterized.
Mature B cells circulate and are found mostly in second-
ary lymphoid organs such as the spleen, while early
developmental stages and progenitors are found in the
bone marrow, where hematopoietic stem cells reside (for
review, see Matthias and Rolink 2005). To be able to
delete either HDAC1 or HDAC2, we generated a condi-
tional null allele of HDAC2 by the same strategy taken
for the HDAC1 conditional mouse (Supplemental Fig. 1A).

The deletion of HDACI or HDAC2 was done by
crossing HDACF /F mice with mb1-cre transgenic mice in
which cre expression is restricted to the B-cell compart-
ment and is already robust in pre-BI cells, at the beginning
of B-cell commitment (Fig. 5A; Hobeika et al. 2006). First,
we analyzed the efficiency of flox allele deletion and
examined by Western blotting the levels of HDACI1 and
HDAC2 protein in splenic mature B cells of single-KO
mice (HDAC1542 or HDAC25*/2). As shown in Figure 5B,
both proteins were below detection in these mice. Fur-
thermore, no truncated forms of HDAC1 or HDAC2 were
detected (data not shown). We also observed that the level
of HDAC2 protein is up-regulated in the absence of
HDACI (Fig. 5B, middle panel, cf. lanes 1 and 2). A PCR
analysis revealed that no HDAC1 or HDAC2 flox alleles
were detectable in mature B cells or in developing B cells as
early as the pre-BII stage (data not shown). Together, these
results confirm the successful inactivation of HDACI and
HDAC2 throughout the B-cell lineage.

These mice were next analyzed by flow cytometry to
determine the effect of ablating HDAC1 or HDAC2 in B
cells. For this, a series of antibodies against specific cell
surface markers was used to distinguish specific stages of
B-cell development (Fig. 5A). We used antibodies against
B220, a pan-B-cell marker, together with antibodies
against CD19 or immunoglobulin (IgM]) to identify com-
mitted B cells and distinguish between immature and
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Figure 5. In vivo early B-cell development
requires HDAC1 or HDAC2. (A) Scheme of
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mature B cells. As shown in Figure 5C, absence of
HDACI1 or HDAC2 does not significantly impair the
percentage of the B-cell populations present in the spleen
or in the bone marrow (the slight differences in percent-
age between the different genotypes represent individual
variations). Furthermore, cells at different stages of early
B-cell development that were identified by markers such
as c-kit, CD43, or CD25 were also present in normal
proportions and absolute numbers in the bone marrow
(data not shown). Thus, individually, HDAC1 and HDAC2
are dispensable for normal B-cell development.

Deletion of HDAC1 and HDAC?2 dramatically impairs
B-cell differentiation

The observations presented above suggest that HDAC1
and HDAC2 might be redundant or compensate each
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early B-cell differentiation, depicting the
different developmental stages and the ex-
pression of markers used to discriminate
them: Marker expression is indicated by
(+), lack of expression is indicated by (—).
Curved arrows indicate relative cellular
proliferation activities: very high in large
pre-BII, intermediate in pro-BI and pre-BI,
and low or absent in small pre-BIl and
immature and mature B cells. The expres-
sion of immunoglobulin (IgM) at the mem-
brane is also depicted. At the top of the
scheme, the pattern of cre expression in
mb1-cre and CD23-cre mice is presented.
(B) Western blot analysis of HDACI or
HDAC2 in B cells of HDACI™F or
HDAC2"F + mb1-cre mice. Protein extracts
from splenic mature B cells were probed
with antibodies against HDAC1, HDAC?2,
or actin, as indicated. (C) Flow cytometric
analysis of single-KO (HDAC1™* + mbi-
cre or HDAC2™T + mbi-cre) or double-KO
(HDAC1/2"F + mbi-cre) mice. Single-cell
suspensions from spleen or bone marrow
were stained with the indicated antibody
combinations and analyzed by FACS. In-
dividual dot plots are shown that are repre-
sentative of more than three independent
experiments. Numbers in plots represent
the percentage of cells in the respective
quadrant. A simplified scheme of the B-cell
developmental progression based on the
B220 and IgM markers (X-axis/Y-axis) is
shown on the right. (D) Total cell numbers
present in different B-cell populations in the
bone marrow. The absolute numbers were
determined based on FACS analysis and
cell counting. The histograms represent
the mean =+ SE based on the analysis of at
least four mice per genotype.
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other in B cells, similar to the situation in MEFs;
therefore, we eliminated both enzymes simultaneously.
For this, mice were generated that were homozygously
floxed at both genes and also carried the mb1-cre trans-
gene (HDAC1/2FF + mb1-cre); littermates lacking the cre
transgene were used as controls. As shown in Figure 5C,
the spleen of mice lacking both HDACI1 and HDAC?2 is
virtually empty of circulating mature B cells that were
identified using the pan-B-cell marker B220 in combina-
tion with IgM (Fig. 5C, top right panel). In the bone
marrow, where B cells are generated, only very few B cells
remain in HDAC1/2%*/ mice (Fig. 5C, bottom panel).
When B-cell differentiation was analyzed in detail, a block
was identified as early as the pre-Bl-cell stage. Quantifi-
cation of absolute B-cell numbers in these animals shows
that pre-BI cells are reduced by 60%-80%, while at the



