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Abstract

Hox genes are organized as clusters and specify regional identity along the anteroposterior
body axis by sequential expression at a specific time and region during embryogenesis.
However, the precise mechanisms underlying the sequential spatio-temporal, collinear ex-
pression pattern of Hox genes are not fully understood. Since epigenetic modifications such as
chromatin architecture and histone modifications have become crucial mechanisms for highly
coordinated gene expressions, we examined such modifications. EI4.5 mouse embryos were
dissected into three parts along the anteroposterior axis: brain, trunk-anterior, and
trunk-posterior. Then, structural changes and epigenetic modifications were analyzed along
the Hoxc cluster using chromosome conformation capture and chromatin immunoprecipi-
tation-PCR methods. Hox non-expressing brain tissues had more compact, heterochroma-
tin-like structures together with the strong repressive mark H3K27me3 than trunk tissues. In
the trunk, however, a more loose euchromatin-like topology with a reduced amount of
H3K27me3 modifications were observed along the whole cluster, regardless of their potency
in gene activation. The active mark H3K4me3 was rather closely associated with the collinear
expression of Hoxc genes; at trunk-anterior tissues, only 3' anterior Hoxc genes were marked
by H3K4me3 upon gene activation, whereas whole Hoxc genes were marked by H3K4me3
and showed expression in trunk-posterior tissues. Altogether, these results indicated that
loosening of the chromatin architecture and removing H3K27me3 were not sufficient for, but
rather the concomitant acquisition of H3K4me3 drove the collinear expression of Hoxc genes.

Key words: anteroposterior body axis; chromatin architecture; histone modification; collinear ex-
pression; Hoxc cluster

Introduction

Hox genes encode a highly conserved family of
homeodomain-containing transcription factors that
play a pivotal role in specifying positional identity
along the anteroposterior (AP) body axis during em-
bryogenesis [1, 2]. In mammals, 39 Hox genes are or-
ganized in four clusters (HoxA, -B, -C, and -D) and are
transcribed sequentially depending on their relative
positions within the genomic clusters. Genes located
more in the 3’ region are expressed earlier and more

anteriorly than those located more in the 5" region of
the cluster. This collinear expression of the Hox gene is
essential for providing correct positional identity to
the developing embryo at the right time [3].
Epigenetic modifications in histones have been
suggested in the mechanism underlying collinear Hox
gene expression [4]. Since then, Polycomb-group
(PcG) and Trithorax-group (TrxG) proteins, initially
identified in Drosophila as epigenetic regulators of the
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homeotic genes, have also been revealed to control the
collinear expression of Hox genes in mammals [5, 6].
PcG proteins are generally considered to maintain
their target genes in a transcriptionally-inactive state
by catalyzing histone H3K27 trimethylation
(H3K27me3), while TrxG proteins antagonize the ac-
tion of PcG proteins and activate target genes by in-
ducing histone H3K4 trimethylation (H3K4me3).
Several in vitro studies have shown such correlations
between the histone modifications and transcriptional
activities of target promoters in embryonic stem (ES)
cells, as well as in other types of tissue culture cells
[7-10]. In the case of Hox genes, sequential activation
of Hoxd genes has been associated with the distribu-
tion of H3K4me3 and H3K27me3 histone marks in
developing mouse tail buds, suggesting that succes-
sive Hox gene activation along the cluster was associ-
ated with the directional and progressive transition of
histone modifications as well as that the clustered
organization was necessary for the successive collin-
ear expression of Hox genes [11].

Meanwhile, spatial chromatin organization has
been shown to be critical in controlling gene expres-
sion and dynamically changed upon gene activation
[12, 13]. Chambeyron et al. have shown the chromatin
decondensation and nuclear reorganization of the
Hoxb locus during mouse embryonic development
using fluorescence in situ hybridization (FISH) tech-
nique [14, 15]. The development of chromosome con-
formation capture (3C) technology has made it possi-
ble to measure physical contacts between specific
genomic DNA segments [16]. So far, several groups
have applied the 3C-based technique to prove chro-
mosome conformational changes upon Hox gene ex-
pression in vitro [17, 18] and in vivo [19].

