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The biochemical mechanisms underlying epigenetic control of gene expression are increasingly well known.
In contrast, the contributions of individual modifications toward activation of lineage-specific genes during
vertebrate development are poorly understood. Class II histone deacetylases (HDACs), which show restricted
tissue distribution, regulate muscle-specific gene expression, in part through interactions with myogenic
transcription factors. We have combined gene expression profiling with manipulation of fetal mouse intestinal
tissue to define roles for other regulatory factors. We found that in the developing mouse intestine class I
HDAC:S are confined to the prospective epithelium and that their levels decline coincidently with activation of
differentiation genes, suggesting a functional relationship between these events. Overexpression of wild-type
but not of mutant HDACs 1 and 2 in fetal intestine explants reverses expression of certain maturation markers.
HDAC inhibitors, including the selective class I antagonist valproic acid, activate the same genes prematurely
and accelerate cytodifferentiation. Chromatin immunoprecipitation of freshly isolated organs reveals early
HDAC?2 occupancy at differentiation gene promoters and corresponding histone hypoacetylation that reverses
as HDAC levels fall. Thus, modulation of endogenous class I HDAC levels represents a previously unappre-

ciated mechanism to enable onset of tissue-restricted gene expression in a developing mammalian organ.

Reversible acetylation of selected lysine residues in the con-
served NH,-terminal tails of core histone proteins combines
with DNA methylation and other modifications to generate an
epigenetic code of altered chromatin structure and function
(41, 44). The acetylation state of histones and other proteins is
dynamically regulated by the competing actions of acetyltrans-
ferases and deacetylases (HDACs). Hypoacetylated histones
promote chromatin condensation and are associated with tran-
scriptionally silent loci, wherein access to transcription factors
or the transcriptional apparatus is limited (5, 23). By deter-
mining, in some measure, the complement of genes expressed
within individual cell types, such alterations may play a seminal
role in tissue differentiation. Establishing lineage-specific pat-
terns of gene expression is especially relevant in development,
when sequential epigenetic modifications help distinguish in-
dividual cell types. However, the manner in which chromatin is
modified locally to allow expression of genes for the first time
in a developing embryo is not well understood. Histone acet-
ylation plays a part in this process, as implied originally by
studies with Xenopus species embryos (6) and revealed in re-
cent in vitro investigation of muscle differentiation (29).

The four known mammalian class I HDACs (HDACI1
through 3 and 8) are related to yeast Rpd3, share a common
domain structure, largely show nuclear localization, and are
widely expressed (reviewed in reference 18). HDACs 1 and 2,
which are especially closely related in sequence, copurify in
multiprotein complexes that contain Sin3 and other transcrip-
tional corepressors (1, 13, 31, 47), consistent with their dem-
onstrated role in inhibiting transcription (12). Recruitment of
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this complex to the promoters of genes targeted for silencing
results in modification of histone proteins and nonhistone tran-
scriptional regulators (19, 22, 25, 34). Class II HDACs
(HDAC: 4 through 7) also mediate transcriptional repression
but are distinguished from the class I enzymes on the basis of
larger protein size, closer homology to yeast Hdal than to
Rpd3, exclusion from canonical Sin3 complexes, restricted tis-
sue distribution, and nucleocytoplasmic shuttling (14, 18).
Class I HDAC:s influence muscle gene expression by interact-
ing with basic helix-loop-helix transcription factors like MEF2
through N-terminal domains that are absent in the class I
enzymes (24, 29). Nonacetylatible mutants of MyoD are also
impaired in in vitro myogenic activity (37), where MyoD may
rely additionally on regulatory interactions with HDACI (25,
34).

The contribution that individual HDACs might make in the
timing of tissue-specific gene expression is sometimes assumed
but is unproven. Although the varied roles of HDACsS in ver-
tebrate muscle differentiation are revealing, their functions in
a broader developmental context remain unknown, in part
because investigation of HDACs has focused mainly on bio-
chemical mechanisms. Mutants with mutations of the Rpd3
homolog in Drosophila melanogaster and Caenorhabditis el-
egans show embryonic lethality with different degrees of sever-
ity (26, 39), and among them HDACs are implicated in sur-
prisingly limited aspects of invertebrate embryogenesis (3, 7).
The present understanding of mammalian HDACs relies
heavily on studies with cultured cells, and developmental epi-
genetic mechanisms require further elucidation. HDACI ac-
counts for much of the total HDAC activity in mouse embry-
onic stem cells, where it supports cell proliferation. However,
HDACI-null mouse embryos die at embryonic day 10 (E10),
before they can be informative about its functions in the dif-
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ferentiation of many tissues (21). Here we explore the role of
mammalian class | HDACsS in controlling differentiation of the
intestinal epithelium during organogenesis.

