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Abstract

The Hox genes, which are organized into clusters on different chromosomes, are key regulators of
embryonic anterior-posterior (A-P) body pattern formation and are expressed at specific times
and in specific positions in developing vertebrate embryos. Previously, we have shown that histone
methylation patterns are closely correlated with collinear Hox gene expression patterns along the
A-P axis of EI4.5 mouse embryos. Since histone modification is thought to play a crucial mecha-
nistic role in the highly coordinated pattern of collinear Hox gene expression, we examined the
maintenance of the spatial collinear expression pattern of Hoxc genes and the corresponding
histone modifications during embryogenesis and in early postnatal mice. Hox expression patterns
and histone modifications were analyzed by semi-quantitative RT-PCR and chromatin immuno-
precipitation (ChIP)-PCR analyses, respectively. The spatiotemporal expression patterns of Hoxc
genes in a cluster were maintained until the early postnatal stage (from E8.5 through P5). Exam-
ination of histone modifications in E14.5 and P5 tissues revealed that level of H3K27me3 is only a
weak correlation with collinear Hoxc gene expression in the trunk regions although diminished in
general, however the enrichment of H3K4me3 is strongly correlated with the gene expression in
both stages. In summary, the initial spatiotemporal collinear expression pattern of Hoxc genes and
epigenetic modifications are maintained after birth, likely contributing to the establishment of the
gene expression code for position in the anatomic body axis throughout the entire life of the
organism.
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Introduction

Hox genes are transcription factors that play a
pivotal role in patterning of the anterior-posterior
(A-P) body axis during embryonic development. In
mammals such as mouse and human, 39 Hox genes
are organized into 4 clusters on 4 different chromo-
somes, with each cluster containing 9 to 11 genes [1-4].
The genomic locations of Hox genes within a cluster
correlate with spatiotemporal expression during em-

bryogenesis, a phenomenon termed collinearity [3, 5].
Hox genes located at the 3" end in a cluster are ex-
pressed more anteriorly and earlier in development
than genes located at the 5" end of a cluster. Sequential
initiation of Hox gene expression in a cluster is driven
by dynamic regulatory events, including retinoic acid
(RA) [6], FGF signaling [7], and regulatory interac-
tions between the Hox and Cdx gene families [8]. In
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the developing mouse, Hox gene expression is initi-
ated in the posterior region of the primitive streak
during gastrulation [9]. The ontogenesis of
Hox-mediated axial patterning during embryogenesis
has been studied for decades. However, the molecular
mechanisms underlying the collinear expression of
Hox genes are not yet fully understood.

The Polycomb group (PcG) and trithorax group
(TrxG) proteins, initially discovered in Drosophila,
have been reported to be core epigenetic regulators of
homeotic genes [10-12]. Polycomb Repressive Com-
plex (PRC2), a class of PcG proteins, and
tri-methylated H3K27 (H3K27me3) are essential for
long-term repression of target genes [13, 14]. In con-
trast, TrxG protein complexes catalyze the
tri-methylation of H3K4 (H3K4me3), which is gener-
ally associated with active transcription [15].

Recently, the antagonistic function of the PcG
and TrxG complexes in regulating Hox gene expres-
sion during mammalian development has been ac-
tively investigated [16]. In vitro studies revealed that
histone H3 modification is correlated with the
maintenance phase of Hox gene transcriptional regu-
lation in embryonic stem cells (ESC) and other types
of cultured cells [17-20]. Soshnikova et al. (2009) re-
ported the in vivo result that the organization of
H3K4me3 and H3K27me3 chromatin marks was
closely associated with the temporal activation of
Hoxd genes in the developing mouse tail [16].
Through chromatin conformation capture (3C) and
chromatin immunoprecipitation (ChIP) techniques,
the loss of H3K27me3 and topological changes along
the Hox cluster were shown to be prerequisites for
collinear expression, and the concomitant acquisition
of H3K4me3 was shown to be more closely associated
with a collinear Hox gene expression pattern along the
A-P body axis in E14.5 mice embryos [21].

