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In eukaryotic cells, covalent modifications to core histones contribute to the establishment and
maintenance of cellular phenotype via regulation of gene expression. Histone acetyltransferases
(HATS) cooperate with histone deacetylases (HDACS) to establish and maintain specific patterns
of histone acetylation. HDAC inhibitors can cause pluripotent stem cells to cease proliferating and
enter terminal differentiation pathways in culture. To better define the roles of individual HDACs
in stem cell differentiation, we have constructed “dominant-negative” stem cell lines expressing
mutant, Flag-tagged HDACSs with reduced enzymatic activity. Replacement of a single residue
(His — Ala) in the catalytic center reduced the activity of HDACs 1 and 2 by 80%, and abolished
HDACS3 activity; the mutant HDACs were expressed at similar levels and in the same multiprotein
complexes as wild-type HDACs. Hexamethylene bisacetamide-induced MEL cell differentiation
was potentiated by the individual mutant HDACs, but only to 2%, versus 60% for an HDAC
inhibitor, sodium butyrate, suggesting that inhibition of multiple HDACs is required for full
potentiation. Cultured E14.5 cortical stem cells differentiate to neurons, astrocytes, and
oligodendrocytes upon withdrawal of basic fibroblast growth factor. Transduction of stem cells
with mutant HDACs 1, 2, or 3 shifted cell fate choice toward oligodendrocytes. Mutant HDAC2
also increased differentiation to astrocytes, while mutant HDACL1 reduced differentiation to
neurons by 50%. These results indicate that HDAC activity inhibits differentiation to
oligodendrocytes, and that HDAC? activity specifically inhibits differentiation to astrocytes, while
HDAC1 activity is required for differentiation to neurons.
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Introduction

Pluripotent stem cells exhibit a stable phenotype in culture characterized by sustained
proliferation and expression of specific protein markers. These cells can be induced to
differentiate by either the addition or withdrawal of specific growth factors or drugs in the
culture medium. Differentiation is characterized by a slowing or cessation of cell
proliferation and the up- or down-regulation of gene expression at many loci, leading to a
stable, differentiated cell phenotype.

Stable patterns of gene expression are maintained, in part, by covalent modification of DNA
(methylation) and core histones (methylation and acetylation). The N-terminal domains of
core histones contain specific patterns of covalent modification (i.e., acetylation,
methylation, and phosphorylation) that is termed “the histone code” (Strahl and Allis, 2000;
Turner, 2000; Jenuwein and Allis, 2001). Specific patterns of lysine acetylation are
established and maintained by the coordinated activity of histone acetyl transferases (HATS)
and histone deacetylases (HDACs). HDAC inhibitors can cause stem cells to cease
proliferating and enter terminal differentiation pathways (Marks et al., 2000; Kramer et al.,
2001; Hsieh et al., 2004), suggesting that reprogramming involves an increase in histone
acetylation at specific loci.
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Mammalian HDACs comprise a multiprotein family of zinc metallohydrolases sharing a
conserved catalytic center (Finnin et al., 1999; Gray and Ekstrom, 2001; Khochbin et al.,
2001). The quantitatively major class | HDACs (1, 2, 3, and 8), related to the yeast RPD3
protein, are ~500 residues long and localized to the nucleus. The class Il HDACs (4-7, 9,
10), related to yeast HDA1 protein, are ~1,000 residues long, and shuttle between the
nucleus and cytosol. HDACs exist in multiprotein complexes with transcription factors,
DNA-binding proteins, and other chromatin-modifying enzymes; assembly into complexes
is required for full deacetylase activity (Zhang et al., 1999). Transient transfection studies
indicate that HDACs function as transcriptional corepressors in a variety of regulatory
pathways. Class 1 HDACs 1, 2, and 3 interact with components of the p53 and RB tumor-
suppressor pathways (Brehm et al., 1998; Magnaghi-Jaulin et al., 1998; Wade, 2001; Zhang
and Dean, 2001), histone and DNA-methyltransferases (Fuks et al., 2000; Robertson et al.,
2000; Fuks et al., 2001; Vaute et al., 2002), and "CpG-DNA-binding proteins (Ng et al.,
1999; Wade et al., 1999), suggesting their direct involvement in growth control.