pre-Bll-cell stage, <1% of the cells remained (Fig. 5D).
Thus, normal progression through early B-cell develop-
ment strictly requires the presence of HDAC1 or HDAC2.

B cells lacking HDAC1 and HDAC?2 are blocked
in G1 and undergo apoptosis

Considering that pre-BIl cells are highly proliferative
(Rolink et al. 1993), and double inactivation of HDACs
causes a strong G1 arrest in MEF cells, we examined the
possibility that the developmental block observed in
double-KO B cells reflects a function of HDAC1 and
HDAC2 in cell cycle regulation. We therefore exam-
ined the cell cycle distribution of the pre-B cells in
HDAC1/2"F + mb1-cre mice by in vivo BrdU incorpora-
tion assays. For this, BrdU was injected intraperitoneally
to label cycling cells, and pre-BII cells were purified by
fluorescence-activated cell sorting (FACS). Total DNA
and incorporated BrdU were stained, and the cell cycle
profile was determined by flow cytometry. Based on cell
size, the pre-BII stage can be subdivided into two pop-
ulations with distinct characteristics: large actively di-
viding cells that give rise to small resting cells that
accumulate in high numbers. Here we focused our
analysis on the large pre-BII cells. As shown in Figure
6A, ~80% of the wild-type cells are in the S phase of the

HDACI1 and HDAC2 promote G1/S transition

cell cycle, a reflection of the high proliferative index of
the pre-BII population. In stark contrast, only ~4.5% of
the double-KO cells are in S phase, and >87% are in the
G1 phase. This G1 arrest coincides with the developmen-
tal block at the pre-BII stage described in Figure 5D. We
also observed an increase of the sub-G1 population on the
dot plot (Fig. 6A, right panel), likely reflecting apoptotic
cells. To test whether these cells were apoptotic, we
performed an annexin V staining followed by flow cyto-
metric analysis. As is visible in Figure 6B (middle panel),
at the large pre-BII stage, the majority of cells that are
blocked in G1 are also positive for apoptosis. This pro-
portion further increases at the small pre-BII stage to
reach 86% of the cells (Fig. 6B, right panel).