The purpose of this study was to investigate the
epigenetic status which appears to be required for the
maintenance of collinear Hox gene expression patterns
along the AP axis throughout embryogenesis. To ad-
dress this issue, we examined whether histone modi-
fications and chromosomal conformation changes are
indeed associated with the collinear expression of Hox
genes in vivo using developing mouse embryos. We
divided E14.5 mouse embryos into three parts along
its AP body axis and analyzed the dynamics of the
spatial configuration and histone modifications using
3C and Chromatin immunoprecipitation (ChIP)-PCR
techniques.

Materials and methods

Animal preparation

E14.5 embryos were collected by crossing
ICR:CD1xICR:CD1 mice. The day when the vaginal

plug was detected was defined as 0.5 days postcoitum
(dpc) and E0.5 embryo. After 14 days, the pregnant
female mice were euthanized, and then the E14.5
embryos were dissected free of the maternal and ex-
traembryonic tissues in cold-PBS on ice. Each em-
bryonic body was divided into the brain,
trunk-anterior, and trunk-posterior after removing the
internal organs and tail bud. The samples were
properly preserved for RNA or chromatin prepara-
tion. E11.5 embryos were also prepared as described
previously [20, 21] and used for gene expression
analysis. Experimental procedures were approved by
the Animal Care and Use Committee of Yonsei Uni-
versity College of Medicine.

RNA isolation and RT-PCR

Total RNA was isolated from the freshly dis-
sected E14.5 embryos using the Trizol reagent (Invi-
trogen, Carlsbad, CA, USA). Reverse transcription
(RT) was performed with 1 pg of RNA using the Im-
Prom-1I™ Reverse Transcriptase (Promega, Madison,
WI, USA). PCR was performed in triplicate using the
G Taq polymerase (Cosmogenetech, Seoul, Korea).
PCR amplification was performed under the follow-
ing conditions: the initial denaturation for 5 min at
94°C, and then 30 cycles of 94°C for 30 sec, 58°C for 30
sec and 72°C for 1 min. At least three independent
biological replicates were analyzed. All PCR primers
used for detecting Hox gene expression levels were
the same as described previously [22]. A noncoding
RNA AKO035706 was amplified using a forward pri-
mer (5'-GAC ACA CAA ATT GGC TTC TGA C-3))
and a reverse primer (5'-AAG GGG TGG ACA GTG
ATC TG-3'"). The p-actin primer sequence was previ-
ously described by Lee et al. [23]. For the quantifica-
tion, the Multi Gauge V3.0 software (Fuji, Tokyo, Ja-
pan) was used.

Chromatin immunoprecipitation (ChlP)-PCR

For ChIP analysis with mouse embryonic tissues,
the X-ChIP protocol from Abcam was applied with
minor modifications. Embryonic samples were
cross-linked with 1% formaldehyde diluted in the
serum-free Dulbecco’s modified Eagle’s medium
(WelGENE Inc., Daegu, Korea) for 10 min at room
temperature. The crosslinking reaction was stopped
with 0.125 M Glycine for 5 min and then washed three
times with PBS at room temperature. The cells (4x107)
were lysed for 10 min on ice in 600 pl of sodium do-
decyl sulfate (SDS) lysis buffer and then were soni-
cated with 30 sets of 10-sec pulses by a Vibracell™
sonicator (VCX130, Sonics & Materials Inc., Newton,
CT, USA) to obtain the average DNA size of 500 -
1000 bp. The chromatin with salmon sperm

http://www.biolsci.org




Int. J. Biol. Sci. 2012, 8

804

DNA/protein A/G agarose beads (Santa Cruz, CA,
USA) and 1 to 2 pg of antibodies was incubated over-
night at 4°C. The following day, bound complexes
were washed and eluted from the beads and were
purified using a PCR purification kit (Cosmogenetech,
Seoul, Korea). PCR amplification of the immunopre-
cipitated DNA fragments was performed by incuba-
tion for 5 min at 95°C, followed by 32 cycles of 30 sec
at 95°C, 30 sec at 58°C, and 30 sec at 72°C. The PCR
primer sequences are shown in Supplementary Mate-
rial: Table S1.

