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Histone deacetylase 1 (HDAC1), but not HDAC2,
controls embryonic stem cell differentiation
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Histone deacetylases (HDAC) 1 and 2 are highly similar enzymes that
help regulate chromatin structure as the core catalytic components
of corepressor complexes. Although tissue-specific deletion of
HDAC1 and HDAC2 has demonstrated functional redundancy,
germ-line deletion of HDAC1 in the mouse causes early embryonic
lethality, whereas HDAC2 does not. To address the unique re-
quirement for HDAC1 in early embryogenesis we have generated
conditional knockout embryonic stem (ES) cells in which HDAC1 or
HDAC2 genes can be inactivated. Deletion of HDAC1, but not
HDAC2, causes a significant reduction in the HDAC activity of Sin3A,
NuRD, and CoREST corepressor complexes. This reduced corepressor
activity results in a specific 1.6-fold increase in histone H3 K56
acetylation (H3K56Ac), thus providing genetic evidence that
H3K56Ac is a substrate of HDAC1. In culture, ES cell proliferation
was unaffected by loss of either HDAC1 or HDAC2. Rather, we find
that loss of HDAC1 affects ES cell differentiation. ES cells lacking
either HDAC1 or HDAC2 were capable of forming embryoid bodies
(EBs), which stimulates differentiation into the three primary germ
layers. However, HDAC1-deficient EBs were significantly smaller,
showed spontaneous rhythmic contraction, and increased expres-
sion of both cardiomyocyte and neuronal markers. In summary, our
genetic study of HDAC1 and HDAC2 in ES cells, which mimic the
embryonic epiblast, has identified a unique requirement for HDAC1
in the optimal activity of HDAC1/2 corepressor complexes and cell
fate determination during differentiation.
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lass I histone deacetylases (HDACI, -2, -3, and -8) are highly

conserved enzymes present in the nucleus of all cells, where
they help modulate levels of gene expression (1). The best
characterized substrates of HDACs are the N-terminal tails of
the core histones H2A, H2B, H3 and H4. Deacetylation of his-
tone tails results in a “tightening” of chromatin, due to the
electrostatic potential of unacetylated lysine residues to promote
internucleosomal interactions (2, 3) and the loss of a binding site
for components of the transcriptional machinery containing a
bromodomain, e.g., TAFII1 (4).

Among the class ] HDACs, HDACI1 and HDAC?2 are the most
similar (83% amino acid identity), sharing an almost identical
catalytic core domain and a conserved C-terminal tail (5). In
mammalian cells HDAC1 and HDAC?2 interact together (6) to
form the catalytic core of a number of higher-order complexes
including Sin3A, NuRD, CoREST, and NODE (reviewed in ref.
1). These complexes are then targeted to chromatin by sequence-
specific (often cell-specific) transcription factors to repress
transcription in cooperation with other chromatin modifiers,
such as the lysine-specific demethylase, LSD1, in the CoREST
complex (7-9). As part of these multiprotein complexes, the
activity of HDAC1 and HDAC2 has been implicated in the
regulation of cell cycle progression by tumor suppressors (10—
12), differentiation (13, 14), cellular aging (15), and cancer (16).
Indeed, a variety of HDAC inhibitors that target both HDAC1
and -2 are currently being tested in the clinic as potential anti-
cancer therapeutics (17).

Mouse genetics has demonstrated an essential role in embryo-
genesis for HDACI (18, 19) and many components of HDAC1/2
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complexes, including Sin3A (20), SDS3 (21), MBD3 (22), and
LSD1 (23, 24). Germ-line deletion of HDACI results in early
embryonic lethality around embryonic day (e)10.5, although ab-
errant development occurs as early as €7.5. In contrast to these
early embryonic phenotypes, constitutive HDAC2 knockout mice
survive embryogenesis and either die shortly after birth in one
model (19) or survive to adulthood in others (25-27), albeit at
reduced Mendelian frequencies. In a number of cell types, de-
letion of both HDAC1 and HDAC2 is required to generate
a phenotype (14, 19, 28). This result suggests that the activity of
HDACI1 and HDAC?2 is mostly redundant, with the requirement
for both HDAC1 and HDAC2 occurring only at certain key de-
velopmental periods, such as gastrulation. To investigate the es-
sential role of HDAC1 during early embryogenesis we have
compared the biochemical, proliferative, and differentiation
properties of HDAC1 and HDAC2 conditional knockout embry-
onic stem (ES) cells. ES cells are the in vitro counterpart of epi-
blast cells of the early postimplantation embryo and their
differentiation mimics many of the changes in gene expression
associated with embryonic development (29). We find that loss of
HDACI, but not HDAC?2, reduces the level of HDAC activity
associated with HDAC1/2 complexes and leads to the enhanced
differentiation of embryoid bodies.