As most spatial (A-P axis) collinear expression
analyses have been performed in earlier stages in-
cluding the mid-gastrulae stage of mouse embryos,
Hox expression patterns in later embryonic stages are
not fully understood. In this study, we analyzed Hoxc
gene expression patterns during several embryonic
stages (from E8.5 to E18.5) through the postnatal pe-
riod (P5), as well as the dynamic changes in histone
modifications along the A-P axis.

Materials and methods

Animal preparation

Pregnant Hsd:ICR (CD-1) mice were purchased
from a pathogen-free laboratory animal company
(Koatech, Gyeonggi-do, Korea). The embryos (E8.5,
E11.5, E14.5, E16.5, and E18.5) and early postnatal
mice (P1, P5) were dissected in PBS-containing plates

on ice. After removing the internal organs, limbs and
tail bud, each embryo or postnatal mouse was divided
into five parts (B, brain; T1, somite number 5 to -14;
T2, somite number 15 to -27; T3, somite number 28 to
-32; T4, somite number 33 to the posterior end) along
the A-P axis, except E8.5 embryo, which was divided
into two parts, head (H, anterior end to somite num-
ber 6) and trunk (T, somite number 7 to the posterior
end) as shown in Figure 1A. Experimental procedures
were approved by the Animal Care and Use Com-
mittee of Yonsei University College of Medicine,
Seoul, Korea.

RNA isolation and RT-PCR

Total RNA was isolated from freshly dissected
samples using Trizol (Invitrogen, Carlsbad, CA,
USA). Reverse transcription (RT) was performed with
1 pg of RNA using ImProm-1I™ Reverse Transcriptase
(Promega, Madison, WI, USA). A triplicate set of PCR
was performed using Taq DNA polymerase (Bioneer,
Daejeon, Korea). PCR amplification was performed
under the following conditions: the initial denatura-
tion for 3 minutes at 94°C, then 30 cycles of 94°C for 30
seconds, 58°C for 30 seconds, and 72°C for 30 seconds.
At least three independent biological replicates were
analyzed. All PCR primer sequences used for detect-
ing Hox gene expression and P-actin were as previ-
ously described [22].

Chromatin immunoprecipitation (ChlP)-PCR

ChIP analysis was performed following the
X-ChIP protocol from Abcam (Abcam, Cambridge,
UK), with minor modifications. ChIP-grade Abcam
antibodies, Anti-Histone H3 (tri methyl K4) antibody
(ab1012) and Anti-Histone H3 (tri methyl K27) anti-
body (ab6002), as well as Santa Cruz normal mouse
IgG (sc-2025) were used. Embryonic samples were
cross-linked with 1% formaldehyde diluted in se-
rum-free Dulbecco’s modified Eagle’s medium
(WelGENE Inc., Daegu, Korea) for 10 min at room
temperature with gentle shaking. This reaction was
stopped by adding 0.125 M glycine for 5 min, and the
samples were then washed three times with PBS at
room temperature. The resulting cells (approximately
4x107 cells) were lysed in 600 pl of sodium dodecyl
sulfate (SDS) lysis buffer for 10 min on ice and soni-
cated with 30 sets of 10-second pulses with a Vi-
bracell™ sonicator (VCX130, Sonics & Materials Inc.,
Newton, CT, USA). The sonicated chromatin
(500-1000 bp), salmon sperm DNA/protein coated
A/G agarose beads (Santa Cruz, CA, USA), and ap-
propriate antibodies were mixed and incubated over-
night at 4°C with gentle shaking.

The following day, antibody-ChIP DNA com-
plexes were washed, and the DNA was eluted and
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purified using a PCR purification kit (Cosmogenetech,
Seoul, Korea). PCR amplification was performed un-
der the following conditions: initial denaturation for 5
minutes at 95°C, and then 32 cycles of 95°C for 30 se-
conds, 58°C for 30 seconds, and 72°C for 30 seconds.
The PCR primer sequences used were as previously
described [21, 23].