Existing HDAC inhibitors act on all class 1 and 2 HDACs by stereospecific binding to the
catalytic center (Finnin et al., 1999). Thus, genetic approaches are required to assess the
roles of individual HDACs in the maintenance of cell proliferation. Deletion of the hdacl
locus in mice causes an embryonic lethal cell proliferation defect, demonstrating that
HDACL is required for cell proliferation (Lagger et al., 2002). Expressions of HDAC?2 and
HDACS3 are increased in HDAC1-null ES cells, but they do not fully compensate for the
absence of HDACL1. Expression of cyclin-dependent kinase inhibitors p21 WAF/CIP1 ang
p27KIP1 s also increased in HDAC1-null cells. These inhibitors can cause proliferation
arrest by conversion of Rb protein to its active, hypophosphorylated form (Wade, 2001;
Zhang and Dean, 2001).

In order to better define the roles of individual class 1 HDACs in cell proliferation and
terminal differentiation, we have created retroviral vectors for stable expression of
dominant-negative HDACs. These dominant-negative HDACs have reduced enzymatic
activity due to an amino acid replacement (His — Ala) in the catalytic center, but retain the
ability to form multiprotein complexes. We observed that mutant HDACSs could potentiate
hexamethylene bisacetamide (HMBA)-induced terminal differentiation of erythroleukemia
(MEL) cells, albeit modestly, with a relative magnitude of HDAC3 > HDAC2 > HDACL1.
We also examined the effect of dominant-negative HDACSs on the fate of cultured central
nervous system (CNS) cortical stem cells, which differentiate predominantly to neurons.
More striking results were obtained in these studies. Mutant HDAC1, HDAC?2, and HDAC3
shifted stem cell fate to oligodendrocytes while mutant HDAC2 shifted cell fate to
astrocytes. Our findings delineate for the first time distinct roles for individual HDACs in
neuronal differentiation.

Plasmid construction and mutagenesis

The construction of retroviral vectors (pOZ) for expression of Flag-tagged human HDAC1
and 2 is described in Humphrey et al. (2001). A pOZ expression construct for Flag-tagged
human HDAC3 was prepared by the same procedure using a cDNA clone isolated from a
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CLONTECH Marathon cDNA library. Mutagenesis was performed by the overlap extension
PCR method (Ho et al., 1989). All constructs were verified by DNA sequencing.

Isolation and analysis of HDAC complexes

Flag-tagged HDAC1, 2, and 3 were isolated from transduced Hela S3 cells using an anti-
Flag immunoadsorbent as described in Humphrey et al. (2001). Histone deacetylase assays
were performed as described in Humphrey et al. (2001). For sedimentation analysis of
HDAC3 complexes, complexes eluted with Flag peptide were centrifuged in a 10%—-35%
glycerol gradient for 5.5 hr at 55,000 r.p.m. Marker proteins (ovalbumin 4.54S, aldolase
7.3S, catalase 11.3S) were centrifuged in parallel gradients. HDAC complex components
were identified by Western blotting as described in Humphrey et al. (2001). Anti-ebi
antibody was a gift from Dr. S. Lawrence Zipursky (University of California, Los Angeles,
CA). Anti-NcoR and anti- SMRT were obtained from Upstate. Anti-HDAC3 antibodies
were raised in rabbits to His-tagged proteins representing the N and C-terminal regions of
human HDACS3. For peptide mass fingerprinting, tryptic peptides were prepared from
excised gel bands as described in Humphrey et al. (2001), and mass spectra were collected
using the Applied Biosystems (Foster City, CA) Voyager DE-STR MALDI-TOF instrument
in the NICHD mass spectrometry facility. Protein identification was made by database
searching using Protein Prospector and Mascot.

Murine erythroleukemia cell culture and transduction

Neural stem

MEL cells, kindly provided by Dr. Shoshana Segal (National Cancer Institute,
Bethesda,MD), were cultured in R10 medium (Borre et al., 1996). For retroviral infection,
cultures seeded at 5 x 10° cells/cm? on retronectin-coated plates were exposed to an initial
viral supernatant for 2 hr at 37°C, followed by a second supernatant for 22 hr at 37°C.
Transduced cells were purified by magnetic affinity cell sorting for the co-expressed IL2R «
subunit (Tac antigen) surface marker (Ogryzko et al., 1997; Humphrey et al., 2001).
Differentiation was induced in 24-well plates (2 x 10° cells/well) in the presence of HMBA
and/or sodium butyrate as indicated. In preliminary experiments (not shown), 0.9 mM
HMBA was insufficient to induce measurable differentiation but potentiated the effect of
butyrate. This HMBA concentration was used in plating MACS-purified cells transduced
with HDAC1-3 mutants. Differentiation efficiency was quantified by benzidine staining.

