Chromatin decondensation and nuclear
reorganization ot the HoxB locus upon
induction of transcription

Séverine Chambeyron and Wendy A. Bickmore'

MRC Human Genetics Unit, Edinburgh EH4 2XU, United Kingdom

The colinearity of genes in Hox clusters suggests a role for chromosome structure in gene regulation. We
reveal programmed changes in chromatin structure and nuclear organization upon induction of Hoxb
expression by retinoic acid. There is an early increase in the histone modifications that are marks of active
chromatin at both the early expressed gene Hoxb1, and also at Hoxb9 that is not expressed until much later.
There is also a visible decondensation of the chromatin between Hoxb1 and Hoxb9 at this eatly stage.
However, a further change in higher-order chromatin structure, looping out of genes from the chromosome
territory, occurs in synchrony with the execution of the gene expression program. We suggest that
higher-order chromatin structure regulates the expression of the HoxB cluster at several levels. Locus-wide
changes in chromatin structure (histone modification and chromatin decondensation) may establish a
transcriptionally poised state but are not sufficient for the temporal program of gene expression. The
choreographed looping out of decondensed chromatin from chromosome territories may then allow for
activation of high levels of transcription from the sequence of genes along the cluster.
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To understand how chromatin regulates gene expression
it is necessary to analyze not only nucleosome structure
and modifications but also higher-order chromatin con-
densation and nuclear organization. Many correlations
between transcription and nucleosome modifications
have been found. For example, active B-globin loci are
enriched in hyperacetylated histones H3 and H4, and H3
dimethylated on lysine 4 (met,H3-K4), whereas the si-
lent domain flanking the chicken locus has hypoacety-
lated histones and H3 dimethylated on K9 (met,H3-K9;
Litt et al. 2001; Bulger et al. 2003; Kim and Dean 2003).
How histone modifications influence transcription is
still debated. They can act as binding sites for specific
regulatory proteins (Fischle et al. 2003) and may directly
affect higher-order chromatin structure and condensa-
tion (Tse et al. 1998; Wolffe and Hayes 1999; Carruthers
and Hansen 2000; Wang et al. 2001).

Chromatin organization at and beyond the level of the
30-nm chromatin fiber is poorly understood. Cytologi-
cally, chromatin decondensation is seen at transcription-
ally active regions in the polytene chromosomes of dip-
teran insects (Andersson et al. 1984) and when transcrip-
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tional regulators are artificially targeted to sites in the
mammalian genome (Tumbar et al. 1999; Tsukamoto et
al. 2000; Muller et al. 2001; Ye et al. 2001; Nye et al.
2002). It is not clear whether chromatin decondensation
accompanies the induction of endogenous mammalian
gene expression.

There is also a complex relationship between tran-
scription and the position of genes within chromosome
territories (CTs). Some studies show inactive genes lo-
cated in the interior of CTs and active genes concen-
trated at the territory periphery (Kurz et al. 1996; Dietzel
et al. 1999), but active genes can be transcribed from
inside of CTs (Mahy et al. 2002b). Moreover, regions
with a high density of coordinately expressed genes lo-
cate in loops that extend outside of CTs in expressing
cells but not in nonexpressing cells (Volpi et al. 2000;
Williams et al. 2002). Localization outside of CTs also
occurs at genomic regions with a high-density of broadly
expressed genes (Mahy et al. 2002a). Hence, it has been
suggested that there is a correlation between high levels
of transcriptional activity and localization outside of
CTs (Mahy et al. 2002a).

It is not known whether chromatin decondensation
and CT organization are just consequences of the
changes in histone modifications accompanying gene ac-
tivation, or whether they are independent levels of chro-
matin structure over and above the level of the nucleo-
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some. At the mammalian B-globin locus, altered nuclear
organization (movement away from heterochromatin)
correlates with general histone acetylation and the LCR
appears to be responsible for localizing the region outside
of CTs prior to gene activation. These studies suggest
that nuclear reorganization is upstream of histone modi-
fications in a pathway to chromatin opening and that it
is necessary to create a transcriptionally poised state that
precedes gene expression (Schubeler et al. 2000; Ragoczy
et al. 2003).

To understand the relationships between gene expres-
sion, nucleosome modification, chromatin decondensa-
tion, and nuclear organization, we have studied the de-
velopmentally regulated Hoxb gene cluster. Establishing
correct spatial and temporal domains of Hox expression
is important for anteroposterior (AP) patterning (Krum-
lauf 1994; Popperl et al. 1995; Studer et al. 1998). This is
partly achieved through the colinearity of gene order
along the chromosome, with the time and place of gene
activation (Fig. 1A; for review, see Kmita and Duboule
2003). The mechanisms for vertebrate Hox gene regula-
tion are largely unknown, but cis-acting regulatory ele-
ments (see Marshall et al. 1994; Popperl et al. 1995; Ma-
conochie et al. 1997; Oosterveen et al. 2003), as well as
higher-order silencing mechanisms (Kondo and Duboule
1999) are involved. A progressive transition from an in-
active (closed) to an active (open) chromatin state, propa-
gated through the cluster from 3’ to 5', has been pro-
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Figure 1. Organization and differential activa-
tion of the Hoxb locus in ES cells. (A) Chromo-
somal organization of genes (open boxes) in the
murine Hoxb complex. 5" and 3’ indicate the di-
rection of the transcription. The distance be-
tween genes is indicated below the map, as is the
position of FISH probes (gray bars) for Hoxb1 and
Hoxb9. The arrow indicates the colinear proper-
ties of the Hoxb cluster with respect to spatial
expression (anterior to posterior), time of expres-
sion (early to late), and sensitivity to RA. Modi-
fied from Hunt and Krumlauf (1992). (B) Differ-
ential expression of Hoxb genes in OS25 ES cells.
RT-PCR analysis of Hoxb1, 9, and 13 in undif-
ferentiated (UN) cells and in cells induced to dif-
ferentiate with RA for 2 to 12 d. Differentiation
was confirmed by the loss of Oct4 expression.
Total RNA from E11.5 embryo (E) and analysis of
Gapdh were used as positive controls.
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posed (Van der Hoeven et al. 1996; Kondo and Duboule
1999; Roelen et al. 2002). These models are inferred from
transgenic reporter approaches (see Marshall et al. 1994,
Maconochie et al. 1997) and from rearrangements that
reposition Hox genes within a cluster (Van der Hoeven et
al. 1996; Kondo et al. 1998).