In contrast, apoptosis is not detectable at the pre-BI
stage (Fig. 6B, left panel), where a normal cell cycle is
observed by BrdU incorporation (data not shown). A PCR
assay was used to examine recombination of the flox
alleles in these pre-BI cells. Indeed, flox alleles could be
detected at a low level, suggesting that, in these cells,
recombination was not complete (data not shown).
Therefore, the normal cell cycle profile and lack of
apoptosis observed in the remaining pre-BI cells is likely
due to residual HDAC1 and/or HDAC2 protein. In other
experiments, we found that one allele of HDACI1 or
HDAC?2 is sufficient to allow normal B-cell development
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Figure 6. Ablation of HDAC1 and HDAC2 in vivo induces a severe cell cycle block in Gl and apoptosis. (A) In vivo BrdU
incorporation assay. Large pre-BII cells from HDAC1/2"F + mb1-cre or control (HDAC1/2"F) mice were sorted by FACS as indicated in
the Materials and Methods. After fixation, permeabilization, and DNA digestion, the DNA was stained with an anti-BrdU antibody
together with 7-AAD, and analysis was done by flow cytometry. Numbers in plots indicate the percentage of cells in each cell cycle
phase. On the right, a schematic is presented in which the different cell populations are labeled. (B) Analysis of apoptosis by annexin V
staining. Cells were stained for cell surface markers and annexin V, and were analyzed by flow cytometry. Data are representative of

more than three mice of each genotype.
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(data not shown), similar to what has been observed in the
case of cardiomyocyte development (Montgomery et al.
2007). The pre-BI cells that have fully deleted HDAC1
and HDAC?2 are missing, similar to the pre-BII cells, but
are too few to be detected efficiently by flow cytometry.
In conclusion, in vivo deletion of HDAC1 and HDAC2 in
the B-cell lineage leads to a very strong developmental
block at the pre-BII stage, accompanied by arrest in G1
and high apoptosis, very similar to what was observed
with MEFs in culture.

Nondividing B cells do not require HDAC]1
and HDAC2, but fail to proliferate in vitro

Results obtained in MEFs and early B-cell progenitors
indicate that HDAC1 and HDAC2 have a critical func-
tion for cell cycle progression, suggesting the possibility
that these proteins may be dispensable in resting cells.
We tested this hypothesis in the B-cell paradigm and
ablated HDACI1 and HDAC2 in nondividing terminally
differentiated B cells. For this, cd23-cre mice (Kwon et al.
2008) were used, which induce deletion of floxed genes in
immature and mature B cells, but not in early progenitors
(see Fig. 5A). In vivo, the vast majority of mature B cells
are nondividing and arrested in G1 until they were
stimulated by foreign nonself antigens, in conjunction
with a variety of cytokines and T-cell costimulation (for
review, see McHeyzer-Williams and McHeyzer-Williams
2005). These cells can be cultured in vitro using different
mitogenic stimuli. First, we analyzed splenic B cells
of double-KO (HDAC1/2"F + c¢d23-cre] and control
(HDAC1/2"F) mice by flow cytometry. As shown in
Figure 7A, the percentages of B220" IgM* mature B cells
in the spleen were not affected by the deletion of HDAC1
and HDAC2. In addition, normal numbers of mature
B cells were also obtained when additional mature B-cell
markers, including CD21, CD23, and IgD, were used (data
not shown). This indicates that HDAC1 and HDAC2 are
dispensable in terminally differentiated and nondividing
mature B cells. Next, we tested whether these mature
B cells could proliferate when stimulated in vitro. FACS-
purified cells from double-KO or control mice were
stained with the fluorescent dye carboxyfluorescein suc-
cinimidyl ester (CFSE] and cultured in vitro in the
presence of lipopolysaccharide (LPS) and interleukin-4
(IL-4), after which analysis was done by flow cytometry.
CFSE fluorescently stains the cells and, upon each cell
division, the fluorescence intensity is halved; this allows
us to accurately determine the number of divisions cells
underwent (Weston and Parish 1990). As shown in Figure
7B, wild-type mature B cells divided about three to seven
times within 72 h, in contrast to zero or one division for
double-KO B cells. These cells were also stained by
annexin V to detect apoptosis induction; as shown in
Figure 7C, massive induction of apoptosis was detected in
double-KO B cells. Similar results were obtained when
the cells were stimulated with anti-IgM Fab fragments
(see Supplemental Fig. 7).