Results

Generation of Conditional Knockout ES Cell Lines for HDAC1 and
HDAC2. Beginning with an E14 ES cell line expressing an inducible
Cre/Estrogen Receptor (CreER) construct from the endogenous
ROSA26 locus (30), we used homologous recombination to
produce HDACI**"*; CreER and HDAC2“*"%; CreER cell
lines in which exon 2 of each gene is flanked by LoxP sites (see
Fig. 14 and Figs. S1 and S2 for detailed methods). Induction of
Cre activity by addition of 4-hydroxy tamoxifen (OHT) to the
growth media resulted in complete recombination of each allele
and deletion of exon 2 (HDAC1%%*? or HDAC2 **'*?) within 24 h
(Fig.1B). Loss of exon 2 disrupts the ORF of both HDACI and
HDAC2 such that a premature stop codon is introduced in
exon 3. Following deletion of exon 2 a further 4-5 days of culture
are required before HDAC1 and HDAC?2 protein levels are re-
duced below 10% of those of control cells (Fig. 1C), suggesting
that a combination of a long-lived mRNA and recruitment into
a stable protein complex results in relatively slow protein turn-
over. In the subsequent experiments, HDACI“*"“*; CreER and
HDAC2"*"-%; CreER cells 10-24 days postrecombination (hence
referred to as HDAC1*?*? and HDAC2%?/*?) were used to assess
their biochemical and growth properties.
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Fig. 1. Generation of HDAC1 and HDAC2 conditional knockout ES cell lines.
(A) An E14 ES cell line constitutively expressing a Cre/Estrogen Receptor
(CreER) fusion from the ROSA26 locus was used to generate homozygous
conditional knockout alleles for HDAC1 and HDAC2. Both copies of exon 2
were flanked by LoxP sites, using consecutive rounds of gene targeting. (B)
Southern blots showing wild-type and exon 2 targeted HDAC1-¥°* and
HDAC2 X |oci. Addition of 4-hydroxy tamoxifen (OHT) activates the
CreER fusion and induces deletion of exon2 (HDAC12%22, HDAC24%2?) in ES
cells; >95% recombination is observed after 24 h. (C) Quantitative Western
blot shows ligand-inducible deletion of HDAC1 and -2 protein in whole-cell
extracts from HDAC1-/** and HDAC2"-°* ES cells, respectively. Cells were
cultured for up to 10 days (0-3 days in the presence of OHT). a-Tubulin was
used to normalize protein loading. Blots were visualized and quantitated
using a LiCOR scanner. Data are representative of three independently
tested clones for each genotype.