Given the interest in the control of Hox gene expres-
sion, it is surprising that little is known about their chro-
matin structure. By using retinoic acid (RA) to induce
regulated expression of Hoxb genes in mouse embryonic
stem (ES) cells, we have performed chromatin immuno-
precipitation (ChIP) to track histone modifications, and
fluorescence in situ hybridization (FISH) to analyze chro-
matin condensation and nuclear organization. Within 4
d of induction, there are increases in histone modifica-
tions associated with transcriptional activity (AcH3-K9
and met,H3-K4) at both the early expressed Hoxb1 and
also at genes that will not be transcribed until later in
the developmental program (Hoxb9). At this stage there
is also a dramatic decondensation of the HoxB cluster,
which is not a simple consequence of the increase in
histone acetylation. There is then a choreographed ex-
trusion of genes outside of CTs that is coincident with
the temporal program of gene expression. We propose a
two-step model for how chromatin structure regulates
expression from HoxB. First a locus-wide change in chro-
matin structure (histone modification and chromatin de-
condensation) may create a transcriptionally poised
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state. Then a progressive 3’ to 5’ change in higher-order
chromatin structure, which is manifest as the move-
ment outside of CTs, is necessary to allow for the pro-
grammed expression of genes along the cluster.

Results

RA induces a temporal program of Hoxb gene
expression in ES cells

In vivo the activation of Hox gene expression by reti-
noids is mediated by cis-acting RA response elements
(RAREs; for review, see Gavalas and Krumlauf 2000).
Hox genes also show a colinear temporal response to RA
ex vivo. In embryonal carcinoma cells, genes at the 3’
extremity of the clusters respond earlier, and at lower
RA concentrations, than do more 5’ genes (Fig. 1A; Sim-
eone et al. 1990, 1991; Papalopulu et al. 1991). RA also
induces Hox expression in ES cells (Papalopulu et al.
1991). We induced expression of the HoxB cluster with
RA in wild-type ES cells but obtained a nonhomoge-
neous response as revealed by the expression of SSEA-1
antigen in residual undifferentiated ES cells (Brown et al.
1993; data not shown). Because studies of nuclear orga-
nization rely on analysis at the single cell level, it was
important to have a more homogenous population of
cells, before and after differentiation. Therefore, we
chose to use OS25 ES cells that allow for G418 selection
of undifferentiated (Sox2 expressing) cells, and then se-
lection against undifferentiated (Oct4 expressing) cells
with Ganciclovir after differentiation (Billon et al. 2002).
The expression of alkaline phosphatase and SSEA-1
markers, and Oct4, confirmed the undifferentiated state
of cells grown in the presence of LIF and G418 (Billon et
al. 2002; data not shown). No expression of Hoxb genes
was detected in these cells (Fig. 1B). Differentiation, in-
duced by withdrawing LIF and adding RA, resulted in the
complete loss of alkaline phosphatase and SSEA-1 mark-
ers and extinction of Oct4 expression (Fig. 1B). After 2 to
4 d of differentiation (day 2 through 4), a robust pulse of
Hoxb1 expression was detected, but there was no expres-
sion of the more 5" Hoxb9 and Hoxb13. A pulse of Hoxb9
expression was detected at day 10, at which time Hoxb1
had been silenced (Fig. 1B). No Hoxb13 expression was
detected during the time course of the experiment.
Therefore, we are able to recapitulate the sequence of
expression from Hoxb in this ex vivo system, enabling us
to follow the chromatin structure of the complex during
induction.

Changes in histone H3 modification at Hoxbl
and Hoxb9

Transcriptionally active genes are generally character-
ized by high levels of histone acetylation and metH3-K4
(for review, see Zhang and Reinberg 2001; Lachner et al.
2003). We used ChIP and quantitative real-time PCR to
examine changes in H3 modification at Hoxbl and
Hoxb9 Dbefore differentiation (neither gene expressed)

Chromatin structure and activation of Hoxb

and at day 4 (Hoxb1 expressed) and day 10 (Hoxb9 ex-
pressed) of differentiation. We also examined the r4 en-
hancer upstream of Hoxbl, which is required for its
rhombomere 4 restricted expression (Popperl et al. 1995),
and the RARE (3’'DR2) located 1.2 kb 3’ of Hoxb1 that
mediates the early response to RA (Marshall et al. 1994,
Fig. 2A). The presence of nucleosomes in these regions
was confirmed by ChIP with antibody that detects the C
terminus of H3 (Verreault et al. 1996). By day 4, in-
creased H3 acetylated at K9 (AcH3-K9) was detected at
all sites in Hoxb1 and Hoxb9 that were examined, even
though only Hoxb1 is expressed at this time. Levels of
met,H3-K4 also increased at Hoxb1 by day 4 of differen-
tiation, and surprisingly, constitutively high levels of
this histone modification were found at exon 1 and the
promoter of the silent Hoxb9 both before and after dif-
ferentiation. AcH3-K9 and met,H3-K4 were lost from
Hoxb1 by day 10, when the gene has been silenced, but
they persist at Hoxb9 (Fig. 2B).