cell culture and transduction

Fetal stem cells were grown as described previously (Johe et al., 1996; Kim et al., 2003).
Briefly, cortical tissue was dissected from embryonic day 14.5 rats, mechanically
dissociated, and plated in serum-free DMEM/F12 medium with N2 supplements. Basic
fibroblast growth factor (bFGF) was included at 10 ng/ml to promote stem cell proliferation.
Cells were fed with bFGF daily and medium was replaced on alternate days during stem cell
expansion. Passaging was performed nonenzymatically using Ca?*/Mg2*-free HBSS.
Infections were performed as described above with the following modifications. Second- or
third-passage stem cells were plated at 2 x 10° cells/well on 6-well plates. The next day, the
medium was replaced with 2 ml of virus-conditioned medium (retrovirus collected in N2
medium supplemented with FGF2, centrifuged at 3,000 r.p.m. for 90 min) and cells were
cultured for an additional 48 hr to allow expression of the retroviral construct. Cells were
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passaged, centrifuged, and resuspended in 2 ml volume, from which a 100 pl aliquot was
taken for FACS analysis (Ogryzko et al., 1997). Cells were labeled with an anti-Tac IL2R
with a fluorescent secondary antibody to visualize the number of cells expressing IL2R by
multiparametric FACS analysis. After the procedures were optimized to limit spontaneous
differentiation, the infection efficiency improved to 35%-65%.

Magnetic affinity cell sorting of neural stem cells

IL2R-expressing cells were isolated by MACS as described previously (Ogryzko et al.,
1997) with the following modifications to suit the elution of neuroepithelial cells. The cells
were eluted, centrifuged, and resuspended in Ca2*/Mg?2*-free HBSS containing 0.1% BSA
fraction V. A small number of cells were plated separately to verify IL2R expression. The
remaining sorted cells were plated at 5-50 x 10% in 6 cm dishes in DMEM/F12 plus N2
supplements, expanded for two days with bFGF, and then differentiated by incubation in
medium without bFGF for an additional 7 days.

Immunocytochemical analysis of neural cells

Results

The antibodies used for detection of cell lineage-specific markers were: rabbit anti-nestin
130 from the McKay lab (Bethesda, MD), rabbit anti-plI1-tubulin from Covance (Berkeley,
CA), mouse antiglial fibrillary acidic protein (GFAP) from ICN (Costa Mesa, CA), and
mouse IgM anti-O4 from Chemicon (Temecula, CA) and mouse 1gG; anti-CNPase from
Chemicon. Cells were fixed with 4% paraformaldehyde for 10-15 min at room temperature,
blocked for 30 min in phosphate-buffered saline (PBS) with 0.1% triton and 5% normal goat
serum, and incubated with the primary antibody for 2—4 hr at room temperature. Cells were
immunostained as directed with anti-Tac to detect transduced IL2R-expressing cells, rabbit
anti-nestin 130 to detect proliferating CNS precursors, mouse anti-Bl11-tubulin to detect
neurons, rabbit anti-GFAP to detect astrocytes, and mouse anti-O4 to detect
oligodendrocytes. After two washes in PBS, the secondary antibody was applied at a 200-
fold dilution for 1 hr at room temperature. Cultures were then washed with PBS and
mounted in Vectashield containing DAPI (Vector Laboratories, Burlingame, CA). Images
were photographed under fluorescent filters using a Zeiss Axioplan microscope
(Thornwood, NY) and a Spot digital camera (Diagnostic Instruments Inc., Sterling Heights,
MI). Statistical analysis and histogram illustration of cell numbers were performed using
SigmaPlot 5.0 (SPSS, Inc.).

Expression constructs for dominant-negative HDAC1, 2, and 3 mutants

Our laboratory has developed bicistronic retroviral vectors for stable expression of
chromatin-modifying proteins in proliferating mammalian cells (Ogryzko et al., 1996).
These vectors code for a cell surface tag, in addition to the protein of interest. Following
transduction, the cells are sorted using the surface tag to obtain a pure population expressing
both the surface tag and the protein of interest (see “Methods”). Previously, we used this
system to express Flag-tagged class 1 HDACSs in Hela cells (Humphrey et al., 2001). These
tagged HDACs were expressed at comparable levels to the endogenous HDACs (1-5 x
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overexpression), were enzymatically active, and associated with the same proteins in
complexes as the endogenous HDACs.