MATERIALS AND METHODS

Antibodies and plasmids. Antibodies used to detect HDAC1 and HDAC2, or
acetylated forms of histones H3 and H4, were purchased from Abcam (Cam-
bridge, United Kingdom) and Upstate Biotechnology (Lake Placid, N.Y.), re-
spectively. The HDAC2 antibody used for chromatin immunoprecipitation
(ChIP; Santa Cruz Biotechnology, Santa Cruz, Calif.) and HDAC3, HDAC4
(Upstate Biotechnology), HDAC6 (Abcam), and HDAC?7 (Cell Signaling Tech-
nology, www.cellsignal.com) antibodies for immunoblotting were also from com-
mercial sources. Full-length inserts and deacetylase-domain deletion mutants
(42) for HDAC1 and HDAC?2 were amplified by PCR; subcloned in pCIG (a gift
from A. McMahon, Harvard University), which drives simultaneous expression
of green fluorescent protein (GFP) and inserted genes by virtue of an internal
ribosome entry site, or pK7 (a gift from A. Everett, University of Virginia), which
generates GFP-tagged fusion proteins; and verified by DNA sequencing.

SAGE. mRNA expression levels in the small intestine of the developing mouse
at postcoital days E12, E13, and E15 were determined by serial analysis of gene
expression (SAGE) according to the published protocol (46). RNA was isolated
from unfractionated bowel segments extending from the duodenum to the ileum,
and we obtained sequences for 65,585, 69,040, and 67,522 SAGE tags from the
respective developmental stages. Data were extracted, filtered, and tabulated by
using SAGE 300/2000 software, kindly provided by K. Kinzler (Johns Hopkins
University, Baltimore, Md.). Gene annotations corresponding to ~400 SAGE
tags were checked manually, with >90% confirmation, and temporal variation in
expression levels of selected genes was further verified by reverse transcription
(RT)-PCR on independently isolated tissue samples.

Organ explant culture, injection, and electroporation. Fetal mouse intestines
from E12 to E14 were isolated under a dissecting microscope, and 3 to 8 explants
were placed on 0.8-um filter disks (Millipore) supported over a stainless plastic
mesh (McMaster-CARB) in 700 pl of medium in 6-well plates. The medium
consisted of Fitton-Jackson modified BGJb (Life Technologies) supplemented
with 0.1 mg of ascorbic acid (Sigma)/ml and 40 pg of gentamicin/ml. Explants
were maintained in a humidified atmosphere of 95% air and 5% CO,, and the
medium was changed every 2 days. Solutions of sodium butyrate (SB; Sigma),
valproic acid (VPA; Sigma), or 2 pg of plasmid DNA/ul were flushed into the
intestinal lumen by using a capillary pipette and Nanoject injection device
(Drummond Scientific). To introduce DNA into epithelial cells, injected explants
bathed in Dulbecco’s modified Eagle medium (DMEM; Life Technologies) were
placed between platinum electrodes (BTX, San Diego, Calif.), exposed to three
10-msec pulses of 80 V each by using the BTX830 square-wave pulse electropo-
rator, washed in DMEM, and cultured.

Histone isolation. Nuclear histones were isolated as described previously (43).
Fetal intestines were washed in phosphate-buffered saline (PBS), incubated in
ice-cold lysis buffer (10 mM Tris-Cl [pH 6.5], 50 mM sodium sulfite, 10 mM
MgCl,, 10 mM sodium butyrate, 8.6% sucrose, 1% Triton X-100, 0.5 mM phe-
nylmethylsulfonylfluoride, and 1 wg each of leupeptin, aprotinin, and pepstatin/
ml), ground with a tissue homogenizer (Corning), and centrifuged at 1,000 X g
for 10 min. The nuclear pellet was washed twice with lysis buffer, washed once in
10 mM Tris-Cl (pH 7.4)-13 mM EDTA, resuspended in 0.2 M H,SO,, incubated
on ice for 1 h, and then centrifuged at 20,000 X g for 5 min. The histone-enriched
supernatant was mixed with 10 vol of acetone, and proteins were precipitated
overnight at —20°C, collected, and air dried.