We conclude that RA rapidly induces histone modifi-
cations (AcH3-K9 and met,H3-K4), which are considered
as marks of active chromatin, at not only the 3’ end of
the cluster where gene expression is induced at an early
stage but also at more 5’ regions (Hoxb9). At these later
sites, the changes in histone modifications precede tran-
scriptional activation by many days. The subsequent
loss of these histone modifications from Hoxb1 parallels
the cessation of Hoxb1 expression. However, at no stage
did we detect substantial levels of met,H3-K9 (Fig. 2B),
suggesting that this marker of gene repression is not im-
portant for the switch on or off of Hoxb expression in
this system.

Chromatin decondensation at Hoxb

It has been suggested that an “opening” of chromatin
structure may contribute to the regulation of Hox clus-
ters (Van der Hoeven et al. 1996; Kondo and Duboule
1999; Roelen et al. 2002). Cytological chromatin decon-
densation accompanies transcriptional activation in
some reporter systems (Tumbar et al. 1999; Tsukamoto
et al. 2000; Muller et al. 2001). To determine if there are
similar levels of chromatin decondensation accompany-
ing induction of Hoxb, we measured the distance (d) be-
tween Hoxb1 and Hoxb9 hybridization signals in nuclei
before and after RA induction. At probe separations of <2
Mb, there is a linear relationship between the mean-
square interphase distances between them (d?) and their
separation in kilobases (van den Engh et al. 1992). This
analysis has been used to show that different parts of the
human genome have different levels of chromatin com-
paction (Yokota et al. 1997).

Hoxb1 and Hoxb9 are 90 kb apart (Fig. 1A), and in
nuclei of undifferentiated ES cells, they could barely be
separated from one another. After day 2 of differentia-
tion, they were readily separable in both MAA and pFa-
fixed cells (Fig. 3A). Some recondensation of this region
was then seen by day 10. The distribution of d values
after day 2 conforms to a Rayleigh distribution (Sachs et
al. 1995) (SD/{(d) = 0.56 and median/(d) = 0.9) indicating
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Figure 2. Histone H3 modifications upon
induction of HoxB in ES cells. (A) Map of
Hoxb and the elements analysed by ChIP.
Exons of Hoxbl and Hoxb9 are repre-
sented by two open bars. The arrows de-
note the transcription start sites of Hoxb1
and Hoxb9. The 3’ RARE (3’'DR2; Mar-
shall et al. 1994) and the r4 enhancer (Pop-
perl et al. 1995) are indicated by the filled
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bars. The position of the PCR products de- o
tected by ChIP are indicated by black bars

underneath. (B) Quantification of ChIP by 14
real-time PCR. The graphs show the mean
levels of product amplified from samples
after ChIP with antibodies recognizing
AcH3-K9, met,H3-K4, and met,H3-K9 (af-
ter subtraction of mock IP levels) normal-
ized relative to those obtained by ChIP
with antibody recognizing the C terminus
of H3. The analysis was carried out on
chromatin prepared from undifferentiated
ES cells (open bars) and from cells induced
to differentiate with RA for 4 d (hatched
bars) and 10 d (filled bars).
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that the decondensed chromatin describes a random
walk path.

Decondensation is not a general consequence of differ-
entiation. The interphase separation between two con-
trol genes (Rcn and Pax6), the expression of which is not
induced by RA and which are separated by 300 kb on
MMU?2, is not significantly different before and after 2 d
of differentiation (P = 0.46; Fig. 3B).

The visual decondensation of Hoxb could represent a
specific change in its higher-order chromatin structure
or could just be a passive consequence of the increase in
histone acetylation at the locus (Fig. 2) and its influence
on folding of the chromatin fiber. To distinguish be-
tween these two possibilities, we experimentally in-
creased histone acetylation in undifferentiated ES
cells, by inhibiting the action of histone deacetylases
(HDACs) with trichostatin A (TSA), in the absence of
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RA. Expression of Hoxb was determined by real-time
RT-PCR. During the normal RA-induced differentiation
program, there is an ~10-fold increase in the levels of
Hoxbl mRNA by day 4. In contrast, only a very small
(less than twofold) increase in Hoxbl mRNA was de-
tected after exposure of undifferentiated ES cells to
TSA, and there was no expression of Hoxb9 (data not
shown). TSA pretreatment does not prevent the normal
execution of the program of RA-induced Hoxb expres-
sion because the correct sequence of Hoxb1 and Hoxb9
expression was seen at appropriate times after exposure
of TSA-treated undifferentiated cells to RA (data not
shown).