In order to assess the role(s) of individual HDAC:s in cell proliferation and differentiation,
we created mutant HDACs with reduced enzymatic activity (i.e., dominant negatives). Our
objective in creating these mutants was to reduce enzymatic activity while preserving the
ability of the mutant HDACs to form multiprotein complexes (Hassig et al., 1998). Our
strategy was guided by a proposed mechanism for HDAC catalysis based on the crystal
structure of the Aquifex aeolicus HDAC-like protein (HDLP) (Finnin et al., 1999). The
HDAC catalytic center contains an H,O molecule bound to a Zn2* atom (Fig. 1). In the
reaction scheme, this H,O nucleophile attacks the carbonyl carbon of the acetyl group in
acetyl lysine. The nucleophilicity of the H,O is enhanced by hydrogen bonding via a
His140-D174 charge relay system. The oxyanion reaction intermediate is stabilized by the
Zn2* atom and Tyr303. Following bond breakage, the s-nitrogen of lysine acquires a proton
from a second charge relay system, His141-D191. Replacement of His140 with alanine in
HDAC1 (mutant H140A) reduced deacetylase activity by 80%, compared with wild-type
HDACYL, in HDAC complexes immunopurified from Hela cells (Fig. 2A). In an effort to
further reduce HDACL activity, we created double mutants: H140A-H141A and H140A-
Y303A. These double mutants exhibited the same level of deacetylase activity as the single
H140A mutant, indicating a critical role for His140 in HDACL1 catalysis. The H140A mutant
was found in stable, multiprotein complexes with the same proteins as wild-type HDAC1,
including NURD complex components Mi-2, MtalL-1, and RbAP46/48 (Fig. 2B), as we have
described previously (Humphrey et al., 2001).

We created dominant-negative mutants of HDAC2 and HDACS3 by replacing the histidine
residues homologous to His140 in HDACL, i.e., His141 in HDAC2 (H141A) and His134 in
HDAC3 (H134A). Replacement of His141 with alanine reduced deacetylase activity by 75%
in HDAC2 complexes (Fig. 2C). Replacement of His134 by alanine completely eliminated
detectable deacetylase activity in HDAC3 complexes (Fig. 2E). It is possible that the
residual activity in mutant HDAC1 and HDAC2 complexes is due to the presence of
endogenous HDACL/2 in these complexes (Humphrey et al., 2001). HDAC2 complexes are
similar in polypeptide composition to HDAC1 complexes. The HDAC2 H141A mutant also
formed the same complexes as wild-type HDAC?2 (Fig. 2D).

HDACS3 occurs in a different multiprotein complex than HDAC1/2. This complex sediments
at 9S in a glycerol gradient and consists of four proteins in addition to HDAC3 (not shown),
as described in other reports (Guenther et al., 2000; Li et al., 2000; Wen et al., 2000;
Guenther et al., 2001). These proteins were identified as a silencing mediator for retinoid
and thyroid receptors (SMRT), nuclear receptor corepressor (N-CoR), 3 transducin-like
protein (TBL1), and G-protein pathway suppressor 2 (GPS2) by Western blotting and mass
spectrometry. The HDAC3 H134A mutant formed the same complexes as wild-type
HDACS3 (Fig. 2F).

The Flag-tagged HDACS, both wild type and mutants, were expressed at similar levels in the
transduced cells (Fig. 2). As the level of HDAC expression from the pOZ constructs is at
least equal to, and generally higher than the level of endogenous HDAC expression
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(Humphrey et al., 2001), we expect that =50% of the HDAC complexes would contain a
mutant HDAC subunit that should be sufficient to observe a dominant-negative phenotype.