Chromosome conformation capture (3C)

The 3C assay was performed as described pre-
viously [16] with minor modifications. For each set of
experiments, cells from the fetal brains, fetal
trunk-anterior and trunk-posterior tissues (approxi-
mately 4x107 cells) were passed through a cell-strainer
(40 pM, SPL Lifesciences, Korea) to obtain a homo-
geneous single cell suspension. Formaldehyde (37%,
Biosesang, Korea) was added (1% final) and the sam-
ples were crosslinked for 10 min at room temperature.
The reaction was quenched by the addition of glycine
(0.125 M final). The cells were harvested, washed with
PBS, and lysed in 5 ml of ice-cold lysis buffer (10 mM
Tris-Cl [pH 8.0], 10 mM NaCl, 0.2% NP-40 [pH 8.0])
containing complete protease inhibitors (Roche, Basel,
Switzerland). Isolated nuclei were washed with an
appropriate restriction buffer and were resuspended
in the same buffer (0.5 ml per 1 x 107 cells) containing
0.3% SDS and incubated for 1 hr at 37°C with shaking.
Triton X-100 was added (1.8% final), and then the
nuclei were further incubated for 1 hr at 37°C to get
rid of SDS. The crosslinked DNA was digested over-
night with the restriction enzyme Hindlll (400 U per 1
x 107 cells, TAKARA, Shiga, Japan). An aliquot of
DNA was collected before and after the digestion to
determine the digestion efficiency. The restriction
enzyme was inactivated by adding SDS (1.6% final)
and incubating at 65°C for 20 min. The reaction was
diluted with a ligase buffer (50 mM Tris-Cl [pH 7.5],
10 mM MgCly, 10 mM DTT, and 1mM ATP). Triton
X-100 was added (1% final) and then the samples
were incubated for 1 hr at 37°C. The DNA was ligated
with T4 ligase (TAKARA 8,000 cohesive-end unit) for
4 hr at 16°C and then for 30 min at room temperature.
Proteinase K was added, and the samples were incu-
bated overnight at 65°C to reverse the crosslinks. The
following day, the samples were incubated for 30 min
at 37°C with 30 pl of RNaseA (10 mg/ml), and then
the DNA was purified by phenol/chloroform extrac-
tion and ethanol precipitation. The DNA concentra-
tion was carefully determined using a Nanodrop
spectrophotometer. Mouse BAC clones carrying Hoxc

cluster genes (RP24-459N19 from CHORI BACPACQC)
were used as the 3C control templates. BAC DNA (2
u g) was digested with HindIlIl and religated so that a
collection of all possible ligation products were pre-
sent in equimolar amounts.

PCR analysis of the 3C templates

To determine the digestion efficiency of each 3C
template, aliquots of undigested and digested sam-
ples were decrosslinked, and DNA was isolated using
phenol/chloroform extraction followed by ethanol
precipitation. For assessing the digestion efficiency,
100 ng of the isolated DNA was used as a template.
PCR was performed using the h-taq polymerase
(Solgent, Seoul, Korea) under the following condi-
tions: the initial denaturation for 5 min at 95°C, and
then 26 cycles of 95°C for 30 sec, 58°C for 30 sec, and
72°C for 1 min. We introduced a touchdown PCR
method to detect a genomic band from a combination
of cP series primers. The PCR cycle consisted of initial
denaturation for 3 min at 95°C, 10 cycles of touch-
down PCR, wherein the beginning annealing tem-
perature of 67°C was decreased by 0.5°C per cycle for
10 cycles with extension at 72°C for 30 sec; denatura-
tion at 95°C for 1 min; and the following 40 cycles
were at 95°C for 1 min, 62°C for 20 sec, and 72°C for 30
sec. The resulting PCR products were analyzed by
conventional agarose gel electrophoresis. For quanti-
fication, Multi Gauge V3.0 software was used. The
sequences of all the PCR primers in Hoxc loci have
been reported previously [24]. 3C PCR quality was
verified by measuring the compaction of the gene
desert control region (Chr15: 102,650,000-102,870,000).
3C interaction frequencies in the Hoxc cluster was
normalized by calculating the average value of con-
tacts with the corresponding gene desert in each 3C
templates. The primer sequences in the gene desert
region were shown in Supplementary Material: Table
S2.