ChIP and real-time PCR showed that, in undifferenti-
ated cells, TSA increased AcH3-K9 levels at Hoxb1 and
its regulatory elements to the same extent as that seen
when untreated cells are differentiated with RA (data
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Figure 3. Decondensation of Hoxb. (A) FISH of Hoxb1 (red) and Hoxb9 (green) to MAA-fixed nuclei from undifferentiated (UN) cells,
from cells at 2 or 10 d of differentiation, and from undifferentiated cells treated with TSA. Nuclei were counterstained with DAPI
(blue). Bar, 5um. Below it, each image the mean-square interprobe distance—d* (um?) + S.E.M.—is shown (n = 50 cells). The value for
cells at 2 d, fixed with pFa, is also shown. (B) FISH of Pax6 (red) and Ren (green) probes on cells before and after (2 d) differentiation.

not shown). However, as well as no induction of Hoxb
expression, there was no visual decondensation of the
locus in TSA-treated cells (Fig. 3A). Therefore, we
conclude that there is an approximate ninefold transient
decondensation of the Hoxb complex upon induction
with RA, and that this decondensation is not just a
simple consequence of increased levels of histone acety-
lation.

Extrusion from the CT accompanies Hoxb
gene expression

Although we have detected changes in histone modifi-
cation and chromatin decondensation upon induction of
Hoxb, the timing of these events early in the induction
program (by day 4) does not account for the temporal
program of gene expression—in particular, why is Hoxb9
expression not seen until day 10? Domains of high tran-
scriptional activity have been correlated with a distinc-
tive chromatin structure at the cellular level, a looping
out from CTs (Mahy et al. 2002a). Moreover, for some
domains of coordinately regulated genes, the extrusion
of these loops correlates with the up-regulation of gene
expression (Volpi et al. 2000; Williams et al. 2002).

We therefore used FISH to examine how HoxB is or-
ganized relative to its CT, before and after induction.
Probes encompassing Hoxb1 or Hoxb9 (Fig. 1A) and a
paint for mouse chromosome 11 (MMUI11) were cohy-
bridized to nuclei from undifferentiated cells and from
cells at day 4 or 10 of differentiation (Fig. 4A). We calcu-
lated the distance (in micrometers) between the Hoxb

gene signals and the nearest CT edge as described previ-
ously (Fig. 4B; Table 1; Mahy et al. 2002a). In undiffer-
entiated ES cell nuclei, most hybridization signals for
both Hoxb1 and Hoxb9 were within the CT. By day 4 of
differentiation, when Hoxb1 is expressed, most of its hy-
bridization signals are now located well (>0.2 pum) out-
side of the CT, but Hoxb9 remains inside (Table 1; Fig.
4B,D). This was also confirmed by simultancous detec-
tion of Hoxb1, Hoxb9, and MMU11 CT (Fig. 4C). A two-
tailed distribution Student’s ¢ test showed that the relo-
calization of Hoxb1 outside of the CT upon differentia-
tion is statistically significant (P < 0.000). By day 10,
Hoxb1 expression is switched off and the gene relocal-
izes back toward the CT (P = 0.02;Fig. 4B,D). However,
its location is still more exterior to the CT than in un-
differentiated cells (P < 0.000). At day 10, Hoxb9 moves
to the CT surface (Fig. 4D), and a significantly (P = 0.001)
increased frequency of Hoxb9 signals are now found out-
side of the CT, coincident with the expression of this
gene (Fig. 4B; Table 1).

Relocalization outside the CT is not a general phe-
nomena occurring upon differentiation, because the
ubiquitously expressed Rcn gene locates inside of its
MMU2 CT in both undifferentiated ES cells at all stages
of differentiation (Fig. 4D; Mahy et al. 2002b). Consistent
with the failure of TSA to induce chromatin deconden-
sation at HoxB, we detected no movement of Hoxb1 out-
side of the CT of TSA-treated cells. However, TSA treat-
ment does not compromise subsequent induction be-
cause 2 d after RA induction of these cells, Hoxb1 is
expressed and loops out from the CT (Table 1).
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Figure 4. Progressive looping of the HoxB cluster from 3’ to 5'. (A) FISH with MMU11 chromosome paint (green) and gene-specific
probes (red) for Hoxb1 (top) or Hoxb9 (bottom) on MAA-fixed nuclei from undifferentiated (UN) cells, and from cells at 4 or 10 d of
differentiation. Nuclei were counterstained with DAPI (blue). Bars, 5 um. (B) Histograms showing the distribution of hybridization
signals for Hoxb1 (open bars) or Hoxb9 (filled bars) relative to the MMUI1 territory edge (um). Negative distances indicate signals
located beyond the visible limits of the detectable CT. n =100 territories. (C) FISH with MMU11 chromosome paint (red) and
gene-specific probes for Hoxb1 (green/red, 1:1) or Hoxb9 (green) on nuclei from cells at 10 d of differentiation. Nuclei were counter-
stained with DAPI (blue). Bar, 5 pm. (D) Mean position (um, + S.E.M.) of Hoxb1 and Hoxb?9 relative to the MMUI11 territory edge
during 12 d of differentiation. The position of Rcn in the MMU2 territory is shown as control (Mahy et al. 2002a). n = 100 territories.
Normalization of the data to the size of the nucleus showed that the Hoxb movements are not due to the increased size of the nucleus
and CT upon differentiation (data not shown).
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Table 1. Localization of Hoxb genes outside of CTs

% signals outside of MMU11 CT

Gene Undiff. Day 4 Day 10 TSA TSA+2d
Hoxbl (MAA) 36 73 54 18 67
Hoxb1 (pFa) 15 65 N/D N/D  N/D
Hoxb9 (MAA] 24 24 39 N/D N/D

The percentage of Hoxb1 or Hoxb9 hybridization signals manu-
ally scored as being outside of the MMU11 CT by FISH to either
MAA- or pFa-fixed nuclei from undifferentiated ES cells, and
from cells after 4 and 10 d of differentiation. Undifferentiated
cells that had been treated with TSA, and TSA-treated cells
induced to differentiate with RA for 2 d, were also examined.
N/D indicates not determined.