In conclusion, the deletion of HDAC1 and HDAC?2 in
naturally resting cells has no effect on viability until the
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Figure 7. HDAC! and HDAC2 are dispensable in mature
resting B cells, but are required for their proliferation. (A) Flow
cytometric analysis of double-KO (HDAC1/2"F + CD23-cre) and
control (HDAC1/2"/F) mice. Single-cell suspensions from spleen
were stained with the indicated antibody combination and
analyzed by FACS. The dot plots presented are representative
of an analysis done with four mice of each genotype. Numbers
in plots represent the percentage of cells in the respective
quadrant. (B) Mature B cells lacking HDAC1 and HDAC?2 fail
to proliferate in vitro. Splenic B cells were isolated from double-
KO or control mice, stained with CFSE, and induced to pro-
liferate in vitro by addition of LPS + IL-4. The distribution of
CFSE-positive cells was analyzed by FACS after 72 h of
stimulation. (C) Apoptosis induction in stimulated cells. Cells
were stained with CFSE, stimulated for 72 h as above, and
analyzed by annexin V staining.

cells are forced to re-enter the cell cycle. In this case, we
observed a similar phenotype as in cycling cells: pro-
liferation defect, followed by apoptosis.

Discussion

Using primary MEFs and B cells in vivo, we demonstrated
the critical function of HDAC1 and HDAC?2 in the cell
cycle. Indeed, deletion of these two enzymes induces
a strong proliferation block followed by apoptosis in both
systems. A genome-wide transcription analysis using
MEFs in which we can selectively inactivate HDAC1
and/or HDAC2 allowed us to focus on the molecular



mechanisms of the cell cycle block. In cells where both
enzymes are down-regulated, we observed, concomitant
with a Gl arrest, a strong up-regulation of p21 and
a weaker up-regulation of p57; in contrast, HDAC1 KO
or HDAC2 Kd cells exhibit only partial deregulation of
these proteins (Fig. 3C). ChIP experiments demonstrated
that HDACI and HDAC?2 both bind to the p21 and p57
gene promoters in wild-type cells (Fig. 4A), and we also
showed that the mRNA level of these two genes is
increased in the double-mutant MEFs (Fig. 4B). Taken
together, these results demonstrate that, in wild-type
cells, HDAC1 and HDAC2 directly repress the expression
of the p21 and p57 genes. Thus, deletion of HDACI and
HDAC2 releases this inhibition, leading to the accumu-
lation of p21 and p57 proteins that stop the cell cycle in
Gl by inhibiting the corresponding CDK complexes,
mainly CDK2/cyclinE (for review, see Hunter and Pines
1994; Besson et al. 2008). Importantly, identical results
were obtained when HDAC1/2 KO cells were used
(Supplemental Fig. 4).

The slow proliferation phenotype observed in HDAC1
KO cells is due to a partial release of the inhibition of the
p21 gene promoter. Indeed, the proliferation defect in ES
cells caused by the loss of HDACI (Lagger et al. 2002) can
be restored fully by disruption of the p21 gene (Zupkovitz
et al. 2009). Furthermore, we showed here that shRNA-
mediated down-regulation of p21 and p57 in MEFs de-
ficient for HDAC1 and HDAC2 is sufficient to partially
overcome the cell cycle block observed (Supplemental
Fig. 6). Thereby, it is likely that a full rescue was not
obtained because of incomplete efficacy of the shRNAs
against p21 and p57.

