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Abstract

Spatial proximity between genomic loci can play important roles in their function and regulation. We have

developed an open-ended method based on Chromosome Conformation Capture technology allowing us to

perform a genome-wide scan of the loci that form the spatial environment of a given locus at a given time. As a

proof of principle we present the use of this methodology to investigate the dynamics of the spatial environment

of the HoxB1 gene before and after the induction of its expression in mouse embryonic stem cells. Our results

indicate that the HoxB1 locus’ immediate spatial environment can be divided roughly into three parts: a first part

is represented by a domain of immediate proximity on each side of the HoxB1 locus covering approximately 110

kb, a second part extends to a domain of 800 kb and a third part consists of distal intra-chromosomal and inter-

chromosomal interactions. Consistent with FISH studies showing the decondensation and repositioning of

HoxB1 outside of its chromosomal territory during its expression, the proportion of inter-chromosomal

interactions between HoxB1 and the rest of the genome increases after its induction, while interactions with

distal intra-chromosomal loci become less frequent. These results indicate that this technique can be used to

determine the dynamics of loci interactions on a genome-wide scale.

Introduction

The genetic material is organized at many levels in

the nucleus and this organization is related to nuclear

functions such as replication, gene expression and

DNA repair (reviewed in Lamond & Earnshaw 1998

and Cremer & Cremer 2001). It is thus increasingly

clear that the spatial proximity between genomic loci

can have important consequences on their functions.

For example, the mouse beta-globin complex adopts

a specific folding in erythroid cells, in which non-

contiguous regulatory sequences are clustered in the

nuclear space with the intervening sequences looped

out. The genes of the complex are then sequentially

recruited to these regulatory sequences during their

expression (Carter et al. 2002, Tolhuis et al. 2002,
de Laat & Grosveld 2003, Palstra et al. 2003,
Patrinos et al. 2004). Active genes located mega-
bases away from each other can also co-localize to
share a Ftranscription factory_ (Osborne et al.

Chromosome Research (2006) 14:477–495

DOI : 10.1007/s10577-006-1075-0

# Springer 2006



2004). Finally, distant intra- and inter-chromo-
somal loci involved in recurrent translocations are
frequently in close spatial proximity in the nuclei
of relevant cell types (Nikiforova et al. 2000, Roix
et al. 2003, Parada et al. 2004).

Because of the fact that chromatin movement and

dispersion in the nuclear volume are restricted

(Marshall et al. 1997, Chubb et al. 2002; reviewed
in Gasser 2002), the spatial environment of a locus
can only consist of a limited fraction of the
genome. The higher-order organization of the
chromosomes is directly involved in the definition
of this environment. Indeed, chromosomes occupy
distinct territories in the nuclear space, with little
inter-chromosomal mingling (reviewed in Cremer
& Cremer 2001) and the localization of these
territories relative to one another and to nuclear
structures is relatively stable during interphase
(Gerlich et al. 2003, Walter et al. 2003). While the
positioning of chromosomes one relative to another
appears to be mostly random (Cornforth et al.

2002), many reports have shown that preferential
inter-chromosomal associations exist (Nagele et al.

1999, Roix et al. 2003, Parada et al. 2004).
Chromosomal arms and bands also occupy distinct

spatial territories (Dietzel et al. 1998), suggesting
that the higher-order folding of the chromatin has
an impact on the spatial proximity of loci at a sub-
chromosomal scale. This is also suggested by the
fact that the relationship between the interphase
distance of two given loci and their genomic
separation has been shown by FISH to be biphasic:
the average spatial distance between loci increases
rapidly with their genomic separation until 1Y2 mb,
at which point the increase becomes less pro-
nounced (Yokota et al. 1995). These observations
have led to the proposal of a model in which
independent mb-sized loops with random internal
organization are arranged on an undefined struc-
ture following a Frandom-walk_ behavior (Sachs et

al. 1995, Yokota et al. 1995). Based on computer
simulations and experimental evidence, a Fmulti-
loop subcompartment_ model was subsequently
proposed in which the mb-sized domains are
internally organized in smaller sub-loops of about
120 kb (Münkel et al. 1999).

Interestingly, the spatial distance between loci with

respect to their genomic separation is less important

in regions of compacted chromatin such as G-bands

than in more open regions such as R-bands (Yokota

et al. 1997), showing that the local chromosomal
landscape of a given locus can modulate its spatial
environment. The presence of genes in particular is
known to influence this environment. While tran-
scription foci can be distributed within the interior
of chromosomal territories (Verschure et al. 1999,
Mahy et al. 2002a), gene-rich regions are often
found near the periphery or outside of their
territories in a gene density and transcription-
dependent manner (Mahy et al. 2002b). Large-scale
chromatin decondensation of gene-containing loci
and their relocalization relative to their chromo-
somal territories have also been linked to tran-
scriptional activity. For example, the HoxB1,
beta-globin and major histocompatibility complex
genes are relocated outside of their respective
chromosomal territories before or during their
expression, which results in important changes to
their spatial environment (Volpiet al.2000,Ragoczy
et al. 2003, Chambeyron & Bickmore 2004).

Nucleotide-level investigation of chromatin spatial

organization has been made possible by the devel-

opment of methods such as RNA trap (Carter et al.