Reduced HDAC Activity Associated with HDAC1/2 Complexes in the
Absence of HDAC1. Consistent with previous reports (18, 31),
deletion of HDACI results in an increased level of HDAC2
protein (Fig. 24). However, no increase in HDAC2 mRNA is
detected, suggesting that increased protein levels may occur from
changes in HDAC?2 translation and/or degradation in the ab-
sence of HDACI. Interestingly, there is no change in HDACI1
protein levels in the absence of HDAC2 (Fig. 24). Most, if not
all cellular HDACI and -2 is associated with higher-order pro-
tein complexes in the nucleus (1). We used coimmunoprecipi-
tation of individual components of the Sin3A, NuRD, and
CoREST complexes to assess the associated HDAC activity and
their integrity in cells lacking either HDAC1 or HDAC2. In the
absence of HDACI1 we observe a decrease in the deacetylase
activity associated with each of the Sin3A, NuRD, and CoREST
complexes, with the largest reduction in the CoREST complex
(Fig. 2B). This decrease in activity occurs despite the fact that we
detect increased amounts of HDAC2 in each of these same
complexes (Fig. 2C, compare HDAC2 amounts in lanes 3-5 with
those in lanes 10-12). The increased incorporation of HDAC2
into HDAC1/2 complexes in the absence of HDAC1 may ac-
count for the increased abundance of HDAC2 protein (Fig. 24
Left). In contrast, there is no significant alteration in the amount
of deacetylase activity associated with the three HDAC1/2
complexes in the absence of HDAC2 (Fig. 2B). These data argue
that loss of HDACI, but not HDAC2, causes a reduction in the
HDAC activity of HDAC1/2-containing complexes. However, in
the absence of either enzyme, deacetylase activity is still mea-
surable and a physical association still remains, suggesting that
the integrity of each complex is retained.

We next examined the global acetylation levels of histones H3
and H4 in the absence of either HDAC1 or HDAC2 (Fig. 2D).
We detected a slight increase in the acetylation status of H3K9/
14, H4KS5, and H4KS8 in the absence of HDACI1. However, the
only significant difference in HDACI*?*? cells was a 1.6-fold
increase in the level of H3K56 acetylation (H3K56Ac), a modi-
fication associated with DNA damage (32, 33), nucleosome as-
sembly (32), and the activity of stem cell factors (34) in higher
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Fig. 2. Loss of HDAC1 results in decreased deacetylase activity associated
with HDAC1/2 complexes and an increase H3K56Ac. (A) Quantitative West-
ern blot of HDAC1, -2, and -3 obtained from nuclear extracts of the indicated
cell types. Protein levels were quantitated using a LiCOR scanner and nor-
malized to the level of a-tubulin. Data represent independent experiments,
using three independent clones. (*, P < 0.05; Student’s t test). Mean values
(n =3) + SEM are plotted. (B) Specific antisera to the indicated proteins were
used to coimmunoprecipitate Sin3A, NuRD («MTA-2), and CoREST (a-LSD1)
complexes from HDAC1-°¥°% HDAC14%42 HDAC2'°¥°% and HDAC24¥2 ES
cells. The amount of associated deacetylase activity was measured using
a commercially available kit (*, P < 0.05; **, P < 0.01; ***, P < 0.001; Stu-
dent’s t test). Mean values (n = 3) + SEM are plotted. (C) The remaining
material from the coimmunoprecipitation was run on an SDS/PAGE gel and
then analyzed by Western blotting using the indicated antibodies. Arrow
indicates a nonspecific band. (D) The acetylation status of core histones was
detected using quantitative Western blotting. Histones were acid extracted
from HDAC1¥>X, HDAC14%42, HDAC2'¥, and HDAC2*¥42 clones. The
signal of specific acetylated lysines was normalized to the total amount of
H3 or H4 as appropriate and quantitated using a LiCOR scanner (*, P < 0.01;
Student’s t test). Mean values (n = 3) + SEM are plotted. Data represent
independent experiments using three different clones of each genotype.

eukaryotes. This demonstration that H3K56Ac is a substrate for
HDACI1 has not been previously characterized. Global histone
acetylation levels were unchanged by loss of HDAC2 (Fig. 2D
Lower), consistent with an unchanged level of deacetylase ac-
tivity associated with HDAC1/2 complexes in cells lacking
HDAC?2 protein. Treatment of HDACI**/* ES cells with tri-
chostatin A (TSA) for 12 h produces a 7-fold increase in
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H3K56Ac levels, compared to the 1.6-fold change associated
with loss of HDACI, suggesting that additional class I and class
ITI HDAC:S participate in its regulation (Fig. S34). In contrast to
H3K56Ac, which occurs in the histone core, the acetylation
status of lysines within the tails of histones H3 and H4 (H3K9/
K14 and H4K5/K8/K12/K16) was changed by <1.5-fold in re-
sponse to TSA. However, TSA treatment produces a robust 5-
fold increase in acetylation of these same residues in mouse
embryo fibroblasts (MEFs) (Fig. S3B), suggesting that histone
tails are hyperacetylated in ES cells, and thus potentially masks
a detectable increase in histone acetylation in HDACI*?*? cells.