RT-PCR analysis. RNA was extracted with Trizol (Gibco) and reverse-tran-
scribed with oligo(dT) priming. RT-PCR was performed in the presence of 0.1
uCi of [a-*?P]dCTP, the number of PCR cycles was varied to ensure that
amplification was in the linear range, and products were resolved in 4 or 5%
native polyacrylamide gels. The PCR primers (5’ to 3') and the sizes of the
amplified fragments are Apola (499 bp), CAGAGACTATGTGTCCAGTTTGA
and GGTGTGGTACTCGTTCAAGGTAG; Fabpl (370 bp), TCTCCGGCAA
GTACCAATTGCA and TCTCTTGCTGACTCTCTTGTAGA; Fabpi (501 bp),
GTAGACCGGAACGAGAACTATG and TAGCTTTGACAAGGCTGGA
GAG; Upa (527 bp), GAGATCTACAGCTTCGCCATTC and AAGGAGTGG
AAGAGTGGTTAGG; Mt2 (318 bp), ATGCAAATGTACTTCCTGCAAGA
and AAGGCTAGGCTTCTACATGGTCTA; Villin (164 bp), TTCTCTGGCA
CCGTCACTC and CGTAGCAAACCCATGTTCCT; HDACI (569 bp), CTG
TCCGGTATTTGATGGCT and CACGAACTCCACACACTTGG; HDGF
(525 bp), CTCCCTTCCTATACACCCTGTG and AAGTAGATGAAGGCAG
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CAGGTCT; and Gapdh (341 bp), CTGCACCACCAACTGCTTAG and CCT
GCTTCACCACCTTCTTG.

Histology, in situ hybridization, and immunohistochemistry. Cultured fetal
gut explants were fixed for 6 h in 4% paraformaldehyde and immersed in 15%
sucrose for 4 h at 4°C. The samples were embedded in Tissue-Tek OCT com-
pound (Sakura), and 12-pm frozen tissue sections were stained with hematoxylin
and eosin. Digoxigenin (DIG)-labeled sense and antisense probes, transcribed
from linearized plasmid templates using a DIG-labeling kit (Boehringer), were
hybridized overnight at 60°C. Sections were washed three times in 0.2 SSC (1x
SSC is 0.15 M NaCl plus 0.15 sodium citrate) at 60°C and twice in PBT (PBS
containing 2 mg of bovine serum albumin/ml and 0.1% Triton X-100) at room
temperature, blocked with 10% goat serum in PBT for 1 h, incubated overnight
with alkaline phosphatase-conjugated DIG antibody (1:2,000; Boehringer), and
washed three times in PBT. Signals were visualized after exposure to NBT/BCIP
solution (Boehringer) for 24 to 48 h. For immunohistochemistry, paraffin sec-
tions were cleared with xylenes and rehydrated with PBS, and endogenous
peroxidases were inactivated by a 30-min incubation in 0.3% H,0O, in methanol
followed by three 5-min washes in PBS. After a 30-min blocking step with 5%
milk in PBST (PBS, 0.05% Tween-20), slides were incubated overnight with
HDACI1 or HDAC2 antibodies (1:2,000 in blocking solution) at 4°C, washed
three times in PBST, incubated with goat anti-rabbit horseradish peroxidase
(1:4,000; Santa Cruz) for 60 min at room temperature, and washed. Peroxidase
staining was visualized by using DAB substrate (Vector).