We conclude that in undifferentiated ES cells Hoxb1
resides within, but close to, the surface of its CT. Upon
induction with RA, it loops out away from the CT with
kinetics that parallel those of its transcription, so that
when Hoxb1 expression is silenced after day 4, the fre-
quency and extent of its looping decreases. However, it
does not return to the same location as it was in before
induction. Compared with Hoxb1, Hoxb?9 is located fur-
ther inside of the CT in undifferentiated cells and re-
mains there immediately after induction. Looping out of
Hoxb?9 is not detected until day 10, and it never reaches
the same extent as that seen for Hoxb1 at day 4. There-
fore, unlike the coordinate looping of the MHC (Volpi et
al. 2000), the induction of expression from the Hoxb
complex results in a progressive remodeling and a loop-
ing out of the region from the CT, which parallels the
temporal activation of genes in the cluster.
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Hoxbl moves toward the center of the nucleus
upon induction

Looping could just be a passive consequence of chroma-
tin decondensation, or it could represent the recruitment
of the locus to a particular region of the nucleus or
nuclear compartment. In the former case, there need be
no directionality to the movement relative to the center
or the periphery of the nucleus. In the latter case, there
may be directional movement. To test this, we deter-
mined the distribution of Hoxb1 and Hoxb9 hybridiza-
tion signals in images of nuclei eroded into concentric
shells, from the edge (shells 1 and 2) to the center (shells
4 and 5) of the nucleus (Croft et al. 1999). A significant
(P = 0.001) movement of Hoxb1 toward the nuclear cen-
ter occurs at day 4 of differentiation, and by day 10, it has
returned to its original nuclear location (Fig. 5). In con-
trast, there is a progressive movement of Hoxb9 toward
the nuclear center between day 4 and 10 (P = 0.008; Fig.
5). There was no accompanying movement of the
MMUL11 CT in the same direction, suggesting that when
HoxB loops out from the CT, it is specifically drawn
toward the center of the nucleus.

Discussion

Changes in high-order chromatin structure and levels
of gene expression

We have correlated the temporal pattern of gene expres-
sion from the Hoxb cluster with changes in nucleosome
modification (Fig. 2), chromatin decondensation (Fig. 3),
and an extrusion of HoxB genes out of the CT (Fig 4). We
detect an increase (by day 4) of histone H3 acetylation (at
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Figure 5. Movement of the Hoxb1 toward the center of the nucleus. The localization of Hoxb1 and Hoxb9 hybridization signals
within erosion shells from the edge (shells 1 and 2) toward the center (shells 4 and 5) of the nucleus. Analysis was performed on
MAA-fixed nuclei from undifferentiated ES cells (open bars) and from cells after 4 and 10 d of differentiation (hatched and filled bars,

respectively). n = 50 cells.
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K9), and methylation of H3 at K4, upon induction by RA.
This is consistent with the known associations of these
histone marks with states of gene activation (Lachner et
al. 2003). However, the modifications are gained at both
the transcriptionally activated Hoxbl and at Hoxb9,
which will remain silent for a further 6 d before its ac-
tivation (Fig. 2). Therefore, these histone marks seem to
be associated with poising of the genes for expression,
rather than expression per se. We detect little met,H3-
K9 at Hoxb1 or Hoxb9, no loss of met,H3-K9 upon in-
duction, and no acquisition of this histone modification
when Hoxb1 expression ceases after day 4. This suggests
that this mark of gene repression is not involved in the
early regulation of HoxB.

Although transcriptionally active chromatin is often
considered to have an “open” chromatin structure, im-
plying a decondensed chromatin structure, direct evi-
dence for this has been lacking. Here we have shown for
the first time that activation of an endogenous mamma-
lian gene locus is accompanied by a visible approxi-
mately ninefold chromatin decondensation (Fig. 3). RA
mediates its affects on Hoxb transcription via RA recep-
tors that bind to RAREs such as the 3'DR2 (Marshall et
al. 1994). Targeting of other nuclear hormone receptors
to artificial arrays has also been shown to induce tran-
sient chromatin decondensation (Muller et al. 2001; Nye
et al. 2002). However, compared with these studies,
HoxB is several fold more decondensed, and the compac-
tion is approximately consistent with formation of a 30-
nm chromatin fiber

We have also shown that the induction of Hoxb ex-
pression is accompanied by a choreographed looping of
the locus outside of CTs and toward the center of the
nucleus, in a temporal pattern that parallels that of gene
expression from the locus (Figs. 4, 5). Volpi et al. (2000)
suggested that localization outside of CTs may be a vi-
sual manifestation of chromatin decondensation, and
our data are consistent with this idea. Previously, we
suggested that localization outside of CTs correlates
with high levels of transcription (Mahy et al. 2002a).
However, is it has also been suggested that looping out-
side of CTs can represent a poised state, prior to tran-
scriptional activation (Ragoczy et al. 2003). In the very
early embryo, prior to primitive streak formation, the
3’ end of HoxB is poised to respond to exogenous RA

Figure 6. Changes in chromatin structure
at HoxB. In undifferentiated ES cells, the
entire Hoxb locus (black) is condensed
with the MMUI11 CT (gray). However, the
3’ Hoxb1 gene is at the territory surface,
poised to respond to retinoic acid (RA). The
more 5" Hoxb9 is further inside the terri-
tory. After 2 d of induction with RA, the
Hoxb chromatin fiber decondenses, and
the 3’ end of the locus, including Hoxb1, is
extruded from the CT. By 10 d of differen-
tiation, Hoxb1 is reeled in toward the CT,
and Hoxb9 has now left the CT.