2002) and Chromosome Conformation Capture
(Dekker et al. 2002). However, in these methodol-
ogies the investigator has to hypothesize before-
hand which genomic loci are likely to be in close
spatial proximity to a locus of interest. We have
developed an open-ended method based on the
Chromosome Conformation Capture technology
allowing us to determine without a-priori knowl-
edge which genomic loci form the spatial neigh-
borhood of a given locus. Here, we describe the
use of this methodology to investigate the dynam-
ics of the HoxB1 gene during the induction of its
expression in the context of retinoic acid-induced
differentiation of mouse embryonic stem (ES)
cells. We show that both intra- and inter-chromo-
somal loci are accessible to the HoxB1 locus.
Interactions between HoxB1 and its chromosome
were found to be separated in distinct domains of
differential accessibility to the gene. We also show
that inter-chromosomal loci become more accessi-
ble to HoxB1 upon the induction of its expression,
which is consistent with the extrusion of the gene
from its chromosomal territory.
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Material and methods

Mouse embryonic stem cells culture
and differentiation

Undifferentiated OS25 mouse embryonic stem cells

were graciously provided by W. Bickmore’s labora-

tory. They were maintained in 0.1% gelatin-coated

dishes in Dulbecco modified Eagle medium (DMEM)

supplemented with 10% fetal calf serum (FCS), non-

essential amino acids, 0.3 mg/ml L-glutamine, 0.15

mM A-monothioglycerol (MTG), 1000 U/ml murine

LIF (Chemicon International ESGRO), 100 mg/ml

G418, and were kept in a 5% CO2 atmosphere at 37-C.

The medium of undifferentiated cells was changed

daily. These undifferentiated cells were labeled

FDay 1_. The differentiation protocol was performed

as described previously (Chambeyron & Bickmore

2004). Briefly, 5 � 105 cells were plated in uncoated

tissue culture dishes using the same medium as

before but without LIF and G418 for 1 day (Day 0);

5 � 10j6 M retinoic acid (RA) was then added to

this medium for 4 days (Day 1 to 4). After 2 days of

RA treatment the medium was supplemented with

2.5 mM ganciclovir for 2 days (until Day 4 of the

time course). Subsequently, the medium was only

supplemented with ganciclovir (no RA) for 3 days

(Day 5 to 7). The medium was changed every 2 days

of the differentiation protocol.

RT-PCR analysis

Total RNA was extracted using Trizol (Invitrogen).

Between 500 ng and 5 mg of total RNA was treated

with 1 U of RNase free DNAse I (Invitrogen). cDNA

were generated using 200 U of M-MLV-Reverse

Transcriptase (Invitrogen) and 5 ng/ml of random

hexanucleotides (Invitrogen). Semi-quantitative and

real-time RT-PCR (Figure 1) were then performed

using 1/20 of the cDNA preparation per PCR. Primer

sequences: Oct4: 5¶-ggcgttctctttggaaaggtgttc-3¶ and

5¶-ctcgaaccacatccttctct-3¶; HoxB1: 5¶-ccatatcctccgccg

cag-3¶ and 5¶-cggactggtcagaggcatc-3¶; b-actin: 5¶-

ggtcagaaggactcctatgtgg-3¶ and 5¶-tctcagctgtggtggt

gaag-3¶. Semi-quantitative PCR was performed using

1 U of Taq polymerase per reaction and the following

cycling conditions: 2 min at 94-C; 15 s at 94-C, 30 s at

60-C, 45 s at 72-C for 25 cycles (b-actin) or 35 cycles

(HoxB1 and Oct4); 5 min at 72-C. Real-time PCR was

performed in duplicate, using a Stratagene Mx3000P

machine, the companion software MxPro (Stratagene)

and the Quantitect SYBR green PCR kit (Qiagen).

Cycling conditions were similar to those used for the

semi-quantitative approach, except that the number of

cycles was set at 40 for all amplifications. Standard

curves for each primer pair were generated using

1:10, 1:100 and 1:1000 dilutions of a Day-1 cDNA

preparation.

Chromosome Conformation Capture (3C)

A slight modification of the 3C procedure published

by Tolhuis and collaborators was used, except for the

PCR step (Tolhuis et al. 2002; see below). Briefly,

Figure 1. The inverse-PCR 3C method based on the Chromosome

Conformation Capture (3C) technology developed by Dekker et al.

(2002). Loci that are frequently in close spatial proximity to the

starting locus (in this case HoxB1) are crosslinked and ligated to it

at high frequency, resulting in more frequent inverse-PCR

amplification and cloning. The HindIII restriction site used in the

3C part of the method is located 16 bp upstream of the HoxB1

gene.
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between 5 � 105 and 5 � 106 cells were washed
with phosphate buffered saline (PBS) and treated
with DMEM/10% FBS supplemented with 2%
formaldehyde for 10 min at room temperature.
Formaldehyde was then quenched with 1 M
glycine and the cells were recovered by scraping
with a rubber policeman. Cells were pipetted up
and down to obtain a single-cell suspension. Nuclei
were then extracted in the presence of protease
inhibitors and treated overnight with 600 U of
HindIII restriction enzyme (New England Biolabs).
The digested chromatin was then ligated using T4
DNA ligase (New England Biolabs) in dilute
conditions (2.5 ng/ml). Crosslinks were reversed by
overnight incubation at 65-C with proteinase K.
DNA was then extracted and submitted to PCR.