3C efficiency control

The 3C efficiency control test was performed as
described previously [17] with minor modification. In
brief, the beta-actin locus was chosen to perform the
3C efficiency control. The frequency of crosslinking of
the HindIll genomic fragment containing the be-
ta-actin gene to its adjacent upstream Hindlll frag-
ment was quantified (Supplementary Material: Fig.
S1). First, a 25 cycle PCR was performed on the 3C
templates  using  the  primers  ActNestA:
5-ACTTAGGTGTACCTGTGTGTGCCT-3 and
ActAdj: 5-AGCAGTGGTTTCTATTGGCTGTCG-3'.
This first PCR was performed using the h-taq poly-
merase. The PCR conditions were as follows: 2 min at
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94°C; 20 sec at 94°C, 30 sec at 60°C, 1 min at 72°C for
25 cycles. 3C PCR was performed on 1/100 of this first
amplification using the nested primer ActA:
5-CTTCTGACCTAGAACTCTTGATCCC-3" and the
ActAdj primer using the same PCR conditions, except
for the number of cycles: 2 min at 94°C; 20 sec at 94°C,
30 sec at 60°C, 1 min at 72°C for 35 cycles. To compare
the 3C signal of the genomic Hindlll fragment con-
taining the beta-actin gene in the different samples,
PCR was performed using 3C templates of mouse
tissues with the primers ActA and ActB:
5-CCCTCTACACACACTCAGAATTCATC-3". This
PCR amplified fragments located within the HindIIl
genomic fragment containing the beta-actin gene. The
resulting PCR products were analyzed by conven-
tional agarose gel electrophoresis. For quantification,
the Multi Gauge V3.0 software was used. This cross-
linking efficiency was used to normalize the signal
representing the crosslinking of the Hindlll genomic
fragment containing the beta-actin gene to its adjacent
fragment located immediately upstream in the dif-
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Results

Spatial collinear expression of Hox genes along
the AP body axis in developing mouse em-
bryos

Before examining the histone modification status
and the architectural organization of the chromo-
somes of Hox loci in vivo, the collinear expression
patterns of Hox genes were examined in mouse em-
bryos. The E14.5 embryos were divided into three
parts (brain, trunk-anterior, and trunk-posterior) and
then were subjected to semi-quantitative RT-PCR for
the genes in the Hoxc cluster (Fig. 1A). Internal organs,
limbs, and tail buds were removed to focus on the Hox
machinery in the main body axis of the embryos. As
shown in Fig. 1B, distinct expression patterns of Hoxc
genes were observed in the brain, trunk-anterior, and
trunk-posterior tissues. In the brain tissues, none of
the Hoxc gene was expressed (Fig. 1B).

B B T-A T-P

Figure |. Expression analysis of Hoxc cluster genes in EI4.5 mouse embryo along the anteroposterior axis. (A) The picture shows a
mouse embryo (E14.5). The dashed lines with a pair of scissors mark the position of the dissection. In the schematic diagram of the Hoxc
gene cluster, the expression status in each segment was depicted based on the RT-PCR data shown in (B). White and black boxes
represent the active and inactive genes, respectively. (B) Expression pattern of Hoxc genes in three distinct regions. RT-PCR was per-
formed using Hox gene-specific primers. B-actin was used as a positive control for RNA integrity and cDNA synthesis. The data are
representative of the three replicate experiments. B, brain; T-A, trunk-anterior; T-P, trunk-posterior.
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The trunk-anterior tissues expressed only the
anterior genes (Hoxc4 to Hoxc9) located in the 3’ re-
gion of the cluster. The trunk-posterior tissues ex-
pressed posterior genes (Hoxc10 to Hoxc13) located in
the 5" region of the cluster together with the anterior
genes. A noncoding RNA, AK035706, located in be-
tween Hoxc12 and -c13 was also expressed in a col-
linear expression manner with respect to its position
in the cluster (Fig. 1B). In addition to the Hoxc genes,
other Hox genes located in the Hoxa, Hoxb, and Hoxd
clusters showed similar expression patterns (Sup-
plementary Material: Fig. S2A). These results con-
firmed the spatial collinear expression of Hox genes
along the AP body axis, so that the genes located near
the 3’ end of the cluster were expressed more anteri-
orly than the genes located near the 5" end.

Histone modifications of Hoxc loci in devel-
oping mouse embryos

Since it was confirmed that Hox genes were dif-
ferentially expressed along the AP body axis in E14.5

mouse embryos, next we asked whether the chroma-
tin isolated from the three embryonic tissues (brain,
trunk-anterior, trunk-posterior) have different epige-
netic modifications in histones. We first validated the
ChIP protocol by performing a control assay using
primers specific for the promoter region of the
GAPDH gene constitutively expressed in most cell
types. As expected, the GAPDH promoter region was
enriched with the active chromatin mark H3K4me3 in
all three body tissues, while the inactive chromatin
mark H3K27me3 was not detected (Supplementary
Material: Fig. S3).