B

1126 GENES & DEVELOPMENT

undifferentiated

(Roelen et al. 2002). The rapid response to RA in ES cells
(Fig. 1B; Papalopulu et al. 1991), and the absence of
met,H3-K9 prior to induction, suggests that Hoxb1 is
similarly poised for transcription in these cells. Because
we have found that Hoxb1 is inside of its CT in undif-
ferentiated ES cells (Fig. 4), we suggest that the looping
out of decondensed chromatin from the territory repre-
sents the transcriptionally active state and not a poised
state (Fig. 6).

The mechanisms that mediated chromatin deconden-
sation and extrusion from CTs have yet to be deter-
mined. It has been suggested that histone modifications
may directly influence higher-order chromatin struc-
tures, for example, by altering nucleosome-DNA or
nucleosome-nucleosome interactions, and by neutraliz-
ing charge in the histone N-terminal tails (Tse et al.
1998; Wolffe and Hayes 1999; Carruthers and Hansen
2000; Wang et al. 2001). However, increasing the levels
of histone acetylation at HoxB experimentally with TSA
does not lead to the changes in high-order chromatin
structure that normally occur at the locus upon differ-
entiation. Therefore, we suggest that chromatin compac-
tion and nuclear organization represent a level of chro-
matin structure that is not simply a reflection of under-
lying histone acetylation.

Chromatin structure and the regulation of Hox
gene expression

In vivo, Hoxb1 expression is initiated in primitive streak
mesoderm early in gastrulation (E7.2); however, Hoxb1
and Hoxb2, but not more 5’ genes in the cluster, are
poised to respond to exogenous RA before primitive
streak formation (by E6.0; Roelen et al. 2002). In this
regard, it is interesting to note that even in the nuclei of
undifferentiated ES cells, the intrachromosomal organi-
zations of Hoxbl and Hoxb9 are different from each
other. Whereas Hoxb1 is located at the CT surface,
Hoxb9 is further inside the territory (Fig. 4D). The prox-
imity of Hoxb1 to the territory surface may contribute to
its poised transcriptional state and may underlie its abil-
ity to respond rapidly and robustly to RA (Fig. 6). It will
therefore be interesting to analyze the nuclear organiza-
tion of Hoxb1 when placed in inappropriate genomic lo-
cations (Kmita et al. 2000).

b1

RA
R ——

b9

2 - 4 days 10 days



We propose a two-step model through which chroma-
tin structure regulates Hoxb expression (Fig. 6). In re-
sponse to RA, there appears to be a widespread alteration
in histone modification and chromatin condensation
that is not restricted to the most 3’ gene (Hoxb1). We
suggest that this establishes a transcriptionally compe-
tent chromatin state. The progressive looping out of
genes from the CT may then contribute to the temporal
pattern of gene expression and be necessary to support
high rates of transcription. This later step, but not the
first one, has similarities to models that propose that a
(3’ to 5') opening of chromatin structure that leads to the
sequential accessibility of Hox genes for transcription
(Van der Hoeven et al. 1996, Kondo and Duboule 1999;
Roelen et al. 2002).

Materials and methods

ES cells culture, differentiation, and TSA treatment

Undifferentiated OS25 ES cells were maintained on 0.1% gela-
tin-coated dishes in Glasgows’ minimal Eagle medium contain-
ing 10% fetal calf serum, nonessential amino acids, 1 mM so-
dium pyruvate, 0.3 mg/ml L-glutamine, 0.1 mM 2-mercapto-
ethanol, 1000 U/mL human recombinant LIF, and 100 pg/mL
G418 (Billon et al. 2002).

To induce differentiation, 5 x 10° cells were plated in 25-cm
tissue culture flasks (Costar) without LIF or G418 for 1 d;
5x107® M RA was then added for 4 d. After 2 d (day 2 of dif-
ferentiation) the cells were replated in 75-cm? flasks, and the
RA-containing medium was supplemented with 2.5 uM Ganci-
clovir to select against undifferentiated cells for another 2 d (day
4). Subsequently, media was supplemented only with Ganciclo-

2

Table 2. PCR primers and amplification conditions

Chromatin structure and activation of Hoxb

vir (no RA) for eight more days until day 12. The medium was
changed every 2 d during the differentiation protocol (Billon et
al. 2002).

The 5 x 10° undifferentiated ES cells, maintained in medium
supplemented with G418 and LIF, were treated with 160 nM
TSA for 24 h.