Proliferation and Differentiation Capacity of ES Cells Is Not Inhibited
by Loss of HDAC1 or HDAC2. Because HDACT has been implicated
in cell cycle progression (18, 35, 362, we compared the growth
ability of HDACI*?*? and HDAC2"?*? cells to that of control
cells. We found that there was no effect of deleting HDACI or
HDAC2 on colony formation when plating ES cells at low
density (Fig. 34) or on their population doubling time (Fig. 3B).
Loss of MBD3, a central component of the NuRD complex (37),
or treatment with HDAC inhibitors (38) has been demonstrated
to inhibit ES cell differentiation. We therefore assessed the ca-
pacity of HDACI*?*? and HDAC2***? cells to differentiate
when grown in the absence of leukemia inhibitory factor (LIF)
compared to controls (Fig. 3C). The indicated ES cells were
grown in the presence and absence of LIF for 6 days and then
assayed for alkaline phosphatase activity, a stem cell marker.
WT-CreER cells treated with 4-OHT, untreated homozygous
targeted cells (HDACI“*"“** and HDAC2"*""*%), and homozy-
gous deleted cells (HDACI*?*? and HDAC2*?’*?) lacking
HDACI1 and HDAC?2, respectively, all showed comparable levels
of differentiation. These data demonstrate that the growth
characteristics of ES cells lacking either HDAC1 or HDAC2 are
similar to those of wild-type cells.

Loss of HDAC1, but not HDAC2, Causes Enhanced Differentiation of
Embryoid Bodies. To examine the differentiation process of
HDAC knockout cells in greater detail HDACI*?*? and
HDAC2%A2 ES cells were used to generate embryoid bodies
(EB), which recapitulate many of the changes associated with
gastrulation, including generation of the three primary germ
layers, ectoderm, endoderm, and mesoderm. It is presumably
during gastrulation, or just before, that HDACI1 null embryos
begin to accrue developmental defects that are apparent phe-
notypically at €7.5 and beyond (18, 19). ES cells lacking either
HDACI1 or HDAC2 were able to form EBs over a 2-day period,
using the hanging drop method (Fig. 44, day 2). Continued
culture revealed that EBs lacking HDAC1 become irregular,
rather than uniformly spherical, and are much reduced in size
compared to EBs derived from control cells (Fig. 44, day 12, and
4B). By contrast, EBs lacking HDAC2 (HDAC2%%?) were
uniformly spherical and grew to a similar size to wild-type and
HDAC2E0v/Lex controls. At day 8, 100% of HDACI*?*? EBs had
developed a spontaneous rhythmic contraction phenotype,
compared to <10% for HDACI**"“** controls (Fig. 4C), in-
dicative of differentiation into cardiomgloc es and pacemaker
cells. Only a limited number of HDAC24%*? EBs were observed
to spontaneously contract. The reduction in HDACI*?*? EB
size, their irregular shape, and spontaneous contraction sug-
gested that increased differentiation was occurring. To visualize
the differentiation and examine the cell types produced, day 12
EBs of the indicated genotype were embedded in paraffin, sec-
tioned laterally, and then stained with hematmglin and eosin
(Fig. 4D). Histological examination of HDAC2*¥*? and unde-
leted control EBs (HDACI-*"=°* and HDAC2"*""**) revealed
a relatively uniform organization consisting mainl; of mesen-
chyme surrounded by ground substrate. HDAC1%%/2? EBs, in
contrast, have a large number of organized cellular structures,
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Fig. 3. Conditional deletion of HDAC1 or -2 does not inhibit the growth or
differentiation capacity of ES cells. (A) Colony formation assay: mean values
and SDs of cells of the indicated genotype plated at low density and cultured
for 8 days, before counting. Mean values (n = 3) + SEM are plotted. (B) The
population doubling times of the indicated cell types were calculated by
counting and then replating cells every 2 days for an 18-day period. (C)
Differentiation potential. ES cells of the type indicated were plated at low
density in the presence (+) or absence (=) of LIF and cultured for 6 days
before staining for the presence of alkaline phosphatase. Colonies were
scored as undifferentiated (purple), differentiated (white), or mixed. Data
represent three independent experiments using two individual clones of
each genotype.

including epithelial rosettes with associated basement membrane
and many regions of cell death, indicative of profound differ-
entiation (Fig. 4D, compare Left and Right).