We observed that p21 is up-regulated in HDAC1 KO
cells but less than in double-mutant cells (Fig. 3C),
suggesting an additive effect of HDAC2 deletion in
HDAC1™'~ cells. This additive effect also suggests that
a slow proliferation phenotype should be seen in HDAC2
Kd cells, unlike what we observed (Fig. 2A). A possible
explanation may be due to the stronger up-regulation
(threefold) of HDAC1 in HDAC2 Kd cells, compared
with the weak (~1.4-fold) up-regulation of HDAC2 in
HDAC1~/~ cells (Fig. 1B). Obviously, the elevated expres-
sion of p21 in HDACI1 KO cells indicates that the increase
of HDAC2 at the p21 promoter is not sufficient to
compensate for the absence of HDACI. In line with this,
we observed that the level of p21 and p57 in HDAC2 Kd
cells is reproducibly slightly lower than in wild-type
cells, even though the mRNAs for p21 and p57 are not
significantly lower in HDAC2 Kd cells than in wild type
(Figs. 3C, 4B). The low expression levels of these genes in
wild-type and HDAC2 Kd cells may preclude their
accurate detection below a certain threshold. In addition,
we cannot rule out that HDAC2 may also play a role in
the protein stability of these CDKis. These observations
imply that, in the absence of HDAC2, the increased
HDACI protein level can repress the expression of these
two genes more than in wild-type cells. Furthermore, it is
likely that certain histone acetylation marks at these, and
potentially other, promoters could be deacetylated only
by HDACI, but not by HDAC2, even when the amount of
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this enzyme is elevated on the promoter. Indeed, the p21
and p57 promoters are highly acetylated on H4K8 only
in HDAC1 KO MEFs, suggesting that HDAC2 cannot
deacetylate this residue on these promoters (Supplemen-
tal Fig. 8C). In addition, the loss of HDACI1 induces an
increase of H3K14 acetylation that is not observed in the
absence of HDAC2. The opposite is also true, as we see
a specific effect of HDAC2 ablation on H4K12 acetyla-
tion. These findings indicate that HDAC1 and HDAC2
have clear target preferences; further experiments will
allow us to dissect this specificity in greater detail.

These observations support the notion that HDACI1
and HDAC2 may have specific functions. Indeed, a recent
study has shown that HDAC2 specifically regulates
synaptic plasticity and memory formation, and that this
cannot be compensated by overexpression of HDACI1
(Guan et al. 2009). Interestingly, Guan et al. (2009) have
also noticed an effect of HDAC2 on H4K12 acetylation, as
we observed in MEFs. Furthermore, a recent genome-
wide mapping of HDAC binding in human T cells has
revealed that HDAC1 and HDAC2 do not entirely colo-
calize (Wang et al. 2009). In agreement with this, we found
that between 40% and 60% of HDACI1 and HDAC2 are
free of each other (Supplemental Fig. 8B). This suggests
that only about half of HDAC1 and HDAC2 are present
in the cell in a heterodimeric form associated with the
known complexes, while the rest may be engaged in
specific nonredundant functions. Furthermore, by coim-
munoprecipitation experiments, we found that HDAC1
in the absence of HDAC?2 is still able to interact with Co-
REST and Sin3a (this is also true vice versa), demonstrat-
ing that the integrity of known HDAC containing co-
repressor complexes Co-REST and Sin3a is not affected in
the absence of one of these two enzymes (Supplemental
Fig. 8A).

The specificity of these enzymes is also reflected in the
genome-wide gene expression patterns, which are quite
different between HDACI KO and HDAC2 Kd cells:
About three times more genes were found deregulated
in HDAC1 KO cells than in HDAC2 Kd cells (Supple-
mental Fig. 3), and only few genes were found to overlap
(17%). However, we cannot rule out that the HDAC2 Kd
cells do not entirely mimic a full deletion of HDAC2.. The
gene ontology classification revealed that the first four
groups of deregulated genes are the same in HDAC1 KO
and HDAC2 Kd cells (“cellular movement,” “cellular
development,” “cell growth and proliferation,” and “cell
death”), but in a different order (Fig. 2; data not shown).

Despite this weak similarity between the genome-wide
expression profiles, genetic data in mice indicate that, in
many cell types, HDACI and HDAC2 can be redundant,
at least for some functions. Indeed, here we showed that
B-cell differentiation occurs normally in the absence of
HDACI1 or HDAC2, but that deletion of both induces
a strong cell cycle block and apoptosis in early progeni-
tors (Fig. 5C,D), leading to an almost complete absence
of mature B cells. Experiments addressing the role of
HDACI1 and HDAC2 in cardiomyocytes and neuronal
precursors demonstrated that, in these systems as well,
deletion of both enzymes is required to impair cellular
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differentiation, although the precise mechanism was not
identified (Montgomery et al. 2007, 2009). Together,
these results indicate that, in these different systems,
HDACI1 and HDAC2 are redundant. In each of these
cases, including the B cells reported here, deletion of
HDACI and/or HDAC2 was induced in early lineage
progenitors in which significant cellular proliferation
takes place. There, the main function of HDACI and
HDAC2 may be cell cycle control, for which these two
proteins are largely redundant, but critical. Hence, the
role of HDAC1 and HDAC?2 in the cell cycle may obscure
additional developmental roles these enzymes may have.
In contrast, in terminally differentiated cells, like mature
B cells, cellular proliferation is minimal, and other
functions of HDAC1 or HDAC2 may be uncovered.