ChIP. ChIP analysis was done according to a published protocol (4), with
modifications. DNA-protein cross-linking was achieved by injection of 1% form-
aldehyde into the fetal gut lumen, incubation for 15 min at room temperature
with gentle agitation, and treatment with 0.125 M glycine for 5 min to quench the
reaction. Six to 10 untreated or cultured E13 intestines or 1 to 2 freshly isolated
E16 guts were then washed twice in PBS, resuspended in 1 ml of cell lysis buffer
(10 mM Tris-CI [pH 8.0], 10 mM NaCl, 0.2% NP-40, and protease inhibitors),
and ground with a tissue homogenizer (Corning Inc., Corning, N.Y.). Cell nuclei
were lysed by incubation in 600 wl of nuclear lysis buffer (25 mM Tris-Cl [pH 7.5],
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate
[SDS], 0.5% sodium deoxycholate, and protease inhibitors) for 10 min, sonicated
on ice to shear cross-linked chromatin to an average size of 0.5 to 1 kb, and
centrifuged at 12,000 X g for 10 min. The supernatants were diluted in 20 mM
Tris-CI [pH 8.1]-150 mM NaCl-2 mM EDTA-1% Triton X-100 and precleared
with a 50% slurry of protein A-Sepharose (Amersham Pharmacia) and 2 pg of
herring sperm DNA for 2 h. Samples were incubated overnight with specific
antibodies and then for 1 h with 50 pl of protein A-Sepharose and 2 pg of
herring-sperm DNA. Immunoprecipitates were recovered by centrifugation and
washed successively in RIPA buffer (50 mM Tris-Cl [pH 8.0], 150 mM NacCl, 5
mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1.0% Nonidet P-40), high-
salt solution (50 mM Tris-Cl [pH 8.0], 500 mM NaCl, 0.1% SDS, 1.0% Nonidet
P-40), LiCI (250 mM LiCl, 50 mM Tris-Cl [pH 8.0], 1 mM EDTA, 0.5% sodium
deoxycholate, 1.0% Nonidet P-40), and 10 mM Tris-Cl [pH 8.0]-1 mM EDTA.
Beads were extracted with 1% SDS-0.1 M NaHCOs;, and eluates were reverse
cross-linked over a 6-h period at 65°C. DNA fragments were isolated by using a
DNA purification kit (QIAGEN) and amplified by PCR using the following
primers (5’ to 3") corresponding to promoter regions: Apola, GTGGGCTCCA
TGAGACTATCTT and CAGCTCTTCTTCCCTGGTCTAT; Fabpl, GTGCAT
TGCTGGAGATGTGATTCA and AGGTCACCCACTGTTGCCTATTTT;
Fabpi, CGGAGAGCAGCGATTAAAAG and GTCCTGTCCACTAGAGA
GAA; Mt2, AGGTGTCCTGGAACCGGTTC and CACGCGGAACGCGACC
TTTA; histonelH4a, CATGGTTGATGGGAGGGATTTG and AATGGAGT
CAGAGCTGAGAGTC; and Gapdh, CCAATGTGTCCGTCGTGGATCT and
GTTGAAGTCGCAGGAGACAACC.

RESULTS AND DISCUSSION

Regulated expression of class I HDACs in mammalian fetal
gut development. In mRNA expression profiles of discrete
stages in mouse intestine development, we observed that the
abundance of transcripts for both HDACI and HDAC?2 de-
clines significantly between E13 and E15, whereas other
HDAC mRNA levels remain stable (Fig. 1A). The period in
question coincides with conversion of the gut endoderm from
a pseudostratified squamous epithelium into a rudimentary
villous structure and with activation of intestine-specific genes
(40). Consistent with the changes in mRNA abundance,
HDACI1 and HDAC?2 protein levels decrease significantly after



3134 TOU ET AL.

A

MoL. CELL. BIOL.

Gene SAGE tag Tag number  P-Value Immunoblot &
sequence E13:E15 N4 =~
> 6 A & S
PASRASIR RN R
mHDAC1 CCCCTGGGGT 12:1 0.00182 i mL
mHDAC2 CTTTATGTGA 11:3 0.03031 S -—"—aw
mHDAC3 CAAGGTGAAC 9:5 0.21568 e
mHDAC5 GAGCAGGAGC 12:9 0.34995
mHDAC7 TTTTTGTAAA 3:2 0.53503
GAPDH GCCTCCAAGG 181:174 0.45465 ———— -

HDAC1

HDAC?2

E17 D & e 0
AR

e T
' Acta[m  m &

Histones

FIG. 1. Expression of HDACI and HDAC?2 in the developing mouse intestine. (A) Frequency of tags specific for various HDAC mRNAs in
SAGE (46) in the midgestation small bowel of the mouse at E13 and E15, showing selective and significant down-regulation of HDACI and
HDAC2 mRNAEs in this interval. Over 65,000 tags were sequenced from each library, and the temporal variation in expression was confirmed and
extended by immunoblot analysis. (B and C) In situ hybridization (B) and immunohistochemistry (C) reveal localized expression of the mammalian
class I HDAGC: in the periluminal epithelium (arrows) and weak expression in outer serosal cells (arrowheads), with conspicuous exclusion from
the subepithelial mesenchyme. This spatial restriction persists at later developmental stages, when longer staining permits detection of weaker
signals. (D) Immunoblot analysis showing modest reduction in global acetylation of histones H3 and H4 in mouse intestine development. Loading

was controlled with total histones, detected by Coomassie blue staining.