Results and Discussion

Maintenance of the spatial collinear expression
pattern of Hox genes during embryogenesis
and in early postnatal period in mice

In order to investigate whether the collinear ex-
pression patterns of Hox genes are maintained
throughout embryogenesis as well as after birth, tis-
sues from embryos (E8.5, E11.5, E14.5, E16.5, and
E18.5) and postnatal mice (P1 and P5) were used for
RT-PCR analysis after isolating RNA from each seg-
ment along the A-P axis, as described in the Materials
and Methods. In general, there were no Hoxc genes
expressed in brain tissues in any of the developmental
stages examined (E8.5 through P5), which was ex-
pected based on previous results [21, 24]. In trunk
tissue, the spatial collinear expression patterns of Hoxc
genes along the A-P axis were detected throughout
embryogenesis, and this expression pattern was
maintained until the postnatal period P5 (Fig. 1).

In E11.5 embryos, T1 (somite 5-14) and T2 (so-
mite 15-27) tissues expressed only the 3’ anterior Hoxc
genes (Hoxc4 to Hoxc6 in T1, Hoxc4 to Hoxc10 in T2),
but posterior gene expression was seen as develop-
ment continued. In the T1 tissue of E14.5 embryos,
expression of Hoxc4 through Hoxc9 was seen, and this
expression pattern was retained until postnatal stage
P5. In the case of T2 tissue, sequentially expanded
Hoxc genes to the 5 side were detected, up to Hoxc11
at E14.5, Hoxcl2 at E16.5, and Hoxcl3 at E18.5 and
after. This expanded expression pattern could be due
to boundary elements and/or insulator-binding pro-
teins implicated in the establishment of gene expres-
sion boundaries being driven to move to the 5" posi-
tion within a locus, or the changing of the interac-
tion/binding affinities of transcription factors. How-
ever, tissue (segment) contamination during the dis-
section process could be also possible. Posterior tis-
sues, such as T3 and T4, showed expression of the
entire Hoxc genes at stage E14.5 and maintained this
pattern until P5. In early embryos such as E11.5,
however, only the most posterior tissue, T4, showed
expression of the entire Hoxc genes. Additionally, T3,
which is anterior to T4, did not show expression of
posterior genes; only the 3’ genes Hoxc4 to Hoxc10
were expressed. In the case of E8.5 mouse embryos,
anterior (H) and posterior (T) tissues were generated

by dissecting tissues between somite number 6 and 7.
The anterior future brain region (H) did not express
any Hoxc genes, whereas the posterior tissue (T) ex-
pressed the anterior Hoxc genes (Hoxc4 to Hoxc10).
Even though E8.5 usually has 8 -12 somites, T tissues
expressed more posterior 5" Hoxc genes, than expected
based on somite level, although very weakly, indi-
cating that Hox genes seemed to be expressed prior to
somite formation.

Expression levels of each Hoxc gene throughout
development show that gene expression is relatively
low at E8.5, increases to a peak between E11.5 and
E14.5, and then decreases. Unusual expression of
Hoxc13, a deviation from the collinear expression
pattern of Hox cluster genes, was found in several
tissues at different stages, as has been previously re-
ported [23, 25, 26]. Although the mechanisms are not
known, Hoxc13 seems to escape the mechanisms reg-
ulating the collinear expression of Hoxc genes.

Interestingly, Hox genes are not only expressed
during embryogenesis, but also widely expressed in
adult human organ tissues, providing regional iden-
tities via differential and collinear expression along
the A-P and proximal-distal axes of the body [27].
Even though there was a small extension of Hoxc gene
expression in each trunk region following the
mid-gastrula stage (E11.5), our results indicate that
the spatial collinearity of the Hoxc gene expression
pattern along the A-P body axis is established during
early gastrulation and persists until after birth.

Maintenance of epigenetic modifications at
Hoxc loci along the A-P axis of postnatal mice

Although there have been several reports de-
scribing the functional relationship between histone
marks such as H3K27me3 and H3K4me3 with the
spatial collinear expression of Hox genes in embryos
as well as in ES cells [19, 21, 24], little information is
available regarding postnatal mice. To understand
whether the maintenance of the collinear Hoxc gene
expression pattern is accompanied by histone modi-
fications up until the postnatal stage, we analyzed
epigenetic modifications along the Hoxc cluster in P5
mice and the E14.5 embryo.