Real-time RT-PCR

Twenty micrograms of total RNA, prepared by using Bio/RNA-
X-cell (Bio/Gene Limited), were treated with 20 U Rnase-free
DNase I (Promega). After phenol/chloroform extraction, the
RNA was ethanol precipitated in 1 v of 5 M ammonium acetate
and dissolved in H,O. Two micrograms of RNA were reverse-
transcribed by using Superscript II RNase H (Invitrogen) and 4
uL of Random Hexamers (50 uM; Amersham Pharmacia), and 1
pL was used as temple for real-time PCR, using the DNA-inter-
calating SYBR Green reagent and Master mix (Bio-Gene), on a
lightcycler (Roche Molecular Biochemicals). Each reaction was
performed in duplicate. PCR primers and conditions are de-
scribed in Table 2. The 1:10, 1:100, and 1:1000 dilutions of
B-actin PCR product of known concentration were used to pro-
duce a standard curve. The results were analyzed by Lightcycler
software, version 3.5.

Chromatin immunoprecipitation

The ChIP protocol was modified from that of Christenson et al.
(2001). ES cells were replated onto 10-cm tissue culture dishes.
One day later, formaldehyde (Sigma), to a final concentration of
1%, was added to the medium for 10 min at room temperature.
Cells were washed once in cold phosphate-buffered saline (PBS)
before scraping in buffer A (85 mM KCl, 5.5% sucrose, 10 mM
Tris at pH 7.5, 0.2 mM EDTA, 0.5 mM spermidine, 250 pM
PMSF, and 1:100 protease inhibitor cocktail; Roche), containing

Gene/locus Primers Product size (bp) PCR conditions
RT-PCR Oct4 GGCGTTCTCTTTGGAAAGGTGTTC 312 15 min 95°C (30 sec 95°C,
CTCGAACCACATCCTTCTCT 30 sec 55°C; 30 sec 72°C) x 30
Gapdh CTCAAGATTGTCAGCAATGCA 70 15 min 95°C (30 sec 95°C,
CCTTCCACAATGCCAAAGTT 30 sec 61°C, 25 sec 72°C) x 25
Hoxb1 CCATATCCTCCGCCGCAG 450 15 min 95°C (30 sec 95°C,
CGGACTGGTCAGAGGCATC 30 sec 62°C, 40 sec 72°C) x 35
Hoxb9 CAGGGAGGCTGTCCTGTCTAATC 176 15 min 95°C (30 sec 95°C,
CTTCTCTAGCTCCAGCGTCTGG 30 sec 68°C, 20 sec 72°C) x 30
Hoxb13 CTGGAACAGCCAGATGTGTT 445 15 min 95°C (30 sec 95°C,
CCTGCTAAAGGTGTCATCTC 30 sec 57°C, 40 sec 72°C) x 35
B-actin GGTCAGAAGGACTCCTATGTGG 475
TCTCAGCTGTGTGGTGAAG
ChIP Hob1 r4 + promoter + TTCCATGTCGCTCTCAGATG 172 15 min 95°C (30 sec 95°C,
initiation site TAGGAAGGGGCTAGGGAGTG 30 sec 64°C, 20 sec 72°C) x 25
Hoxb1 3'DR2 GACAGTGGGTCCTGGGGGT 110 15 min 95°C (30 sec 95°C,
GGTGCTCAACAGGCTTGTTTGGA 30 sec 61°C, 20 sec 72°C) x 25
Hoxb1 exon 1 CCATATCCTCCGCCGCAG 104
TCTGACGAGCAAGGCGATTCCTTG
Hoxb1 promoter CCGCTTAGCCCATTGGCCT 80
TAGGAAGGGGCTAGGGAGTG
Hoxb9 promoter TCCGAAAGCCCTCTGCAC 110
GACATTCTCAGACATTATCCGCG
Hoxb9 exon 1 GCACGCCCGAGTACAGTTTG 112

CCTCTCTTTGTCCTCGCTTCCT
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0.5% NP40. The dish was rinsed with buffer A, and the cell
suspension incubated for 5 min on ice and then centrifuged at
2000g for 3 min. The pellet was resuspended in 1% SDS, 10 mM
EDTA, 50 mM Tris at pHS, and 250 uM PMSF and sonicated
three times for 15 sec each at 10 um of amplitude by using a
Soniprep 150. Chromatin fragments were centrifuged for 3 min,
4°C, at 16000g, and the OD,4,,,, was measured. Ten micro-
grams of sonicated salmon sperm DNA (sssDNA) and 100 uL of
protein G-agarose (Amersham Biosciences), prewashed two
times in buffer A, were added to the supernatant and incubated
for 1 h at 4°C on a rotating wheel. After centrifugation (2 min,
4°C, 2000g) to remove aggregated protein G, the supernatant
was divided into aliquots of 150 pg DNA. One aliquot was kept
aside (input), and one was incubated with no antibody as a nega-
tive control (mock IP).