Increased Expression of Cardiomyocyte-, Muscle-, and Neuronal-
Specific Markers in Embryoid Bodies Lacking HDAC1. To identify
the cell types present during wild-type and mutant EB differ-
entiation, we collected RNA at time points from day 0 (cycling
ES cells) to day 12 (mature EBs) and then performed quanti-
tative (Q)RT-PCR for lineage-specific markers (Fig. 5). Consis-
tent with the process of ES cell differentiation, the plurigotency
markers Oct4 and Nanog are repressed in both HDACI*?2 and
HDAC2*?*> EBs. We also observe that HDACI*?*? and
HDAC2%?*? EBs show a similar induction (day 2), and then
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Fig. 4. Loss of HDAC1 enhances embryoid body differentiation. (A) Repre-
sentative examples of EBs at the indicated time points. (B) Mean size and SDs
of EBs during a 12-day experiment. Different genotypes are indicated. Mean
values (n = 3) + SEM are plotted. (C) Percentage of EBs with a rhythmic
beating phenotype. Individual genotypes are indicated. (D) Hematoxylin and
eosin-stained sections of day 12 EBs of the indicated genotype. (i) Regions of
mesenchyme, unstained areas demark ground substance; (ii) structured re-
gion of organized epithelium (epithelial rosette) on basement membrane;
(iii) region of cell death and apoptosis. Both ii and jii are characteristic of EBs
derived from HDAC14%22 ES cells. Data are representative of three in-
dependently tested clones for each genotype.

repression (day 7), of FGFS5, suggesting that loss of either HDAC
does not adversely affect primitive ectoderm formation, a critical
intermediate in the formation of the three primary germ layers.
A key regulator of mesodermal specification is the T-box tran-
scription factor, brachyury. Induction of brachyury during EB
differentiation is enhanced in EBs lacking HDAC1 compared
with HDAC2 deleted cells and undeleted controls. Consistent
with increased brachym;y levels and the spontaneous “beating”
phenotype of HDACI*?*? EBs, we monitor increased expres-
sion of the cardiomyocyte-specific markers Nkx2-5 and Mef2c, in
addition to the skeletal muscle marker, MyoD. The neuronal cell
markers, nestin and pIII-tubulin, are similarly elevated in day 12
HDACI*?*? EBs. However, Gata-6, a marker of endodermal
differentiation, is reduced by loss of HDACI, indicating pref-
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Fig. 5. Loss of HDAC1 causes precocious differentiation into mesodermal and
ectodermal lineages in EBs. Quantitative RT-PCR data for genes characteristic of
undifferentiated stem cells (Oct-4, Nanog), endoderm (Gata4, Gataé), primitive
ectoderm (Fgf5), mesoderm (Brachyury, Nkx2-5, Mef2c, and MyoD) and ecto-
derm (Nestin, plll-tubulin) was performed as indicated on mRNA collected at
days 0, 2, 4, 7, and 12 during EB differentiation. Mean values (n = 3) + SEM are
plotted. Values indicate expression of the specific gene relative to GAPDH
measured using Universal ProbeLibrary hydrolysis probes. Data are representa-
tive of two independently tested clones for each genotype.

erential differentiation toward mesodermal and ectodermal lin-
eages at the expense of endoderm under these differentiation
conditions (Fig. 5).