E15, with an expected time lag in relation to mRNA levels, and
this decrease persists after birth (Fig. 1A); these trends parallel
the embryo-wide reduction in HDACI mRNA reported previ-
ously (21). We detected no regional variation along the rostro-
caudal axis of the developing alimentary tract and little to no
protein expression by three different class Il HDACs (HDACH,
-6, and -7) in the fetal gut (data not shown).

Although the functions attributed to class I HDACs are
relevant to all cell types, within the developing intestine
HDACI and HDAC2 mRNA and protein localize principally in
the prospective epithelium. Both genes are expressed at lower
levels in peripheral serosal cells but are excluded from the
subepithelial mesenchyme (Fig. 1B and C). Importantly, the
developmentally regulated decline in expression is not associ-
ated with a change in total tissue histone acetylation (Fig. 1D).
Together, these observations suggest the possibility of a func-
tion for class I HDAG:s in regulating gut epithelial differenti-
ation. We hypothesized that this role is to enable silencing of
selected genes associated with tissue maturation until their
activation is contextually appropriate in differentiating cells.

Development of a reliable ex vivo model for intestine differ-
entiation. To investigate the functions of class I HDACs and
other factors in mammalian gut development, we first devel-
oped an ex vivo model for tissue differentiation in fetal mouse
intestine organ explants. Because epithelial differentiation re-
lies on signals that originate in the underlying mesenchyme (2,

16), we built on published studies (8, 10, 17, 35) and harvested
mouse fetal intestines en bloc (Fig. 2A). Culture of gut ex-
plants in a chemically defined medium over 3 to 5 days results
in organ growth and peristalsis, preserves cell viability and
replication (Fig. 2B), and culminates in typical cytodifferenti-
ation, signified by villous morphogenesis (Fig. 2C). Two fea-
tures of the experimental model merit attention. First, molec-
ular markers of epithelial differentiation appear in a manner
that mimics their induction in vivo, as assessed by RT-PCR
(Fig. 2D). Concomitantly, genes that are down-regulated in the
course of normal gut development, including HDACI, are sim-
ilarly extinguished in the explants, although histologic and mo-
lecular maturation both occur more slowly than in vivo. Sec-
ond, the intestinal lumen provides a conduit to deliver
materials that might influence cell differentiation, including
chemical compounds and DNA. Introducing plasmids by lumi-
nal injection and electroporation leads to robust, epithelium-
restricted expression of exogenous genes, as illustrated here
for GFP (Fig. 2E). Significant numbers of epithelial cells begin
to express transduced GFP or GFP-tagged fusion proteins 6 to
12 h after transfection and maintain expression for 1 to 2 days
(Fig. 2F and data not shown). These features enhance the
value of fetal organ explant cultures to probe tissue differen-
tiation.

Persistent HDAC expression delays expression of gut epi-
thelial differentiation genes. If the decline in endogenous lev-



VoL. 24, 2004

CLASS I HDACs IN MAMMALIAN GUT DEVELOPMENT 3135

: D & & & & & &
- Upa -‘{ —‘
Apota | ol © -
B Fabpl — || -
& Fabpi - —
2 Villin — [ - ‘
b we | ——— | |
SRT+ | — - |
: ‘ §RT- I “ ‘
E Midkine | R W |— \
HDGF I-- p— “ ‘
Hoac [ [——— ]

Organ explant in vivo

Mock GFP

FIG. 2. Differentiation of mouse fetal gut explants in vitro. (A) Intestines harvested from mouse embryos between E12 and E14 were placed
on filter disks and cultured at the air fluid-interface in chemically defined BGJb medium. (B and C) Bromodeoxyuridine (B) and histologic
(C) staining after 6 days of continuous culture of E12 intestines reveals tissue viability, persistent cell replication, and the appearance of villiform
structures in the epithelium; histology at the onset of organ culture resembled the E13 squamous epithelium shown in Fig. 1B and C.
(D) Expression of molecular markers of gut epithelial differentiation in fetal organ explants (left) or freshly isolated intestine (right), as assessed
by RT-PCR. Apola, apolipoprotein 1A; Fabpi and Fabpl, intestinal and liver fatty acid-binding proteins 1 and 2, respectively; Upa, uterine-specific
proline-rich acidic protein; Mt2, metallothionein 2; HDGF, hepatoma-derived growth factor; Gapdh, glyceraldehyde 3-phosphate dehydrogenase
(loading control). (E) Fluorescent and immunoblot detection of GFP expressed in transfected organ explants. (F) UV micrograph showing
expression of GFP-tagged HDAC:s in a representative E14 explant 20 h after plasmid electroporation.