Dominant-negative HDACs induce MEL cell differentiation

The murine erythroleukemia cell line (MEL) can be induced to cease proliferation in culture
and undergo terminal differentiation by treatment with HMBA (Richon et al., 1998;
Matushansky et al., 2000). HMBA-induced differentiation can be further potentiated by
histone deacetylase inhibitors. For example, whereas HMBA at a sub-threshold level (0.9
mM) yielded few benzidine-positive cells, combined treatment with 0.9 mM HMBA and 1
mM sodium butyrate induced differentiation in 60% of the cultured cells after 3 days (Fig.
3A). We examined whether transduction of MEL cells with dominant-negative HDACs
would have a similar effect on induction of differentiation. All three dominant-negative
HDAC:Ss could potentiate a significant amount of induction above background levels;
however, the percentage of cells induced (1-2%) was considerably lower than with butyrate
(Fig. 3B). The relative effects of the three class | HDACs for potentiation of differentiation
were the same as for growth inhibition: HDAC3 > HDAC2 > HDAC1 (Fig. 3B and
unpublished results). The relatively modest effect of the dominant-negative HDACS in this
assay may indicate a requirement to inhibit multiple HDACs in order to potentiate MEL cell
differentiation (see “Discussion”).

Dominant-negative HDACs alter the fate of CNS stem cells

CNS stem cells are characterized by their ability to self-renew and to differentiate into
neurons, astrocytes, and oligodendrocytes (Panchision and McKay, 2002). Selfrenewal in
vitro requires the presence of a mitogen such as bFGF, while removal of this mitogen causes
the cells to differentiate (Johe et al., 1996). We analyzed the effect of blocking HDAC
function on E14.5 cortical stem cell proliferation and fate choice. Cells infected with a
control pOZ construct expressing green fluorescent protein, and Tac-selected, showed no
obvious difference in proliferation versus non-manipulated cells in the presence of bFGF
(data not shown). By 7 days of differentiation after bFGF withdrawal, 69% of mock-infected
cells expressed differentiation markers for neurons (Bll1-tubulin, 33%), astrocytes (GFAP,
24%), or oligodendrocytes (04, 12%), while more than 30% still expressed the stem cell
marker nestin (Figs. 4A, 4E and 4l). These proportions are consistent with previous reports
of CNS stem cell differentiation (Johe et al., 1996).

In contrast, stem cells that were infected with mutant HDAC1 (H140A) proliferated more
slowly in the presence of bFGF than mock-infected cells (not shown). After differentiation,
HDACL1 (H140A) cells generated 50% fewer neurons and twice as many oligodendrocytes
than normal or mock-infected stem cells (Figs. 4B, 4F and 41). Stem cells that were infected
with HDAC2 (H141A) also proliferated more slowly in the presence of bFGF (not shown).
After differentiation, HDAC2 (H141A) cells differentiated preferentially into astrocytes and
oligodendrocytes with only a modest decrease in neurons compared with mock-infected
stem cells (Figs. 4C, 4G and 4l). Furthermore, the astrocytes generated from these infected
cells tended to have longer processes than in any other condition (Fig. 4C), suggesting
greater maturation. Stem cells that were infected with HDAC3 (H134A) also proliferated
more slowly in the presence of bFGF (not shown). After differentiation, these cells
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generated greater numbers of oligodendrocytes, with little change in the percentage of
neurons or astrocytes versus mock-infected stem cells (Figs. 4D, 4H and 41). Infection with
wild-type HDACs did not show these effects (Fig. 4J), indicating that the response was due
to the dominant-negative loss of deacetylase activity effect rather than simply the
overexpression of HDAC protein. In fact, the increase in GFAP™ cells in wild-type HDAC3
versus HDAC2-infected cells was in contrast to that seen with the dominant-negative
constructs. These results support the conclusion that all three HDACS act to inhibit
oligodendrocyte differentiation, while only HDAC2 acts to inhibit astrocyte differentiation.
The results also suggest that HDACL is selectively required for neuronal differentiation.

Discussion

Studies using inhibitory drugs have indicated a critical role for histone deacetylase activity
in stem cell differentiation. Two possible approaches to define the role(s) of individual
HDAC:S in this process are (1) stable expression of a mutant (dominant negative) enzyme or
(2) stable expression of siRNA (Sandy et al., 2005). Expression of siRNA would result in
loss of the HDAC protein, similar to a deletion mutant, and the disruption of HDAC
complexes. In this study, we wished to focus specifically on the requirement for HDAC
enzymatic activity in stem cell differentiation, as distinct from a requirement for HDAC
complexes, and so we chose to express dominant-negative HDAC proteins.