Next, we examined histone modifications in the
Hoxc loci using PCR primers designed to amplify ge-
nomic regions across the Hoxc cluster (Fig. 2A). As
shown in Fig. 2B, the inactive chromatin mark
H3K27me3 was strongly enriched across the Hoxc loci
tested in the brain tissues where Hox genes were not
expressed.
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Figure 2. Histone 3 (H3) modifications at Hoxc genomic loci in EI4.5 embryos. (A) A schematic representation of the Hoxc cluster shows
the genomic position of each gene and the primers used for ChlP analysis. (B) ChlP assays were performed with the indicated antibodies
on crosslinked chromatin samples from the E14.5 brain, anterior and posterior trunk tissues. Inmunoprecipitated and input DNAs were
amplified by PCR using region-specific primers. The 3’ and 5’ Hoxc genes are indicated by a blue box (B) and a pink box (C) based on the
expression pattern of Hoxc genes shown in Fig.] A. The data show the results of one experiment of at least three independent experiments
giving comparable results. B, brain; T-A, trunk-anterior; T-P, trunk-posterior.
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However, the level of H3K27me3 was signifi-
cantly reduced in the trunk tissues (both
trunk-anterior and -posterior tissues), regardless of
whether the genes were activated or not. In the case of
the active chromatin mark H3K4me3, the chromatin
isolated from the anterior trunk region where the
3’-located anterior Hoxc genes (Hoxc4 to Hoxc9) were
expressed had such modification only in the anterior
genes tested, but not in the posterior Hoxc genes
(Hoxc10 to Hoxc13) (Fig. 2B). On the contrary, the
trunk-posterior tissues where all Hoxc genes were
expressed were highly modified with the active mark
H3K4me3 across most of the Hoxc loci tested. The
deposition of the active chromatin mark H3K4me3
was not found in the brain which did not express any
Hox genes (Fig. 2B). All ChIP-PCR values were nor-
malized for histone H3 occupancy (Supplementary
Material: Table S3). These results suggest not only that
the loss of the H3K27me3 mark both in trunk-anterior
and -posterior tissues might contribute to the ready
state for activation, but also that the H3K4me3 mark
could be a crucial signal for returning it to a fully eu-
chromatic chromatin state.

Chromatin organization of the Hoxc cluster in
mouse embryonic brain and trunk tissues

To see whether the histone modifications ob-
served in developing embryos were associated with
the chromosomal structures, in respect to Hox gene
expression, the 3C technique was applied using the
same embryonic tissues (brain, trunk-anterior and
trunk-posterior tissues). After fixing the tissues with
formaldehyde, the crosslinked chromosomal DNAs in
their original architecture were digested with HindIIl
restriction endonuclease to separate non-crosslinked
DNA from crosslinked chromatin. After in-
tra-molecular ligation, interaction frequencies be-
tween anchor/bait and other Hindlll fragments were
determined by 3C-PCR throughout the Hoxc locus,
and then normalized with those analyzed with BAC
DNA containing the entire Hoxc cluster and a gene
desert region (see Materials and Methods). The posi-
tion of each primer used for 3C-PCR is shown in Fig.
3A along with the schematic map of the Hoxc cluster.

3C PCR was performed with three different an-
chor primers: cP6-1, which is located between Hoxc11
and Hoxc12; cP10, which is between Hoxc9 and
Hoxc10; and cP19, which is between Hoxc5 and Hoxcé.
Especially, the cP10 anchor primer was designed in
the boundary region dividing the actively expressed
(Hoxc4 to Hoxc9) and non-expressed genes (Hoxc10 to
Hoxc13) in the trunk-anterior tissues (Fig. 1B and 3B).