Discussion

HDAC1, but Not HDAC2, Regulates H3K56Ac and Is Required for
Optimal Deacetylase Activity of HDAC1/2 Complexes in ES Cells. To
assess the embryonic requirement for HDACI, in relation to
HDAC2, we generated ES cells in which each gene can be
inactivated conditionally. We find that loss of HDACI, but not
HDAC2, reduces the amount of deacetylase activity associated
with HDAC1/2 complexes, particularly NuRD and CoREST
(Fig. 2B), despite a compensatory increase in HDAC2 protein
and its incorporation into these complexes. Lagger and col-
leagues (18) noted a similar decrease in Sin3A- and NuRD-as-
sociated HDAC activity in their HDAC1™~ ES cell system.
Perhaps the most obvious explanation for a reduction in the
deacetylase activity of HDAC1/2 complexes in the absence of
HDACI1 is that HDACI is a slightly more effective deacetylase
than HDAC?2 in ES cells. It remains to repeat these experiments
in somatic cells, particularly those cell types where HDACI1 and
-2 are functionally redundant, to ask if this dependence for
HDACI is embryonic specific. If so, then this result may explain
in part the postgastrulation lethality of HDAC1~~ mice (18, 19)
and the ES cell differentiation phenotype (discussed below).
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Loss of HDACT1 alone results in increased H3K56Ac in ES cells
(Fig. 2D). This solitary detected change in lysine acetylation may
reflect that H3KS56Ac is a relatively rare modification in mamma-
lian cells (%1% of histone H3) (32, 34). In contrast, histone tails
appear to be hyperacetylated in ES cells (compare TSA-induced
acetylation in ES cells versus MEFs, Fig. S3), potentially masking
the detection of increased acetylation due to the loss of HDACI. It
has been shown previously that H3K56Ac is a substrate for the
NAD-dependent deacetylases, SIRT1 and SIRT2 (32); we dem-
onstrate here that H3KS56Ac levels are also regulated by HDAC1
(Fig. 2D), in addition to other zinc-dependent HDACs (Fig. S3).
However, it remains formally possible that loss of HDAC1 might
increase H3K56Ac levels via an indirect mechanism. Potentially,
elevated CBP/p300 levels, which acetylate H3K56 in mammalian
cells, or, conversely, down-regulation of Sirtl (32) could cause the
increase in H3K56Ac levels. We are currently performing experi-
ments with purified HDAC1/2 complexes from ES cells to address
whether H3K56Ac is a direct target for deacetylation by HDACI.

Loss of HDAC1 or HDAC2 Does Not Affect the Cell Cycle in ES Cells.
HDACI and HDAC?2 have been linked to cell cycle regulation by
their association with the tumor suppressor, Rb (10-12) and tran-
scriptional repression of the CDK inhibitor, p21 (18, 31, 36).
However, we found that there was no change in the growth potential
of either HDACI*?*? or HDAC2*?/*? ES cells (Fig. 34 and B), nor
did we observe any change in the level of p21 mRNA (although its
expression is increased by treatment with TSA, Fig. S4). Pheno-
typically therefore, our cells differ from the HDAC17/~ ES cells
used by Lagger et al. (18), which may reflect the difference in their
derivation, either by sequential gene targeting followed by con-
ditional deletion or from blastocysts bearing a constitutive de-
letion, respectively. Although p21 is the prototypical HDAC1
target gene, it is interesting to note that siRNA-mediated knock-
down of HDACI produces a cell type-specific up-regulation of
p21 (36). Rather than affecting the cell cycle, we find that deletion
of HDACI causes an increase in the amount and variety of cell
types produced during ES cell differentiation.