A study using human cancer cell lines (U20S, MCF7,
and MCF10A) showed, by a siRNA approach against
HDACI1 and HDAC2, a similar phenotype, but weaker.
Indeed, Senese et al. (2007) observed a proliferation defect
and an enrichment of the cells in the G1 phase of the cell
cycle. Yet, a complete proliferation block was not ob-
served in two of the cell lines used, unlike what we
described here for MEFs in culture, B cells in vivo, and
what was described for cardiac and neuronal tissues
(Montgomery et al. 2007, 2009). In the latter two studies,
it was shown that one allele of either HDAC1 or HDAC2
is enough to maintain full cell viability. We obtained
similar results in B cells, indicating that only one allele of
HDACI or HDAC?2 is sufficient to support normal B-cell
development (data not shown). Thus, the difference in the
cell cycle block observed in the different studies may
reflect incomplete elimination of HDAC1 and/or HDAC?2,
leaving enough protein to sustain cell proliferation.

In addition to the partial block in G1, Senese et al.
(2007) also observed apoptosis in G2/M. It seems likely
that this difference is due to the use of a cancer cell line
(U20S). Indeed, a recent study has reported the deletion
of HDACI and HDAC2 in MEFs and, in contrast to our
study, has identified a cell cycle block in the M phase,
accompanied by multipolar spindle formation and mi-
totic catastrophes (Haberland et al. 2009). In this case,
however, SV40 large T antigen-immortalized MEFs were
used that were subsequently transformed with the mu-
tant H-Ras V12G oncogene. Large T antigen, by binding
p53, precludes activation of p21 and inhibits induction of
apoptosis; furthermore, by also binding the Retinoblas-
toma protein (Rb), large T circumvents the negative
feedback of CDKis on Rb and effectively induces cell
cycle entry (for review, see Ahuja et al. 2005). This
activity of large T likely contributes to bypassing the
Gl block we identified in double-deficient MEFs, and
thus allows us to identify another stage where HDAC1
and HDAC2 act. Furthermore, in this study, a reduction
in cell number was seen immediately upon inactivation
of HDAC1 and HDAC2. In contrast, in our analysis of
primary cells, following inactivation of HDACI1 and
HDAC2, we first observed a cessation of cell proliferation
for >7 d, but no apoptosis (Fig. 2A, Supplemental Fig. 4B;
Haberland et al. 2009). Thus, in primary cells, up-regula-
tion of p21 (and p57) triggered by the disappearance of

466 GENES & DEVELOPMENT

HDAC1 and HDAC2 may first induce mechanisms
similar to a checkpoint response: The cells cease pro-
liferation before eventually undergoing apoptosis.

In summary, we showed that the deletion of HDACI1
and HDAC?2 induces p21 and p57 expression, leading to
a cell cycle block in G1. The same experiment made in
transformed cells has revealed other functions of HDAC1
and HDAC2 in mitosis that are not seen in primary cells
(Haberland et al. 2009). This might be due to the early
block in the cell cycle and/or specific features of the
transformed cell that lack G1-phase regulation. In fact, it
is well documented that the pathway involving p53 and
p21 is often impaired in cancer cell lines (Weiss 2003;
Soussi and Wiman 2007; Zambetti 2007). Moreover, we
also observed that in vivo deletion of HDAC1 and
HDAC2 in nondividing mature B cells that are quiescent
and arrested in G1 has no effect on their viability;
however, when these cells are cultured, they fail to
proliferate, and undergo rapid apoptosis (Fig. 7). Taken
together, these results suggest that HDAC1 and HDAC2
function at several distinct stages of the cell cycle, and
absence of these two enzymes has little negative effect on
resting primary cells. Therefore, inhibitors specific for
HDACI1 and HDAC2 would target specifically proliferat-
ing cancer cells—potentially even in the context of a
p53 mutation—and would be valuable candidates for
chemotherapy.