The Hoxc loci in the chromatin isolated from the Hox
non-expressing brain tissues (enriched with
H3K27me3, Fig. 2B) showed high interaction fre-
quencies with different genomic regions across the
Hoxc cluster (Fig. 3A-C). In contrast, regardless of
whether the anchor primer was located in the region
of active genes or not, the trunk-anterior tissues
showed much lower interaction frequencies, and so
did the trunk-posterior tissues. These results may
imply that brain has a more compact structure than
the trunk region. The 3C-PCR results, however, did
not show any significant differences between the
trunk-anterior and trunk-posterior tissues within the
Hoxc cluster. We therefore concluded that loosening
of the chromatin structure might be important to
maintaining a transcriptionally ready state in trunk
tissues, but the concomitant acquisition of histone
marks, such as H3K4me3, at specific loci might permit
collinearity of Hox gene expression.

Discussion

We have shown that spatial collinear Hox gene
expression in developing embryos is accompanied by
changes in spatial organization and histone modifica-
tion. Our results have shown that the brain tissues
that never express Hox genes during development
have a heterochromatin-like condensed chromatin. In
the trunk tissues, however, structural changes make
the chromatin loose and transcriptionally poised, and
then accompanying histone modifications at the ap-
propriate loci along the AP axis allow them to be ac-
tivated sequentially.

Recently, Noordermeer et al. examined the spa-
tial configuration of Hox clusters as well as histone
modifications in three tissue samples from E10.5
mouse embryos, where different Hox genes are active
[19]. Similarly, we observed collinear Hox gene ex-
pression patterns in five different distinct tissue sam-
ples from E11.5 mouse embryos (Supplementary Ma-
terial: Fig. S2B). Together, the expression patterns we
examined in E14.5 embryos in this study (Fig. 1 and
Supplementary Material: Fig. S1A) reinforce the no-
tion that this Hox gene expression boundary along the
AP axis seems to be established in the beginning of
organogenesis and strictly maintained during em-
bryogenesis. Therefore, by analyzing the chromosome
structure and histone marks of Hoxc loci in E14.5 em-
bryonic bodies, we have focused our studies on a
particular epigenetic program, the effects of which
can contribute to maintenance of collinear Hox gene
expression during mid to late stage of embryogenesis.
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Figure 3. ldentification of intra-chromosomal interac-
tions in Hoxc loci in brain and trunk tissues. (A) A sche-
matic presentation of the Hoxc cluster on chromosome |5.
A linear diagram of the Hoxc gene cluster shows the po-
sition of 3C primers (cP with a dotted arrow with its head
pointing to the 5’ direction) as well as Hindlll restriction
sites (dotted vertical lines). (B-D) Chromatin structural
changes at Hoxc genomic loci were measured in the brain
(blue), as well as anterior (red) and posterior (green) trunk
tissues. The y-axis indicates the normalized interaction
frequency. The x-axis shows the primer number as shown
in (A). The position of anchor primers cP6-1 (B), cP10 (C)
and cPl9 (D) were indicated in gray color. Interaction
frequencies represent the average of the three inde-
pendent PCRs.

Several studies performed with 3C and
3C-related techniques have shown that the
topological organization of Hox loci was dy-
namically changed upon Hox gene expression.
Through open-ended 3C (4C) and subsequent
sequencing analysis, the inter-chromosomal
interactions between Hoxb1 and the rest of the
genome were increased, while interactions with
intra-chromosomal loci became less frequent
during gene expression in mouse ES cells,
which was consistent with FISH data that
showed the decondensation and repositioning
of Hoxbl outside of its chromosomal territory
[17]. Our observations that intra-chromosomal
interactions between genomic regions within a
Hoxc cluster are less frequent in trunk tissues,
where Hox genes are active, compared to those
in brain tissues, support the previous findings;
however, we are not sure yet whether the de-
creased intra-chromosomal interactions in
trunk tissues are accompanied by increased
inter-chromosomal interactions. Recently, the
chromatin organization of human HOX genes
was also determined by 3C related technology
[18, 25]. Although these results were from an in
vitro cell line model system (active versus silent
Hox chromatin), it still provides the framework
for elucidating the regulatory mechanism con-
trolling spatiotemporal collinear expression of
Hox genes in vivo. More recently, a work from
Noordermeer et al. has shown that one 3D do-
main on a Hox gene cluster switches into a bi-
modal 3D organization, depending on Hox gene
activation in embryonic mouse tissues [19]. In-
terestingly enough, our embryonic tissue data
(Fig. 3) support the concept that each cluster
folds onto itself by forming multiple chromatin
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loops when transcriptionally inert in the brain tissues,
probably because of a need to avoid temporally or
spatially irrelevant expression of Hox genes during
development. In contrast, our results showed that the
looping structure was relatively rare in the trunk tis-
sues, regardless of whether they originated from the
posterior or anterior region. It is not clear from our
model whether the chromosomal compartment for the
active genes are separated from the domain of inac-
tive genes, as shown in the data from Noordermeer et
al. [19]; however, we partly agree with this view, as a
result of our experiments with the ‘cP19” anchor pri-
mer. This primer, which is located near Hoxc6 and
transcriptionally active in trunk tissues, more fre-
quently interacted with other genomic regions within
the anterior genes (Hoxc4 to Hoxc9), which are active
in trunk-anterior tissues, compared to the inactive
posterior genes (Hoxc10 to Hoxc13). Obviously, it is
evident that this association was stronger in brain
tissues. Taken together, our results suggest that a local
loosening of the chromatin structure might be func-
tionally important to establishing the transcriptionally
competent chromatin status.