Inverse-PCR procedure

3C-treated DNA was digested with the MseI restriction

endonuclease (New England Biolabs). Digested DNA

was then phenol:chloroform extracted and ligated in

dilute conditions (2.5 ng/ml) using T4 DNA ligase

(New England Biolabs). Inverse-PCR on the HoxB1

locus was performed using the Expand High

Fidelity PCR system (Roche) and between 50 and

200 ng of MseI and ligase treated 3C templates. A

first PCR was performed using primers 387F (5¶-

ATGGGGGTTCTGGGATAAGTAA-3¶) and 317R

(5 ¶-GGGACAAAAGGATGACTAGGAAGGGA

GAG-3¶); 1/50 of this first PCR was then used in a

second PCR amplification using nested primers 548F

(5¶-TTGGGAGGGGAGTAAAAGTCTT-3¶) and

Table 1. Inverse-PCR 3C performed on the HoxB1 locus

Day of time course DNA templatea PCR name No. of pooled PCRb No. of clonesc

Dj1 B1 A 1 94

Dj1 B1 B 1 86

Dj1 B1 C 1 60

Dj1 B1 D 1 77

Dj1 B1 E 1 77

Dj1 B1 F 1 23

Dj1 B1 1Y9 9 70

Dj1 B1 10Y18 9 66

Dj1 F1 H 1 58

Dj1 F1 N 1 60

Dj1 F1 1Y9 9 72

Dj1 F1 10Y18 9 82

Dj1 F1 19Y27 9 78

D1 F2 I 1 78

D1 F2 J 1 88

D1 F2 1Y10 10 77

D1 F2 11Y20 10 80

D1 F2 21Y30 10 77

D1 F3 1Y7 7 87

D1 F3 8Y14 7 82

D1 F3 15Y21 7 83

D3 E1 1Y10 10 68

D3 E1 11Y20 10 77

D3 E1 21Y28 8 77

D3 E1 29Y36 8 64

D3 E1 37Y44 8 71

D3 E1 45Y52 8 57

D3 G1 1Y9 9 146

D3 G2 1Y9 9 165

aEach DNA template was prepared from an independent retinoic acid time course.
bNumber of independent inverse-PCR pooled before cloning.
cNumber of clones that were successfully sequenced and/or located in genome databases.

480 H. Würtele & P. Chartrand



269R (5¶-CAGGGTGTGAGCCAGGGGTCTAAA

ATC-3¶) to obtain enough PCR products for subse-

quent cloning steps. PCR conditions were as follows:

2 min at 94-C; 15 s at 94-C, 30 s at 60-C, 3 min at

68-C for 10 cycles; 15 s at 94-C, 30 s at 60-C, 3 min

+ 5 s/cycle auto extension at 68-C for 20 cycles;

5 min at 68-C. Table 1 describes the different

inverse-PCR that were cloned and sequenced. In

some instances multiple independent inverse-PCRs

were pooled before cloning to ensure the sequencing

of a broad diversity of products from each cloning

experiment.

PCR products cloning

PCR products were separated by agarose gel electro-

phoresis. DNA was extracted from gel fragments

using the Sephaglas Bandprep kit (Amersham Phar-

macia Biotech) and cloned using the Qiagen A-

addition and PCR cloning kit (Qiagen). Ligation

products were then transformed in DH5alpha electro-

competent bacteria (Invitrogen). Blue/white selection

using X-gal was used to identify clones containing an

insert. Plasmid DNA was extracted using standard

techniques or by performing a PCR designed to

amplify the inserts on positive bacterial colonies.

Sequences analyses

Sequences were analyzed using UCSC Genome

Browser at http://genome.ucsc.edu/ (Mouse genome

assembly of March 2005) and the Ensembl Karyo-

view at http://www.ensembl.org/.

Classical 3C analyses

Eight proximal HindIII genomic fragments were chosen

to perform classical 3C analyses (labeled j143122,

j66631, j30994, j17379, 5631, 12515, 36214 and

53223 in Figure 3). Control DNA templates con-

taining the HoxB1 locus HindIII genomic fragment

ligated to the chosen loci were generated by PCR

using a primer specific for the HoxB1 locus and

another primer specific for the genomic HindIII

fragment of interest. The relative copy number of

each of these control template preparations was then

quantified by Taqman quantitative PCR using

primers and a probe located within their common

HoxB1 region (a five log standard curve was generated

for this primer pair and probe to permit an accurate

comparison of the relative copy number of the

different control templates). These quantified con-

trol templates were serially diluted over four log

and used to generate standard curves by quantitative

PCR using a primer and Taqman probe specific to

the HoxB1 locus and a primer specific to the locus

of interest. To simulate the sequence complexity

found in the 3C templates, 100 ng of mouse

genomic DNA was added to each of these standard

curve reactions. These standard curves allowed us

to correct for differences in amplification efficien-

cies of the different primer pairs and thus to

normalize the signals obtained in the amplifications

performed on the actual 3C templates. The same

primer pairs and probe were used to quantify the

abundance of the ligation products in Day j1 and

Day 3 3C templates by comparing the signal

obtained with the normalized standard curves. To

adjust for differences in 3C efficiencies and quantity

of DNA of each 3C template, the quantitative PCR

data of each template was normalized by comparing

the signal obtained for a given primer pair to the

signal obtained for the 5631 locus. This allowed us

to calculate the 3C signals obtained for each locus

relative to 5631 value in independent 3C templates.