HDAC1 Is Required for the Controlled Reprogramming of ES Cells
upon Differentiation. Unlike deletion of the NuRD component
MBD3 (37), loss of either HDAC1 or HDAC2 did not affect the
potential of ES cells to exit the pluripotent stem cell program
upon LIF withdrawal (Fig. 3C). Inactivation of Oct4 occurs
concomitantly with deacetylation of its promoter region shortly
after differentiation begins (39). However, the ability to switch
off Oct4 (and Nanog) expression is unperturbed by loss of either
HDACI or -2. Early differentiation of ES cells into primitive
ectoderm, key to formation of the three primary germ layers, was
also unaffected, as suggested by the presence of Oct4 and spike
of FGF5 exgression in day 2 EBs (Fig. 5). From days 4 to 12
HDAC1%¥2% EBs are distinct from either undeleted controls or
HDAC24%2% EBs, by their reduced size, irregular shape, sub-
stantially increased contractility, and superior, more defined
cellular organization. Further analysis of EB transcriptional
profiles indicates that HDAC1%¥4* EBs exhibit preferential
differentiation into mesoderm (particularly cardiomyocytes,
Nkx2-5, and Mef2c) and latterly neuroectoderm cell lineages
(nestin and PIII-tubulin) possibly at the expense of endoderm
(Gata4 and Gata6). In contrast, transcriptional differences have
yet to be detected in HDAC22%22 EBs, as might be expected
because we observe no change in the deacetylase activity of co-
repressor complexes in the absence of HDAC2. Thus it appears
that HDACI acts to moderate the degree, nature, and pace of
ES cell differentiation. These data concur with a number of
studies in which HDAC inhibitors have been applied to plurip-
otent cells. Treatment of day 7 EBs with TSA promotes car-
diomyocyte differentiation (40), as measured by an increase in
Nkx2-5 expression, which may be a direct target of HDACI (13).
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Similarly, the addition of HDAC inhibitors to neuronal pre-
cursors results in a selective increase in neurons, but not oligo-
dendrocytes or astrocytes (41-43), which argues in favor of
a specific, rather than general role for HDACsS in differentiation.

ES cells contain a number of distinct HDACI1/2-containing
complexes including Sin3A, NuRD, CoREST (Fig. 2C), and
a recently described complex termed the Nanog and Oct-4-as-
sociated deacetylase (NODE) complex (44). The NODE com-
plex is similar in composition to NuRD, but lacks MBD3 and
Rbbp7. Interestingly, perturbation of the NuRD complex by
deletion of MBD3 causes a defect in ES cell differentiation,
concomitant with a reduced Mta2-HDACI interaction (37).
Conversely, disruption of NODE causes increased differentia-
tion, associated with the activation of endodermal-specific
markers (GATA6 and Foxa2) (44). An shRNA-mediated
knockdown of HDAC?2 in the same study revealed no effect on
differentiation, consistent with our genetic deletion of HDAC2
(Fig. 3C). Therefore, two distinct HDAC1/2-containing com-
plexes appear to have opposing functions in regard to ES cell
fate and lineage commitment. However, it is not clear if a distinct
NODE complex occurs in EBs, where loss of HDACI causes
precocious differentiation. ES cell pluripotency and cell fate
determination are profoundly affected by MAPK, Wnt, and
TGFp signaling pathways (45). It is interesting to note therefore
that HDACI and -2 have been shown to be downstream effectors
of Wnt signaling during cardiomyocyte (13) and oligodendrocyte
(46) differentiation. A more prudent application of our system
using defined (serum-free) media, over prolonged periods, is
currently underway to decipher the roles of HDACI and -2 in
lineage-specific differentiation programs.

We have shown that HDACI is necessary for the optimal
deacetylase activity of HDACI1/2 corepressor complexes and
regulates the acetylation status of H3K56Ac. This change in the
biochemical activity of HDAC14%4? cells correlates with a pre-
cocious differentiation phenotype. The increased differentiation
potential of these HDAC1*¥4? ES (epiblast-like) cells may
provide plausible in vitro evidence as to why HDAC2™/~ embryos
survive at least until the perinatal stage and insight into why
HDAC1™~ embryos die shortly after gastrulation. The ability to
regulate HDACI and HDAC?2 genetically in a pluripotent system
should allow us to identify the target genes and nonhistone tar-
gets, which regulate key developmental pathways.

Materials and Methods

Generation of HDAC1 and HDAC2 Knockout ES Cell Lines and ES Cell Culture.
E14 ES cells, expressing a CreER fusion protein from the ROSA26 locus (30),
were used to generate HDAC1-'°%; CreER and HDAC2-°'°%; CreER cell
lines by consecutive rounds of gene targeting. For detailed description of
targeting vectors and gene targeting strategies see S/ Materials and Meth-
ods and Figs. S1 and S2. ES cell lines were maintained on gelatinized plates in
standard ES cell medium consisting of Knockout DMEM (Invitrogen), 15%
FCS, 1x glutamine/penicillin/streptomycin (Invitrogen), 100 pM B-mercap-
toethanol (Sigma-Aldrich), and LIF.