Materials and methods

Flow cytometry (FACS)

Cell staining was done according to standard procedures. Flow
cytometry analysis was performed on a FACSCalibur (BD Bio-
sciences) by gating on live cells. Samples were analyzed by using
Flow-Jo (Tree Star) software. Cell sorting was performed on
a MoFlo (DakoCytomation). The purity of sorted cells was
checked by reanalysis.

The following mAbs were from BD Biosciences: RA3-6B2
(anti-B220) conjugated to allophycocyanin (APC), ACK45 (anti-
c-kit) conjugated to phycoerythrin (PE) or biotinylated, S7 (anti-
CD43) conjugated to fluorescein isothiocyanate (FITC), 1D3
(anti-CD19) conjugated to APC-Cy7 and 7D4 (anti-CD25) biotiny-
lated. 1B4B1 (anti-IgM) conjugated to FITC was from Southern
Biotech. 6D5 (anti-CD19) conjugated to PE was from Biolegend.
Streptavidin conjugated to PE-Cy5.5 was from CALTAG. For the
annexin V staining, we followed the manufacturer’s protocol from
BD Biosciences.

BrdU incorporation assay

For in vivo incorporation, mice were injected intraperitoneally
with 20 pg of BrdU and were sacrificed 30 min later. Bone
marrow single-cell suspensions were prepared, stained, and
sorted with the combination of antibodies against the following
cell surface molecules: CD19*, CD43*, and CD25. BrdU stain-
ing using sorted cells was performed according to the manufac-
turer’s protocol of BrdU flow kit (BD Bioscience). Analysis was
performed on a FACSCalibur and analyzed by Flow-Jo software.

For cells in culture, a 30-min pulse of BrdU was done, followed
by the staining procedure based on the manufacturer’s instruc-
tions (BD Bioscience).



Virus production and MEF infections

Lipofectamine 2000 was used to transfect 5 X 10° Ecophenix
packaging cell line in a 100-mm dish with 24 pg of plas-
mid (pMSCV_CreERT2_puromycin, pMSCV_CreERT2_eGFP,
or pMSCV_shRNA_puromycin). Fresh medium was added 5 h
later, and the virus supernatant was collected after 60-h incu-
bation at 32°C, filtrated on 0.45-um filters, and supplemented
with 5 pg/mL polybrene. The sequence of the miRNAs is in-
dicated in Supplemental Table 2.

MEF cells (5 X 10°) were seeded on a 100-mm dish the day
before the infection. Five microliters of virus supernatant were
used per 100-mm dish. The cells were spun at 1000g for 1 h and
then incubated for 5 h at 37°C before changing the medium.
When eGFP was used as a marker, the cells were sorted on a
MoFlo (DakoCytomation). When puromycin was used as a
marker, after 72 h of expression, the cells were selected in the
presence of 1-1.5 pg/mL during 48 h.