The mean of these relative 3C signals is presented

in Figure 4. Quantifications were performed at least

in duplicate using the Applied Biosystems Inc.

Taqman master mix, a Stratagene Mx3000P real-

time PCR machine with its companion software

MxPro and an Applied Biosystems Inc. 7900HT

machine with the companion SDS 2.2.2 software.

Conditions for the Taqman quantitative PCR were

10 min at 94-C; 15 s at 94-C, 1 min at 60-C for 50

cycles.

3C efficiency control

The beta-actin locus was chosen to perform the 3C

efficiency control (see Figure 7 and text for details).

The frequency of crosslinking of the HindIII geno-

mic fragment containing the beta-actin gene to its

adjacent upstream HindIII fragment was quantified.

First, a 25 cycle PCR was performed on the 3C tem-

plates using primers ActNestA: 5¶-ACTTAGGTG

TACCTGTGTGTGCCT-3¶ and ActAdj: 5¶-AGCA

GTGGTTTCTATTGGCTGTCG-3¶. This first PCR

was performed using the Expand High Fidelity PCR

kit from Roche Diagnostics. PCR conditions were

as follows: 2 min at 94-C; 20 s at 94-C, 30 s at
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60-C, 1 min at 72-C for 25 cycles. SYBR green

quantitative PCR was performed on 1/50 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 which was set at

35 in this case. A standard curve was made for the

SYBR green quantitative PCR using four log serial

dilutions of the 25 cycle PCR products and primers

ActA and ActAdj. To compare the copy number of

the genomic HindIII fragment containing the beta-

actin gene in the different 3C templates (and thus

the quantity of DNA present in each 3C template

preparations), a standard curve was made using serial

dilutions (four log) of mouse genomic DNA and

primers ActA, ActB: 5¶-CCCTCTACACACAC

TCAGAATTCATC-3¶ and Taqman probe ActS: 5¶-

CGGGGAACGGTACCACACTCAGTTT-3¶. Condi-

tions for this Taqman quantitative PCR were 10 min

at 94-C; 15 s at 94-C, 1 min at 60-C for 50 cycles.

This PCR amplifies a fragment located within the

HindIII genomic fragment containing the beta-actin

gene. The same PCR was performed on each of the

3C templates and the signal was compared to the

standard curve to obtain the copy number of this

fragment in each 3C template. This copy number was

used to normalize the signal representing the cross-

linking of the HindIII genomic fragment containing

the beta-actin gene to its adjacent fragment located

immediately upstream in the different 3C template.

Quantifications were performed at least in duplicate

using the Applied Biosystems Inc. Taqman master

mix or the Qiagen Quantitect SYBR green master

mix and a Stratagene Mx3000P real-time PCR

machine with its companion software MxPro.

Results

Experimental design

The purpose of this study was to develop a method

that would allow the characterization of the spatial

genomic neighborhood of a locus of interest in

mammalian cells. To achieve this we modified the

Chromosome Conformation Capture (3C) methodol-

ogy originally described by Dekker and collaborators

(Dekker et al. 2002). In this method cells are treated
with a formaldehyde solution, which results in the
chemical crosslinking of genomic loci that are in

close spatial proximity in the nuclear space.
Crosslinked nuclei are treated with a restriction
enzyme and the digested chromatin is ligated in
dilute conditions, which favors the ligation of
crosslinked molecules over random inter-molecu-
lar ligation. The frequency of ligation of two
DNA fragments is thus proportional to the
frequency at which they are in close spatial
proximity in the nuclei of the cell population
analyzed. Finally, crosslinks are reversed, DNA
is extracted and the ligated products are analyzed
by PCR. In the standard 3C procedure the
abundance of specific ligation products is deter-
mined by quantitative PCR. We sought to
expand this technique by replacing the directed
quantitative PCR with an open-ended inverse-
PCR allowing the amplification of unknown
sequences ligated to the locus of interest. These
inverse-PCR products can then be cloned and
sequenced to determine their genomic localization.
Loci that are frequently in close spatial proximity
to the locus of interest are thus amplified and
cloned more frequently from the inverse-PCR than
loci that are rarely in close spatial proximity to this
locus.

As a proof of principle of this methodology we

characterized the spatial genomic environment of the

HoxB1 gene during the induction of its expression in

the context of retinoic acid-induced differentiation of

OS25 mouse embryonic stem (ES) cells. The OS25

mouse ES cell line was chosen because it was used

previously in the characterization of the large-scale

decondensation and repositioning of the HoxB1 locus

Figure 2. RT-PCR quantification of the expression of HoxB1,

OCT4 and b-actin genes during the retinoic acid-induced

differentiation of mouse OS25 ES cells. Each lane refers to a

different day (D) of the retinoic acid time-course (see Material and

methods).
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relative to its chromosomal territory upon induction

of its expression by retinoic acid (Chambeyron &

Bickmore 2004). The inverse-PCR 3C experiments

were performed as illustrated in Figure 1. A HindIII

restriction site located 16 bp upstream of the HoxB1

gene was used for the 3C part of the experiment

(formaldehyde treatment, HindIII digestion, ligation)

while an MseI site located 1 kb upstream of the

HindIII site was used as the inverse-PCR restriction

site. MseI is a Ffrequent cutter_ possessing a 4 bp

recognition site: the use of this restriction enzyme

should limit the size of the inverse-PCR products and

facilitate their amplification. Figure 1 shows an

agarose gel electrophoresis of a representative inverse-

PCR 3C experiment. As expected, a smear is obtained

from this type of PCR; as many different loci are

crosslinked to the HoxB1 locus and are amplified by

this method, the resulting PCR products are of various

sizes. It can be noted that most products are between

650 bp and 1 kb in length (650 bp is the minimal

possible size for an inverse-PCR product because of

the position of the PCR primers used relative to the

MseI restriction sites). They are thus of similar size

and should be amplified at comparable efficiencies.