els of class I HDACs during intestine development is partially
responsible for activating maturation-associated genes, then
their forced expression may be expected to reverse or delay the
process. Because HDAC1 and HDAC?2 are believed to func-
tion within a common protein complex (12), we expressed both
proteins simultaneously in intestines explanted from E14
mouse fetuses, when endogenous mRNA levels are declining
(Fig. 1A) and before expression of differentiation markers is
activated (Fig. 2D). We used plasmids that drive expression of
both GFP and HDACI1 or HDAC?2 by virtue of an internal
ribosome entry site and observed robust epithelial GFP expres-
sion (Fig. 2F). Over 2 days of subsequent culture, mRNA levels
of several intestine-specific markers were significantly reduced:

Apola, the liver (Fabpl)- and intestine (Fabpi)-specific fatty
acid-binding protein genes, Upa, and metallothionein 2 (Mt2)
(Fig. 3A). Levels of the intestine- and kidney-specific villin
transcript (28) are unresponsive to HDAC overexpression, in-
dicating that class I HDACs influence differentiation genes
with some selectivity. Together with the preserved expression
of glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
mRNA, the latter result also attests to the viability of HDAC-
overexpressing explants. Moreover, levels of other markers
were greater after 2 days of culture than on the first day,
suggesting recovery of differentiation as transgene expression
is gradually extinguished.

To control for the specificity of these effects, we tested con-
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FIG. 3. Overexpression of HDACI and HDAC2 cDNAs in mouse
fetal gut explants delays activation of some epithelial markers. (A) RT-
PCR analysis of molecular markers of gut epithelial differentiation in
response to forced expression of either GFP (CTL) alone, GFP-tagged
HDACI1 and HDAC2 (HDA), or mutant HDAC forms with internal
deletions (Mut). Explant RNA was isolated 24 and 48 h after trans-
fection. The deletion mutants reveal specificity of HDAC effects.
(B) Immunoblot confirming that mutated HDACI1 (arrowhead) was
expressed at levels comparable to those of the full-length protein
(arrow).

structs in which a portion of the deacetylase domain of each
HDAC is deleted. Unlike the full-length HDACsS, these con-
structs have no effect on expression of differentiation-related
genes (Fig. 3A), even though levels of the truncated protein
are equivalent or greater than that of the full-length protein
(Fig. 3B). Thus, overexpression of class I HDACs during gut
development is sufficient to impair expression of cell differen-
tiation markers; the high HDAC levels we observed in the fetal
intestine may serve in this role prior to the endoderm-epithe-
lial transition.

HDAC inhibitors accelerate gut epithelial differentiation.
These results suggest that pharmacologic inhibition of HDAC
would induce premature differentiation. To examine this pos-
sibility, we treated E13 gut explants with HDAC antagonists.
To reduce the risks of nonspecific effects, we applied two
chemically distinct inhibitors, SB and VPA, in separate exper-
iments; these compounds target all or only class I HDACs:,
respectively (11, 33, 38). Both agents caused the expected in-
crease in acetylation of histone substrates (Fig. 4A and data
not shown), and VPA specifically reduced endogenous
HDAC?2 levels (Fig. 4A), as predicted (20). Both compounds
accelerate induction of several intestine-specific markers that
are inhibited upon HDAC overexpression (Fig. 4B). Apola,
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Fabpl, and Fabpi mRNA levels, especially, were increased
within 2 days of culture compared to the levels seen in mock-
treated explants after 2 or 3 days. Increases in mRNA concen-
trations of two other markers, Upa and M¢2, were less dramatic
and more variable, whereas villin levels were consistently un-
affected by either HDAC inhibitor. Besides inducing expres-
sion of certain molecular markers, VPA also accelerates cy-
todifferentiation; a villiform epithelium is evident earlier with
compound exposure than in mock-treated explants (Fig. 4C).
The effects of both HDAC antagonists on Apola and other
mRNA levels varies in proportion to drug concentrations (Fig.
4D and data not shown).