Role of HDAC3 in MEL cell differentiation

We found that expression of dominant-negative HDACs in murine erythroleukemia cells
could potentiate MEL cell differentiation in response to HMBA, supporting the previous
inhibitor studies (Fig. 3). Inhibition of HDAC3 activity had the greatest effect. Studies in
other differentiating systems have also indicated that HDAC3 activity blocks differentiation.
In mouse embryo fibroblasts, HDAC3 exists in a ternary complex with Rb protein and
PPARY, a nuclear receptor that promotes terminal differentiation to adipocytes in response
to ligand binding. The ternary complex inhibits the PPARYy function and serves to maintain
cells in an actively proliferating state. HDAC inhibitors cause dissociation of the complex,
activation of PPARY, and terminal differentiation to adipocytes (Fajas et al., 2002; Fajas et
al., 2003). An analogous ternary complex may block differentiation in MEL cells. The
degree of potentiation due to inhibiting individual HDAC:S is significantly less than when
using a general inhibitor; thus, efficient potentiation likely requires inhibiting more than one
HDAC.

Role of HDACs in CNS stem cell fate

While blocking HDAC function had a general effect on the proliferation of cortical stem
cells, it had a specific effect on the differentiation of oligodendrocytes. Expression of all
three dominant-negative HDAC constructs led to an increase in oligodendrocytes as a
percentage generated from neural stem cells (Fig. 41). Interestingly, triiodothyronine (T3), a
factor known to promote the differentiation of oligodendrocytes and astrocytes from neural
stem cells (Johe et al., 1996), is involved in HDAC recruitment leading to TSHf repression
(Sasaki et al., 1999). Our results suggest that in stem cells, HDACs may normally complex
with repressors of oligodendrocyte or astrocyte differentiation and that this repression may
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be reversed by the actions of T3. Because HDAC activity is required for maturation of post-
mitotic oligodendrocytes (Marin-Husstege et al., 2002), these repressor complexes may be
displaced by glia promoting complexes shortly after mitotic arrest.

Interestingly, blocking HDAC?2 increased the total percentage of cells expressing the
differentiation markers B-111-tubulin, GFAP or O4 (95.2%), compared with blocking
HDACL (64.0%), HDAC 3 (66.7%), or mock infection (69.2%). This included a twofold
increase in both GFAP and O4 expression (Fig. 41). GFAP expression is indicative of radial
glial cells as well as astrocytes; radial glial cells are the likely multipotent descendants of
early gestation neuroepithelial stem cells (Merkle and Alvarez-Buylla, 2006). This leads to
the intriguing possibility that HDAC?2 may repress the transition from “early” to “late” stem
cells during development, or may repress mitotic arrest or quiescence of radial glia once
they have formed.

Our results differ from previous studies (Hsieh et al., 2004; Siebzehnrubl et al., 2007), which
found that exposure of postnatal CNS precursors to pharmacological HDAC inhibitors led to
an increase in neuron numbers, rather than the decrease we see after HDAC1 inhibition. One
explanation for this discrepancy is that the pharmacological agents may have non-selective
effects in addition to HDAC inhibition. Valproate is known to inhibit multiple pathways
including HDAC, Whnt, and P13 kinase (Chuang, 2005; Wiltse, 2005). The broad HDAC
inhibitors suberoylanilide hydroxamic acid (SAHA) and N-Hydroxy-7-(4-
dimethylaminobenzoyl) aminoheptanamide (M344) and the class | HDAC inhibitor N-(2-
aminophenyl)-4-[N-(pyridin-3-yl-methoxycarbonyl) aminomethyl] benzamide (MS-275)
yield similar results (Siebzehnrubl et al., 2007), but may also affect pathways other than
HDAC. In contrast, we used dominant-negative constructs that selectively inhibit distinct
HDACSs. Secondly, the stoichiometry of different HDACSs within larger complexes may
modulate the function of the HDACs. This effect would not be seen with a broad
pharmacological inhibition. Thirdly, because our studies assayed HDAC inhibition in fetal
stem cells rather than the adult stem cells of the previous study, the differences in outcomes
may reflect the cellular context in which HDAC inhibition occurs. Finally, we used a
paradigm in which HDAC inhibition acted during the expansion phase as well as the
differentiation phase. In contrast, the other studies assayed HDAC inhibition after mitogen
withdrawal, suggesting that HDACs may have distinct actions on the instruction or
expansion of precursors compared with the later differentiation of these cells.