Although topological changes of chromatin are a
common feature in gene regulation [17, 25-31], the
role of other epigenetic changes such as histone mod-
ifications must be taken into account in order to un-
derstand the delicate nature of gene regulation. Our in
vivo data revealed that combinatorial modification
pattern of H3K27me3 and H3K4me3 along the Hoxc
cluster in trunk seemed to provide an important
functional link between chromatin remodeling and
the establishment of transcriptional competency. Ac-
cording to the previous reports [11,19], H3K27me3
seemed to disappear upon gene activation, although
there were small regions slightly overlapping with
transcriptionally active regions. In contrast, our data
proved that H3K27me3 broadly defines transcrip-
tionally competent portions of the genome, regardless
of whether the regions are transcriptionally active or
not. We might also consider the possibility that the
expression boundary of Hoxc genes in trunk tissues,
which is normally determined epigenetically, is less
strict compared to other Hox clusters, i.e., Hoxa, Hoxb,
and Hoxd. Supportingly, the correlation of H3K27me3
marks with Hoxc gene expression levels in a previous
study using E10.5 mouse tissues [19] was not strong
enough to achieve consistent results across four dif-
ferent Hox clusters. Another possibility is that some-
what different levels of epigenetic programs might
drive the maintenance of Hox gene expression at a
given stage. Altogether, our data suggest that re-
moving the inactive chromatin mark H3K27me3 alone
is not sufficient to induce gene expression, but ac-

quiring H3K4me3 provides epigenetic marks for
driving spatial collinear expression of Hox genes.

These results were in agreement with a recent
study that examined epigenomic reorganization of
Hox genes in mouse ES cells [32]. Their results showed
that the placing of H3K4me3 activating marks and
inducing transcription precede complete erasure of
H3K27me3 [32]. Together with our data, these results
indicate that the complete removal of H3K27me3 was
not necessary to initiate Hox transcription. Our results
show that both H3K4me3 and H3K27me3 marks are
examined at the same locus in trunk tissues, however,
it is not easy to say exactly whether bivalent modifi-
cation is correlated with gene activation, since the
embryonic cells used in this study were heterogene-
ous and therefore the ChIP results are probably the
summation of the state that was from many different
types of cells located in a certain region. Hence, we
cannot distinguish whether the chromatin was biva-
lently modified or monovalently marked with either
H3K4me3 or H3K27me3 at this moment.

Previously, chromatin decondensation and nu-
clear reorganization upon induction of mouse Hoxb
and -d genes have been reported in ES cells as well as
in embryos [14, 15, 33]. The progressive looping of the
genes from the chromosome territory along the AP
axis in developing neural tube was coherent with the
collinear sequential expression of Hox genes. Alt-
hough the cells we used in this study were not only
from the neural tube but also from most of the ecto-
derm- and mesoderm-derived tissues in the later
stages of the embryos (E14.5), decondensation of Hox
cluster seems to occur in trunk tissues, compared to
those in the Hox non-expressing brain tissues.

In conclusion, we propose here that collinear Hox
gene expression patterns along the AP axis estab-
lished during early embryogenesis are strictly main-
tained while the process of organogenesis is com-
pleted. This is accomplished by cooperation between
histone modifications and chromosome conforma-
tional changes. Our findings provide a good clue as to
how Hox genes display spatially restricted patterns of
expression in embryos at a fixed time point.
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