These PCR products are then cloned and sequenced,

and their genomic location is determined using

genome databases.

Consistent with previous reports, Figure 2 shows

that HoxB1 expression is strongly induced after 1

day of retinoic acid treatment, remains high at Day 3

and is gradually lost by Day 5. Oct4 gene expression

was used as a control: as has been shown previously

and in contrast to HoxB1, this gene is strongly expressed

in undifferentiated cells and repressed after treatment

with retinoic acid (Chambeyron & Bickmore 2004).

Quantitative real-time PCR analysis confirmed an at

least 60- and 40-fold enrichment in HoxB1 tran-

scripts at Day 1 and 3 respectively of the differen-

tiation protocol as compared to untreated cells (data

not shown). Inverse-PCR 3C was thus performed at

Day j1 (before retinoic acid treatment and HoxB1

gene expression) and Day 1 and 3 (after 1 or 3 days

of retinoic acid treatment respectively and during

HoxB1 gene expression). Table 1 details the various

inverse-PCR performed on each day of the retinoic

acid time course (see Material and methods for

details). For each day between 653 and 904 clones

were recovered and sequenced, and their genomic

location was determined using genome databases

(UCSC Mouse BLAT; http://genome.ucsc.edu).

Proximal loci are recovered at high frequency

by inverse-PCR 3C

Both intra- and inter-chromosomal crosslinking part-

ner loci were cloned from the inverse-PCR 3C

experiments. Proximal intra-chromosomal loci were

first analyzed in more detail. Cloning frequencies

of the HindIII genomic fragments surrounding

the HoxB1 locus are shown in Figures 3 and 4B.

Because of their linear proximity with HoxB1, we

expected that proximal loci would be recovered at

high frequency in our screening. Concordant with

these expectations, almost every locus located within

40 kb in 3¶ and 70 kb in 5¶ of the HoxB1 locus was

recovered at least once (only four out of these 31

proximal HindIII fragments were not recovered). The

data presented in Figures 3 and 4B suggest that,

globally, crosslinking frequencies are higher for loci

located within these proximal genomic regions and

that beyond this interval the crosslinking partners

become more sparsely distributed and are recovered

generally less frequently. As we will document in

more detail below, this suggests that the spatial

environment of the HoxB1 gene can be separated

in distinct genomic regions of accessibility. These

figures also show that the frequency recovery of the

crosslinking partners decreases more slowly with

distance in the 5¶ proximal region of the gene than in

Figure 4. Classical 3C analysis of proximal genomic HindIII fragments. A: Localization of the HoxB cluster genes. B: Cloning frequencies

of individual genomic HindIII fragments surrounding the HoxB1 gene relative to fragment 5631 (highlighted with a star (*)). Only Day j1

and Day 3 data are presented. The distances of the center of each genomic HindIII fragment from the HoxB1 HindIII site used in the inverse-

PCR 3C experiments is displayed. C: Classical 3C analysis of the genomic interval displayed in Figures 3 and 4B. 3C signals are normalized

to the signal representing the crosslinking of HoxB1 to the genomic HindIII fragment located 5631 bp in 3¶ of the gene (highlighted with a

star (*); see Material and methods for details). The mean of these relative signals is presented. Error bars: T standard error of the mean. The

distance of the center of each genomic HindIII fragment from the HoxB1’s HindIII site used in the 3C experiments is displayed. Negative

distances represent loci located in 5¶ of the HoxB1 locus while loci located in 3¶ are represented by positive distances. The HindIII genomic

fragments that were used are labeled j143122, j66631, j30994, j17379, 5631, 12515, 36214 and 53223 in Figure 3.

R
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the 3¶ one. Globally, most of the proximal fragments

also appeared to be recovered at similar relative

frequencies on the different days of the time course,

which suggests that the accessibility of the gene to its

proximal spatial environment is not importantly

modified by the retinoic acid treatment.

From the results presented in Figure 3, it is

apparent that some HindIII fragments were recovered

more frequently than others. For example, the frag-

ments labeled 5631, 12515 and j30994 were cloned

frequently in our screen, while other proximal and

distal fragments were either recovered at low fre-

quency or not at all (for example j57051, j8302 and

11172). While this could reflect real differences in

crosslinking frequencies with HoxB1, the analysis

of individual HindIII fragments is complicated by

the fact that a low cloning frequency could be the

result of an inefficient amplification by the inverse-

PCR procedure. To address this possibility we

determined the size of the inverse-PCR products

resulting from the proximal HindIII fragments

(located within 70 kb in 5¶ and 40 kb in 3¶; data

not shown). This analysis showed that most of the

infrequently recovered fragments were probably

poorly suited for the inverse-PCR: either they did

not possess an MseI site or they would result in larger

inverse-PCR products. This suggests that some

genomic fragments cannot be efficiently recovered

by the inverse-PCR 3C methodology irrespective of

their frequency of crosslinking to HoxB1.