The transcription factor REST acts as a repressor of neuronal genes in non-neuronal cells
through its interactions with HDACs (Huang et al., 1999; Roopra et al., 2000; Ballas et al.,
2001). Specifically, HDAC2 was shown to be required for the repressive actions of REST
(Ballas et al., 2001). While these previous studies used heterologous systems to characterize
the function of HDACs on the neuronal phenotype, our studies specifically assayed the
function of HDAC:s in the generation of differentiated progeny from neural stem cells. We
show that inhibition of HDAC?2 activity had minimal effect on the generation of neurons
from cortical stem cells (Fig. 4). Thus, HDACs may interact with REST to repress neuronal
differentiation or with other, as yet unknown factors to promote neuronal differentiation
during development.
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Fig. 1.
Conserved catalytic domain of type I histone deacetylases. Sequence alignment of Aquifex

aeolicus HDLP (1C3R_B) with human HDACL1 (Q13547), HDAC2 (Q92769), and HDAC3
(015379). Residues located in the catalytic center are in caps. Residues mutated for this
study are in bold. Zinc-binding residues are indicated by “Z.” Horizontal lines connect the
two His—Asp charge relays (see text). HDAC, histone deacetylases; HDLP, HDAC-like
protein.
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Wild-type (wt) and mutant HDACSs form similar multiprotein complexes. Flag-tagged
HDACSs were expressed in Hela cells and isolated using an anti-Flag immunoaffinity
adsorbent. HDAC1 enzymatic activity was determined by 3H cpm released from 3H acetate-
labeled histones in a 30-min incubation (see “Methods”). (A) Wt, mutant (H140A) HDAC1
complexes isolated from transduced Hela cells; control anti-Flag adsorbent using normal
(untransduced) Hela cells. Insets show that similar amounts of Flag-tagged protein were
used for each assay. (C) Wt or mutant (H141A) HDAC2 complexes isolated from
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transduced Hela cells, control anti-Flag adsorbent using normal (untransduced) Hela cells.
(E) Wt or mutant (H134A) HDAC3 complexes isolated from transduced Hela cells, control
anti- Flag adsorbent using normal (untransduced) Hela cells. Wt and mutant HDACs form
similar multiprotein complexes. (B) Comparison of immunopurified Flag-tagged HDAC1 wt
and mutant (H140A) multiprotein complexes resolved by SDS-PAGE and visualized by
silver staining. Right, principal components; left, size markers. (D) Comparison of
immunopurified Flag-tagged HDAC2 wt and mutant (H141A) multiprotein complexes. (F)
Comparison of wt and mutant (H134A) HDAC3 form similar multiprotein complexes.
HDAC, histone deacetylases.
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Potentiation of HMBA-induced MEL differentiation by inhibition of HDAC activity. (A)
Potentiation of HMBA-induced MEL differentiation by sodium butyrate. MEL cultures were
treated with 0, 0.1, or 1.0 mM butyrate in the presence of 0.9 mM HMBA and assayed for
differentiation on days 2 and 3. (B) MEL differentiation following retroviral transduction
with HDAC1-3 mutants. MEL cultures were transduced with a retrovirus containing no
insert (Ctrl), or dominant-negative HDAC constructs (HDAC1, 2, or 3). Following treatment

Differentiation. Author manuscript; available in PMC 2015 May 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Humphrey et al.

Page 17

with 0.9 mM HMBA, cultures were assayed for differentiation on days 2 and 3. HDAC,
histone deacetylases; HMBA, Hexamethylene bisacetamide.
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Fig. 4.

Loss of HDAC function causes changes in stem cell fate. Stem cells were cultured from
E14.5 rat forebrain and infected with a retrovirus containing no insert (A, E) or dominant-
negative HDAC constructs (B-D, F-H). Infected cells were purified based on the
expression of an IL2R selectable marker, cultured in bFGF for 2 days, and then
differentiated by bFGF withdrawal for 7 additional days. Cells were immunostained for -
[11-Tubulin to mark neurons (A-D, red), GFAP to identify astrocytes (A-D, green) or O4 to
mark oligodendrocytes (E—-H, red) and DAPI to identify cell nuclei (blue). (1) Quantitation
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of differentiated cells after mock or dominant-negative construct infections of stem cells
(mean SEM, n =4-9). (J) Quantitation of differentiated cells after mock or wild-type
construct infections of stem cells. CNPase is used instead of O4 to mark oligodendrocytes.
Lower baseline values reflect slower differentiation due to lower initial plating densities
(mean £ SEM, n=2). *p < 0.05; **p < 0.001. Bar = 200 um for all images. HDAC, histone
deacetylases; bFGF, basic fibroblast growth factor; GFAP, glial fibrillary acidic protein.
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