Whereas HDAC inhibitors can induce differentiation of var-
ious cell types (11, 30), our results in the developing gut are
notable for two reasons. First, SB and VPA induce maturation
markers whose native activation coincides with declining en-
dogenous HDAC levels, thus supporting the idea of a physio-
logic function for this decline. Second, our panel of maturation
markers reveals different degrees of sensitivity to the activity of
the target enzymes, just as HDAC inactivation in another con-
text altered expression of a remarkably small fraction of cel-
lular genes (45).

Besides core histone proteins, HDACs regulate other sub-
strates, including transcription factors and cytoskeletal compo-
nents (15, 24, 25, 27, 32, 34). Accordingly, there are several
mechanisms by which HDACsS could influence gene expression
in the developing intestine. In consideration of the most direct
mechanism, we performed ChIP of E13 fetal gut explants 24 h
after exposure to VPA. After cross-linking chromatin com-
plexes, we precipitated with antibodies specific for acetylated
forms of histones H3 and H4 and conducted PCR analysis for
the 5’-flanking regions of four genes among the induced dif-
ferentiation markers. All four putative promoters show greater
representation in VPA-treated than in mock-treated organ
explants (Fig. 4E), whereas control reactions for the house-
keeping histonelH4a and Gapdh gene promoters reveal no
such difference. These results demonstrate a correlation be-
tween the activation of intestinal differentiation-related genes
and acetylation of core histone proteins at their promoters.

Direct observation of HDAC effects at differentiation-re-
lated gene promoters. The foregoing observations imply that
endogenous levels of class I HDACs are functionally relevant
to development of the mammalian intestine. If these enzymes
operate directly at differentiation-related gene loci, then pro-
moters targeted by HDAC regulation in gut development
should exhibit two features: (i) preferential association with
class I HDAC:s prior to the endoderm-epithelial transition and
(ii) histone hyperacetylation after the villous transformation.
To test these predictions, we performed ChIP on freshly iso-
lated mouse fetal intestines. The 5'-flanking regions from the
differentiation-related genes Apola, Fabpl, Fabpi, and Mt2
each reveals greater acetylation of histones H3 and H4 at E16
compared to that for E13 (Fig. 5A). Although we could not
amplify villin promoter sequences from the same immunopre-
cipitated samples, the histonelH4a and Gapdh promoters pro-
vided essential controls. Furthermore, a specific antibody re-
vealed physical association of HDAC2 with the promoters of
the same genes at E13 (Fig. 5B). Consistent with the greatly
reduced levels of HDAC?2 after E15, a similar chromatin com-
plex is found at comparably lower levels in the E16 intestine.
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Thus, proximity with an Rpd3-related HDAC complex early in
mammalian gut development is associated with histone hy-
poacetylation at differentiation loci. Our data suggest that this
modification contributes toward a repressive transcriptional
state that is reversed when endogenous HDAC levels subse-
quently decline (Fig. 6).

Implications for mechanisms of tissue differentiation. Our
studies highlight a mechanism that developing tissues may de-
ploy broadly to impose temporal control over gene expression.
Early in the genesis of the alimentary tract and possibly of
other organs, the abundance of class I HDACsS limits histone
acetylation at selected loci, whereas subsequent reductions in
cellular levels of these enzymes favor local chromatin modifi-
cations that promote transcription. Endogenous enzyme levels
thus appear to be limiting for gene regulation during develop-
ment. This model is analogous to one in which rhythmic his-
tone acetylation is a component of the mammalian circadian
clock (9), although the latter occurs cyclically over a time scale
of hours and developmental regulation occurs noncyclically
over a longer period. The relative contributions of acetyltrans-
ferases and HDAC:sS in both cases remain unclear, although the
inverse correlation between class I HDAC levels and histone
acetylation at intestinal differentiation loci hints at the impor-
tance of this group of enzymes.

Our results do not, however, exclude the possibility of addi-
tional, nonhistone targets for protein deacetylation among the
many potential substrates, including transcription factors (24,
25,27, 32, 34). Because only a few transcriptional regulators of
intestinal genes are known, we have not asked whether atten-
uation of endogenous class I HDACs affects tissue-specific
gene expression through multiple, distinct substrates. Histone
hyperacetylation is also associated with increased cellular lev-
els of p21 WAFYCIPL and G, cell cycle arrest (36), which suggests
yet other mechanisms to facilitate differentiation. Our data do,
however, indicate that direct modification of promoter-associ-
ated histones at differentiation gene loci is one facet of the
likely complex process whereby lineage-specific gene expres-
sion is initiated during development.