Because of this, we wanted to verify if, globally,

the inverse-PCR 3C results were compatible with

classical 3C analyses. Figure 4C shows the results of

a classical 3C analysis of the crosslinking frequen-

cies of selected HindIII genomic fragments proximal

to the HoxB1 locus. In general there is a good agree-

ment between the two methods as both the density of

recovered crosslinking partners within a genomic

region and their cloning frequency seem to be closely

correlated to the frequencies of crosslinking observed

by classical 3C analysis (compare Figure 4B and C).

By considering each side of the starting locus

independently, it can be seen that the 3C crosslinking

frequencies of the first three 3¶ and first two 5¶

proximal HindIII genomic fragments are similar

among themselves. However, loci that are located

more distally (for example loci j143122 and 53223)

are clearly crosslinked less frequently than the other

loci located on the same side of HoxB1.

Globally, there is also good agreement between

the cloning frequency of individual HindIII geno-

mic fragments by inverse-PCR 3C and their clas-

sical 3C crosslinking frequency. It is noteworthy

that the fragment that was recovered most fre-

quently from the inverse-PCR 3C screening (labeled

5631 in Figure 3) was also the most frequently

crosslinked fragment by classical 3C. Concordant

with inverse-PCR 3C data, the crosslinking frequen-

cies of the investigated HindIII fragments are also

generally similar at Day j1 and 3, except for the

fragment located 17379 bp in 5¶ of HoxB1, which

seems to be crosslinked somewhat less frequently at

Day 3 than at Day j1 by classical 3C. This

fragment was also cloned slightly less frequently

at Day 3 than at Day j1 during the inverse-PCR

3C experiments. While this difference in cloning

frequency is not statistically significant, this sug-

gests that a larger-scale screening could in some

cases identify more subtle differences in cross-

linking frequency.

There can also be some differences at the level of

individual HindIII fragments, which was to be

expected since, as explained above, some fragments

cannot be efficiently recovered by the inverse-PCR

3C method. For example, the fragment 36214 located

in 3¶ of the gene was not cloned as frequently as

the 12515 fragment, but appears to be crosslinked

to HoxB1 at a similar frequency by 3C analysis.

However, a bioinformatic analysis revealed that the

36214 HindIII fragment could be recovered mostly

from one of its ends using inverse-PCR 3C since the

other end would have resulted in a long inverse-PCR

product. It is thus clear that, when considering indi-

vidual genomic fragments, results obtained by inverse-

PCR 3C should be validated by classical 3C analysis.

The nuclear environment of the HoxB1 gene

can be separated in distinct genomic domains

of spatial interactions

Figure 5 shows the cumulative proportion of the

clones of crosslinking partners recovered at various

genomic distances from the HoxB1 HindIII site used

in our experiments. The proportions were obtained

by dividing the number of clones representing cross-

linking partners located within a given distance from

HoxB1, by the total number of clones recovered for
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Figure 5. Cumulative proportion of total crosslinking partners recovered at various distances from the HoxB1 locus. Proportions are obtained

by dividing the number of recovered clones of crosslinking partners located between a given genomic location and the HoxB1 HindIII site

used in the inverse-PCR 3C experiments by the total number of clones recovered for each day of the time course. Negative distances represent

loci located in 5¶ of the HoxB1 locus while loci located in 3¶ are represented by positive distances. Dashed lines delineate particular regions of

the curves (see text). The genomic localization of the genes of the HoxB cluster is also presented.
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each day of the retinoic acid treatment. This curve

thus allows the description of the accumulation of

clones of crosslinking partners over large genomic

regions and takes into account both the density of

crosslinking partners and their frequency of recovery

by inverse-PCR 3C. Based on the fact that the curve

is changing abruptly at specific genomic distances

from HoxB1, and on the data presented in Figures 3

and 4, we separated the curve in distinct regions

displaying different rates of accumulation of clones

of crosslinking partners. The steepness of the curve

in the genomic regions encompassing approximately

70 kb in 5¶ and 40 kb in 3¶ indicates that these regions

possess a high density of crosslinking partners that

are recovered frequently by inverse-PCR 3C. In the

5¶ 70 kb proximal genomic region the curve appears

to be linear, indicating a high density of crosslinking

partners and a rate of accumulation of clones that is

mostly independent of their linear genomic distance

from HoxB1. This suggests that many of the loci that

are located within this region are frequently cross-

linked to HoxB1 and that the crosslinking frequen-

cies are diminishing more slowly with distance from

HoxB1 in this region than in the 3¶ region. Indeed, in

the proximal 40 kb region in 3¶ of the gene, the curve

is clearly logarithmic in nature, which suggests that

the frequency of crosslinking is rapidly decreasing

with distance within this genomic interval.

After these proximal regions the rate of accumu-

lation of clones diminishes, which means that the

density of partners, as well as their frequency of

cloning, is lower than those of the proximal domains.

However, the fact that the curve is still steep

indicates that there is a relatively high density of

crosslinking partners in these regions until another

breakpoint, which is located at approximately 300 kb

in 5¶ and 500 kb in 3¶. This portion of the curve is

also logarithmic: the probability of being crosslinked

to HoxB1 is thus decreasing with genomic distance

until the 5¶ 300 kb and 3¶ 500 kb boundaries. After

these distances the rate of accumulation of clones

drops importantly, and the curve appears to be

roughly linear for the rest of the distance measured.