Protein extracts and Western blot

Cells were trypsinized, washed with cold phosphate-buffered
saline (PBS), and either snap-frozen in liquid nitrogen or lysed
immediately in buffer (50 mM Hepes at pH 7.5, 300 mM NaCl,
25 mM glycerophosphate, 25 mM NaF, 5 mM EGTA, 1 mM
EDTA, 0.5% NP40, 0.05% NaDoc) supplemented with 1 mM
phenylmethylsulfonyl fluoride and the Complete protease in-
hibitor cocktail (Roche). Lysates were centrifuged for 10 min at
4°C, and supernatants were resolved by electrophoresis on 10%
or 15% SDS-PAGE gels and subsequently blotted to nitrocellu-
lose membranes (Protran) when ECL (Amersham) was used and
PVDF (Millipore) when the Odyssey system (Li-Cor) was used.
The antibodies used in this study were the following: HDAC1
and HDAC?2 (gift from Christian Seiser, Vienna Biocenter), actin
(Ab-5; Neo Markers), cyclin D2 (MBL International Corporation),
cyclin B1 (MBL International Corporation), p15 (Cell Signaling),
pl6 (M-156, Santa Cruz Biotechnologies), p21 (F-5, Santa Cruz
Biotechnologies), p27 (F-8, Santa Cruz Biotechnologies), p57
(p2735, Sigma), Co-REST (07-455, Millipore), Sin3a (06-913,
Millipore), acetyl H4 (06-866, Millipore), acetyl H3 (06-599,
Millipore), acetyl H3K14 (07-353, Millipore), acetyl H4K5 (07-
327, Millipore), acetyl H4K8 (07-328, Millipore), and acetyl
H4K12 (06-761, Millipore).

Proteins immunoprecipitation experiments

Protein extracts (250 pg) were used for immunoprecipitation
with either HDACI1 or HDAC?2 antibody. Twenty microliters of
antibodies were incubated with protein extracts for 4 h at 4°C on
a rotating wheel. Then, 20 pL of protein G sepharose 4FF (GE
Healthcare) were added for 1 h at 4°C. The beads were washed
three times with lysis buffer supplemented with 250 mM NaCl.
Finally, the beads were boiled in SDS loading buffer for 10 min.

ChIP experiments

ChIP assays were performed with a 150-mm dish 80% confluent
as described on the Abcam Web site, with minor modifications.
DNA was sheared with a sonicator to an average fragment size of
500 base pairs. Each sample was split into two to perform immu-
noprecipitation with either HDAC1 or HDAC2 antibodies. Dyna-
beads (Invitrogen) were used instead of protein G beads. PCR was
performed using the MESA GREEN qPCR Mastermix for SYBR
Green (Eurogentec) on ABI PRYSM 7000 cycler. Each reported
ChIP value is an average of three independent experiments (+SD)
with the PCR amplification performed in triplicate. Values are
normalized to background levels detected with probes for
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a control locus (actin). Primer sequences are indicated in Sup-
plemental Table 2.

gRT-PCR

RNA was purified with the RNeasy Minikit (Qiagen) according
to the manufacturer’s protocol. cDNA was synthesized by using
the Thermoscript Reverse Transcriptase Kit (Invitrogen). Oligo
dT primers provided in the kit were used for the first strand
synthesis. QPCR was performed on an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems) using a MESA GREEN
qPCR MasterMix Plus for SYBR Assay (Eurogentec). The amount
of p21 and p57 transcripts was normalized by Hprt1 as follow:
Relative expression levels were calculated using the formula
2-ACY where ACt is Ctigene of interest) — Ctiupre) and Ct is the
cycle at which the threshold is crossed. Primers used for the PCR
detection are indicated in Supplemental Table 2.

Mature B-cell isolation and in vitro CFSE proliferation assays

Mature B cells were sorted with the combination of antibodies
against the following cell surface molecules: CD21*, CD23*,
B220*, and human CD5". Sorted cells were stained with 10 uM
CFSE in prewarmed RPMI-1640 medium for 10 min at 37°C. The
reaction was stopped by adding an equal volume of FBS, and then
cells were washed thoroughly twice with RPMI-1640 medium
containing 10% FBS. Cell numbers were counted by using a Vi-
Cell XR counter, and the same numbers of cells were plated with
1 X 10° cells per milliliter concentration. B-cell cultures were
carried out with or without mitogens; either LPS (10 pg/mL) and
IL-4 (10 ng/mL) or anti-IgM Fab fragments (25 pg/mL) in RPMI-
1640 medium containing 10% FBS, 2 mM L-glutamine, 1 mM
Na-pyruvate, and 50 pM 2-mercaptoethanol. After 72 h, CFSE
and annexin V staining were visualized by flow cytometry.
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