In this study, tissue-restricted genes exhibited differential
sensitivity toward HDAC activity, much as remarkably few
(=2%) transcripts respond to the treatment of cultured cells
with HDAC inhibitors (45). Furthermore, developmentally
regulated decay of class I HDAC expression in the intestine
has minor consequences on global histone acetylation. These
findings agree with the idea that the major portion of mam-

|
1

|-_-_

|
Hist1h4a | - — |
Gapdh - —— |

FIG. 4. Chemical HDAC inhibitors induce epithelial differentia-
tion in mouse fetal gut explants. (A) Immunoblots showing hyperacety-
lation of histones H3 and H4 in E13 explants treated with 3 mM VPA
or 2 mM SB for 24 h and reduced HDAC2 levels in response to VPA.
(B) Effects of VPA and SB on expression of molecular markers of
epithelial differentiation, as analyzed by RT-PCR, in E13 gut explants
cultured for 48 or 72 h after chemical exposure. Apola, apolipoprotein
1A; Fabpi and Fabpl, intestinal and liver fatty acid-binding proteins 1
and 2, respectively; Upa, uterine-specific proline-rich acidic protein;
Mt2, metallothionein 2; HDGF, hepatoma-derived growth factor;

Gapdh, glyceraldehyde 3-phosphate dehydrogenase (loading control).
Each lane includes two pooled explants, and the results are represen-
tative of five independent experiments. (C) Accelerated appearance of
villiform epithelium in E13 gut explants treated with VPA and cultured
for 4 days. (D) Dose-dependent induction of the representative dif-
ferentiation marker Apola by VPA and SB. (E) ChIP analysis shows
increased association of acetylated histones H3 and H4 with promoters
of the Apola, Fabpl, Fabpi, and Mt2 genes following injection of 3 mM
VPA into the E13 gut lumen and 24-h culture. PCR was performed
with a radiotracer, and input DNA for PCR (Pre-IP) was 1/50 the
amount used for immunoprecipitation; chromatin subjected to the
same treatment without antibody served as the negative control. Each
lane contains samples pooled from six to seven gut explants, and the
results are representative of three separate experiments with identical
results.
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FIG. 5. Association of acetylated (Ac) histones H3 and H4 with
promoters of the Apola, Fabpl, Fabpi, and Mt2 genes increases during
gut development. (A) E13 and E16 intestines were cross-linked with
1% formaldehyde and chromatin immunoprecipitates were analyzed
by PCR with primers flanking the promoter region of each differenti-
ation-related or control (Histonelh4a and Gapdh) gene. Other controls
are similar to those used for Fig. 4. (B) Conversely, HDAC2 is found
in physical association with the same gene promoters at higher levels in
the gut at E13 than at E16. Ab, antibody; IP, immunoprecipitate.

(o)
11 m

Hypoacetylated histones at promoters
of differentiation genes
Late Gut

(after E15) @@

Loss of class | HDACs favors histone
acetylation at selected promoters

Early Gut (E13)

FIG. 6. Model for regulation of differentiation gene loci in the
mammalian gut. Chromatin is represented in green and promoters are
represented in pink; the arrow denotes active transcription. Early in
intestine development, the abundance of class I HDAC:s limits histone
acetylation at selected differentiation loci. Subsequently, reduced cel-
lular levels of these enzymes favor local chromatin modifications that
promote gene transcription. Thus, modification of endogenous class I
HDAC levels is likely one of several mechanisms that impose tight
temporal control over developmental gene activation.

MoL. CELL. BIOL.

malian genomes contains chromatin that is constitutively re-
strictive for transcription through several possible mechanisms.
In contrast, some differentiation markers, represented in the
developing mouse intestine by Fabpi, Fabpl, and Apola, are
particular targets for developmental modulation of class I
HDAC levels. This mode of regulation likely acts in concert
with ATP-dependent chromatin remodeling, other epigenetic
changes, and the presence of key transcription factors to spec-
ify the developmental stage and cellular compartment in which
tissue-restricted genes are activated.
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