The probability of being crosslinked to HoxB1 thus

appears to be more stable over great genomic dis-

tances after the 5¶ 300 kb and 3¶ 500 kb boundaries,

which results in a more sparse distribution of the

crosslinking partners and reduced frequencies of

recovery. As we will see in Figure 8, the accessibility

to HoxB1 appears to decrease with genomic separa-

tion even after the 5¶ 300 kb and 3¶ 500 kb bound-

aries; however, the fact that this decrease is very

progressive results in a curve that looks linear in

Figure 5. While the domains described above seem to

exist irrespective of the expression status of the

HoxB1 gene, their relative importance varies in

Figure 6. Distribution of cloned crosslinking partners of the HoxB1 gene in different genomic intervals. Proportions represent the number of

recovered clones of crosslinking partners located within a given genomic interval divided by the total number of clones recovered for a given

day of the time course. Inter: inter-chromosomal partners. 5¶ intra 9 70 kb: intra-chromosomal partners located farther than 70 kb in 5¶ of the

HoxB1 HindIII site used in the inverse-PCR 3C. 5¶ intra G 70 kb: intra-chromosomal partners located within 70 kb in 5¶ of HoxB1_s HindIII

site. 3¶ intra G 40 kb: intra-chromosomal partners located within 40 kb in 3¶ of HoxB1_s HindIII site. 3¶ intra 9 40 kb: intra-chromosomal

partners located farther than 40 kb in 3¶ of HoxB1_s HindIII site. ***: significantly different from Day j1 value (p G 0.0001; Pearson’s chi-

square test). **: significantly different from Day j1 value (p = 0.0097; Pearson’s chi-square test). *: significantly different from Day j1

value (p = 0.015; Pearson’s chi-square test).
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relation to expression; these differences are the focus

of the next section.

The spatial genomic environment of the HoxB1

gene changes during retinoic acid treatment

of mouse ES cells

The analysis presented in Figure 5 suggests that the

distribution of the clones of crosslinking partners

within the different genomic domains of accessibility

to the HoxB1 locus is not equivalent at each day of

the retinoic acid treatment time course. For example,

the crosslinking partners located in the distal domains

located in 5¶ of HoxB1 appear to be recovered

noticeably less frequently at Day 3 than at Day j1 or

Day 1 of the time course. Figure 6 shows the pro-

portion of the recovered clones of crosslinking

partners falling within any of five genomic regions

defined according to the analyses described above.

The proximal 5¶ 70 kb and 3¶ 40 kb regions were

found to contain in total approximately 25Y28% of

the recovered clones at each day of the time course,

thus suggesting that in general the accessibility of

HoxB1 to these proximal domains is not importantly

modified by its expression status. Intriguingly,

however, crosslinking partners located in the 3¶ prox-

imal domain represent a significantly lower propor-

tion of the total recovered clones at Day 1 than at

Day j1 (p = 0.0097, Pearson’s chi-square test),

which seems to be linked to a higher proportion of

partners in the distal 3¶ intra 9 40 kb compartment

(p = 0.015; Pearson’s chi-square test).

As was suggested by the results presented in

Figure 5, there is a significantly smaller proportion

of clones located in the 5¶ and 3¶ distal regions (5¶

Figure 7. Crosslinking efficiency control. See text for details. A: Configuration of the beta-actin locus. The gray arrows marked 1, 2 and 4

represent the PCR primers that were used to amplify the ligation products resulting from the crosslinking of the adjacent HindIII fragments.

The gray arrows marked 2 and 3 represent the primers that were used to normalize the 3C signal according to the quantity of DNA. Not drawn

to scale. B: Results of the experiment described in A. The 3C signal (obtained using primers 1, 2 and 4) was normalized using the genomic

quantity signal (obtained using primers 2 and 3). The name of the 3C templates refers to Table 1. Normalized copy numbers were arbitrarily

defined to allow comparison of the crosslinking signal. Error bars: T standard error of the mean.
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intra 9 70 kb and 3¶ intra 9 40 kb) at Day 3 than at

Day j1 (p G 0.0001 and p = 0.015, respectively;

Pearson’s chi-square test). In fact, these regions

contained in total 44% and 51% of all recovered

clones at Day j1 and Day 1 respectively, whereas

they contained only 27% of the Day 3 clones. It is

noteworthy that this difference is much more signif-

icant for the 5¶ distal genomic regions than for the 3¶

one. Interestingly, concordant differences in the

proportion of inter-chromosomal crosslinking part-

ners are observed between Day 3 and Day j1. Inter-

chromosomal interactions represented a minority of

events (about 25Y30%) at Day j1 and Day 1. In

contrast, they were recovered almost as frequently as

intra-chromosomal ones at Day 3 (45% of total

partners) and thus significantly more frequently than

at Day j1 (p G 0.0001; Pearson’s chi-square test).

These results are in agreement with the extrusion of

the HoxB1 locus outside of its chromosomal territory

after retinoic acid treatment of ES cells (Chambeyron

& Bickmore 2004).