In E14.5 embryos, high levels of the repressive
marker H3K27me3 were observed over the entire
Hoxc locus in brain tissues that do not express Hox.
However, the level of H3K27me3 was significantly
reduced in all trunk (T1 to T4) tissues (Fig. 2A, B).
There is only a weak correlation between the enrich-
ment profile of H3K27me3 and the onset of collinear
Hox gene expression in the trunk regions, which is in
agreement with our previous report that the dimin-
ishment of H3K27me3 seemed to predate and was
insufficient for the initiation of Hox gene expression
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[21]. However, the enrichment of H3K27me3 was
significantly reduced in T3 compared to that in T1 and
T2, and furthermore was almost completely dimin-
ished in T4, especially in the genomic region of the
posterior Hoxc genes. This could be due to the com-
position of T4 tissues, which have more or less ho-
mogenous populations of Hox-expressing cells, and
thus the majority of cells are not enriched with
H3K27me3. In the case of the active expression
marker H3K4me3, the whole cluster in the brain tissue
was unmarked with H3K4me3, whereas H3K4me3
modification was closely correlated with the collinear
expression pattern of Hoxc genes in the trunk regions
of E14.5 embryos (Fig. 2B), as described previously
[21].

The epigenetic modifications in P5 mice were
similar to those detected in E14.5 (Fig. 2C). A strong
H3K27me3 mark was detected in the brain tissue,
which lacks Hoxc gene expression, whereas less

Embryo 8.5dpc Embryo 11.5dpc Embryo 14.5 dpc

(8)

Embryo 16.5 dpc

strong in the trunk tissues of postnatal P5 mice. In the
case of H3K4me3 modification, a strong positive cor-
relation was detected with the expression of Hoxc
genes, as seen in E14.5 embryos. Compared to the
Hox-silent brain tissue, H3K4me3 mark was detected
in the 3" Hox genes (uC4 through uC8-uC9, Figure 2)
in the anterior trunk tissue (T1), where Hoxc4 through
Hoxc8 were expressed (Fig. 1). This positive H3K4me3
mark was detected in the entire cluster in the posteri-
or trunk tissues, as the entire Hoxc cluster genes were
expressed like in the E14.5 trunk tissues. This result
indicates that positive and negative histone modifica-
tions, once established, seemed to be maintained
throughout development and even after birth. We
conclude that the basic mode of epigenetic mecha-
nisms regulating Hox gene expression are intrinsically
maintained throughout development and following
birth, and probably over the lifetime of the organism,
as previously implicated [27].

Embryo 18.5dpc Mouse P1 Mouse P5

Head Trunk T T2 T3 T4 ™M T2 T3 T4 B T T2 T3 T4 T T2 T3 T4 ™ T2 T3 T4 ™M T2 T3 T4
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Fig |. Expression pattern of Hoxc cluster genes during embryogenesis and in the early postnatal period along the anterior-posterior (A-P) body axis. (A)
A diagram depicting mouse embryos of different developmental stages and the scheme of the embryo dissection. The dashed lines indicate the areas where
each tissue was dissected. Each trunk region was carefully isolated on the basis of somite numbers (See Materials and Methods). (B) Expression patterns of
Hoxc genes (Hoxc4 through Hoxc| 3) in different tissues along the A-P axis. RT-PCR was performed using the primers specific to Hoxc genes. A pair of S-actin
primers was used as a positive control for RNA integrity and cDNA synthesis. Selected data from three replicate experiments is shown.
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Fig 2. Histone modifications at Hoxc genomic loci in E14.5 mouse embryos and P5 mice. (A) A schematic representation of the Hoxc locus indicating the
genomic position of each Hoxc gene and the amplicons used for ChIP-PCR. (B, C) The results of ChIP-PCR to detect histone modifications in the genomic
region of the Hoxc cluster. Immunoprecipitated DNAs and input DNAs were derived from EI4.5 (B) and P5 (C) brain and trunk (T1-T5) tissues using
anti-H3K4me3 and anti-H3K27me3 antibodies. IgG ChIP DNA samples were amplified using the same primers as the negative control. The data is rep-

resentative of three independent experiments on triplicate samples.
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