Each test aliquot was diluted in 250 uL IP dilution buffer (100
mM Tris at pH 8, 150 mM NaCl, and 0.5% Triton X-100) and
rotated overnight at 4°C with the following antibodies: 3 pL of
antibody that recognizes the C terminus of H3 (Verreault et al.
1996), 5 pL anti-met,H3-K4 (Upstate Biotechnology, 07-212),
and anti-acH3-K9 (Upstate Biotechnology, 06-942) and anti-
met,H3-K9 (Abcam, ab7312). After antibody binding, 100 pg
sssDNA and 100 pL 50% (v/v) protein G-agarose were added
and incubated for 2 h at 4°C and then centrifuged for 2 min, 4°C,
at 2000g. The chromatin-antibody/protein G-agarose com-
plexes were washed for 5 min with 500 uL of each of the fol-
lowing buffers: IP dilution buffer, IP dilution buffer and 500 mM
NaCl, wash buffer (10 mM Tris at pH 8.0, 500 mM LiCl, 1%
NP40, and 1% deoxycholate), and TE (pH 8.0). One hundred
microliters of TE (pH 8.0) with 500 pg/mL of RNaseA were
added to the beads for 30 min at 37°C. Samples were eluted in
1% SDS and 0.1 M NaHCO;. NaCl was added to 200 mM and
the mixture heated for 6 h at 65°C to reverse the formaldehyde
cross-links. Samples were digested with 20 pg/mL proteinase K
for 1 h at 55°C and the DNA purified by phenol/chloroform
extraction and ethanol precipitation. The DNA pellet was re-
suspended in 20 upL of sterile H,O, and 1 pL aliquots were used
as templates in real-time PCR.

PCR on immunoprecipitated DNA

One microliter of immunoprecipitated DNA was quantified by
real-time PCR. For PCR in the 3'DR2 region and exon 1, DNA-
intercalating SYBR Green reagent and The Master Mix (Bio-
Gene) was used. The QuantiTect SYBR Green PCR kit (Qiagen)
was used for the Hoxb1 and Hoxb9 promoter. Each ChIP and
each real-time PCR was done at least twice. Input sonicated
DNA (150 pg) from ES cell lysate was diluted 1:10, 1:100, and
1:1000, and 1 pL amplified in parallel with the immunoprecipi-
tated DNA (IP) to produce a standard curve. Each 10-fold dilu-
tion increased the Ct by about three cycles. For each amplifi-
cation, the background corresponding to the mock IP was sub-
tracted from the IP, and the specific enrichment was calculated
from the standard curve.

FISH

Paint for mouse chromosome 2 (MMU?2) was PCR-labeled with
biotin-16-UTP as previously described (Mahy et al. 2002b). Bio-
tin-16-UTP-labeled paint for MMU11 was purchased from
Cambio. BACs 50j5 and 67L02 for Rcn and Pax6, respectively
(Mahy et al. 2002b), were labeled with digoxigenin or biotin by
nick-translation. The 50 kb BAC MMP-4 (T. Jinks, M.T. Mar-
tinez-Pastor, and R. Krumlauf, unpubl.) encompassing Hoxb1
(Fig. 1A) was labeled with digoxigenin-11-dUTP by nick trans-
lation. A plasmid containing Hoxb9 (P. Hunt and R. Krumlauf,
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unpubl.) was labeled with digoxigenin-11-dUTP or biotin-16-
UTP. Approximately 200 ng of paint and 150 ng BAC/plasmid
were used per slide, together with 15 pg mouse Cotl DNA
(GIBCO BRL) and 5 ng sssDNA.

Two-dimensional analysis was as described previously (Croft
et al. 1999; Mahy et al. 2002b). To preserve three-dimensional
nuclear structure, ES cells grown on slides were washed three
times in PBS before permeabilization in CSK buffer (100 mM
NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES at pH 6.8,
and 0.5% Triton X100) for 5 min on ice. After washing three
times in PBS, slides were fixed with 4% pFa/PBS for 10 min
before freeze-thaw in 20% glycerol/PBS and FISH as described
previously (Kurz et al. 1996; Mahy et al. 2002a,b).

Image analysis

Two-dimensional samples were examined on a Zeiss Axioplan
fluorescence microscope fitted with a triple band-pass filter
(Chroma no. 83000). Gray-scale images were captured with a
cooled CCD camera (Princeton Instruments Pentamax) and cus-
tom IPLab scripts. For three-dimensional analysis, a focus mo-
tor was used to collect image stacks at 0.5-pm intervals along
the z-axis. Images were captured with a Xillig CCD camera.

Analysis of probe position relative to CTs in 2D was as pre-
viously described (Mahy et al. 2002a,b). Because the size of the
nucleus and the CTs increased upon differentiation, the locus to
territory edge distance was also normalized by dividing it by the
radius of the circle of equal area to that of the territory (Mahy et
al. 2002b).

To calculate the d between two probes in two dimensions the
hybridization signals were manually segmented and the xy co-
ordinates of the centroid of each were determined. d was then
calculated from d =[(x; - x,)?> + [y, - ¥,)?]. Calculation of d in
stacks of three-dimensional images was similar. Briefly, the xyz
coordinates of the centroid of each signal were determined. The
distance between the two probes (or space diagonal) was the
distance between two spots at opposite corner of a cuboid.
d,pe = (a2 +b? + ¢?); a, b, and c are the length of the side of the
cuboid.

Probe position relative to the nuclear periphery and the
nuclear center was determined by erosion of the nuclear area
into five concentric shells (1 through 5) of equal area from the
periphery of the nucleus to the center (Croft et al. 1999). The
proportion of DAPI fluorescence and CT signal was calculated
for each of the five shells, and the shell containing the gene
signal was manually recorded. To do a t test for the gene probe,
an arbitrary value was given to each shell (one at the periphery
and five at the more center shells), and the number of probes
located in each was multiplied by this value. To perform a ¢t test
for the CT position, the percentage of signal was multiplied by
the mean radius for each shell. In a plane-projected sphere, the
mean radius of random a point for each shell was calculated as
23[(1 - 1,31, - 2]
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