Population Doubling, Colony Formation, and Alkaline Phosphatase Assays. ES
cell lines of 1.5 x 10° cells were seeded in triplicate in six-well plates, tryp-
sinized, and counted and replated every 2-3 days for a period of 18 days.
Colony formation was assessed by seeding 7 x 102 cells in triplicate in six-well
plates followed by culture for 8 days and counted. For alkaline phosphatase
assays cells were plated at 7 x 102 cells per well in six-well plates in the
presence of LIF. After overnight culture, cells were cultured in the presence
or absence of LIF for 6 days and then stained with a commercial alkaline
phosphatase assay kit (Millipore).

Protein and Enzymatic Analysis. To confirm deletion of HDAC1 and HDAC2,
cells were lysed with hypotonic buffer: 10 mM Hepes (pH 7.9), 10 mM KCl, 0.1
mM EDTA, 10 mM DTT, and 1x protease inhibitor mixture (Sigma). After
centrifugation at 1,500 x g for 5 min nuclear extracts were prepared from
pellets with 20 mM Hepes (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 25% glycerol,
and 1x protease inhibitor mixture. Ten micrograms of nuclear extract was
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separated using SDS/PAGE and membranes were probed with the appro-
priate antibodies (Table S1). Acid extraction of histones was performed as
previously described (47). Five micrograms of extract was loaded in each lane
and membranes were probed using a panel of antibodies raised against
a number of histone modifications (for antibodies used to probe membranes
see Table S1). The Odyssey Infrared Imaging System was used to quantify
protein signal using the appropriate IRDye conjugated secondary antibodies
(LiCOR Biosciences). For immunoprecipitation, 70 pg of nuclear extract was
incubated overnight at 4 °C with antibody-coated protein-G agarose beads
(see Table S1 for appropriate antibodies). After four washes in nuclear ex-
tract buffer, beads were split into two aliquots. One aliquot was used to
assess the enzymatic activity of the immunoprecipitates using a commer-
cially available deacetylase assay (Active Motif); the remaining aliquot was
resolved by SDS/PAGE and probed with antibodies raised against known
components of the immunoprecipitated complexes.

In Vitro Differentiation. ES cell differentiation was induced by culturing ES
cells as EBs according to the hanging drop method for 2 days. Drops of
differentiation medium (i.e., standard ES cell medium without LIF) containing
7 x 102 ES cells were plated onto the lids of culture dishes. After 48 h, EBs
were transferred to culture plates coated with a hydrophobic coating, Syl-
gard 184 (Dow Corning), and cultured in suspension under constant rotation
for a further 10 days.
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RNA Isolation, Reverse Transcription, and Quantitative Real-Time PCR. Total
RNA was isolated using a standard TRIzol (Invitrogen) protocol. Two
micrograms of total RNA was reverse transcribed using Q-Script one-step
Supermix (Quanta Biosciences) and the resulting cDNA was diluted with an
equal amount of DEPC treated H,O. Multiplex assays were designed using
the Universal Probelibrary Assay Design Centre (www.roche-applied-sci-
ence.com; see Table S2 for primers and probes). For each reaction, 2 pl of
diluted cDNA was used in all subsequent multiplex qRT-PCR reactions using
the Light Cycler Probes Master Mix (Roche) as per the manufacturer’s
instructions. Reactions were carried out on a Roche Light Cycler 480 under
the following conditions: initial denaturation for 10 min at 94 °C followed by
40 cycles of 10 sec at 94 °C, 20 sec at 55 °C, and 5 sec at 72 °C.

Histology and Immunocytochemistry. Day 12 EBs were fixed with 4% para-
formaldehyde and embedded in paraffin blocks. Five-micrometer sections
were then stained with hematoxylin and eosin.
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