One possible explanation for these observations

would be that the crosslinking efficiency of the 3C

procedure is somehow diminished at Day 3 relative

to Day j1 or Day 1, and that this reduced 3C

efficiency would result in an increased amount of

random ligation events. These random events would

be expected to mainly involve inter-chromosomal

HindIII genomic fragments, and their recovery by

inverse-PCR 3C could lead to an overestimation of

the inter-chromosomal interactions frequency. To

evaluate if there were in fact important differences

in the crosslinking efficiency of the 3C protocol

between the different DNA templates used in the

inverse-PCR 3C procedure, we performed the control

experiment described in Figure 7A. The aim of this

experiment was to compare the crosslinking fre-

quency of two adjacent HindIII genomic fragments

between each of the different DNA templates. The

beta-actin gene locus was chosen for these experi-

ments, since its expression profile is not modified by

the retinoic acid treatment as confirmed by compar-

ison to the expression profile of the housekeeping

gene GAPDH (data not shown). The beta-actin gene

is also on a different chromosome than the HoxB

gene cluster. Thus, the crosslinking frequency of

these two adjacent HindIII fragments should not be

modified during the retinoic acid treatment except if

there is an effect of the differentiation protocol on the

crosslinking efficiency. The quantitative PCR signal

obtained from the ligation of the adjacent crosslinked

HindIII fragments was normalized to a signal reflect-

ing the quantity of DNA in each 3C templates (PCR

primers were chosen within the HindIII fragment

containing the beta-actin gene for this quantification).

The results presented in Figure 7B demonstrate

that, for a given quantity of DNA template, the signal

representing the crosslinking of the adjacent beta-

actin HindIII genomic fragments does not vary

importantly across the different DNA templates, the

largest variation being an approximately 3-fold dif-

ference between templates D3E1 and D1F2. Thus,

there is no correlation between progression along the

retinoic acid differentiation protocol and 3C cross-

linking efficiency. These results suggest that any

variation in crosslinking efficiency does not specif-

ically affect the proportion of inter-chromosomal

crosslinking partners recovered by the inverse-PCR

3C methodology and that the observed differences in

the proportion of inter-chromosomal interactions

between Day j1 and Day 3 are biologically relevant.

Genomic distribution of distal intra- and inter-
chromosomal crosslinking partners

Figure 8 presents the distribution of cloned intra-

chromosomal crosslinking partners along the entire

length of mouse chromosome 11. As could be expected

from the analyses presented above, the band 11qD

within which the HoxB cluster is located is heavily

represented in our screening. As mentioned earlier,

crosslinking partners proportions appear to slowly

diminish with distance from the 11qD band. No

distal intra-chromosomal regions or chromosomal

bands appear to be specifically associated with HoxB1,

irrespective of its expression status. Inter-chromo-

somal crosslinking partners were also distributed

among chromosomes in proportions approximately

concordant with chromosome size (data not shown).

The HoxB1 locus interactions with distal intra- and

inter-chromosomal loci are thus consistent with

randomness.

Discussion

Chromatin movements in the nuclear space are

restricted (reviewed in Gasser 2002). This implies

that some genomic loci are more frequently in close

spatial proximity to a given locus than others. In the
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present study we have used an open-ended 3C

method to investigate the spatial genomic environ-

ment of the HoxB1 gene during the induction of its

expression in the context of retinoic acid-induced

differentiation of mouse ES cells. Our results suggest

that, irrespective of its expression status, interactions

between the HoxB1 locus and intra-chromosomal

loci are distributed in genomic regions displaying

differential accessibility to the gene. We observed

that loci located within an approximately 110 kb

genomic interval distributed around the HoxB1 locus

are highly accessible to the gene. More distal

interactions follow a biphasic distribution in which

the accessibility of HoxB1 to individual genomic loci

decreases with distance within an 800 kb genomic

domain and becomes more or less constant in the

vicinity of its 5¶ 300 kb and 3¶ 500 kb boundaries.

This suggests that, after these distances, a great number

of loci distributed over large genomic intervals are

more or less equally accessible to the HoxB1 locus

in a random fashion.

Results from the inverse-PCR 3C screen that we

performed were generally found to be in good agree-

ment with classical 3C analysis (Figure 4). Compar-

ison of Figure 4B and C shows that, in general,

genomic regions that are infrequently crosslinked to

the HoxB1 locus were not recovered frequently by

inverse-PCR 3C, and vice-versa. Two variables

should be considered when comparing inverse-PCR

3C data with classical 3C: the density of crosslinking

partners over a given genomic interval and their

frequency of recovery. Thus, while there can be some

discrepancies between the two methods on the level

of individual genomic fragments, the results are

remarkably compatible when considered over a

larger genomic interval. This is in fact one interesting

feature of the inverse-PCR 3C methodology: this

method makes it possible to sample the entire

genome to describe the spatial environment of a

given locus and to determine which genomic regions

are more likely to be in close spatial proximity to it.

The frequency of crosslinking of a particular geno-

mic fragment of interest should then be validated

using classical 3C analysis.

The distribution of the clones of intra-chromosomal

crosslinking partners that we obtained using inverse-

PCR 3C is compatible with FISH data showing that

inter-loci spatial distances follow a discontinuous

relationship with regard to their genomic linear

separation and with the mb-sized and multi-loop

subcompartment models of chromatin folding that

were derived from these observations (Sachs et al.

1995, Yokota et al. 1995, Münkel et al. 1999).
Indeed, we observed a 110 kb preferential genomic
domain within a larger 800 kb domain, which
could support the presence of a sub-loop within a
mb-sized domain (Münkel et al. 1999). Interest-
ingly, we recovered a similar proportion of cloned
partners for both the 5¶ and 3¶ sides of the
proximal domain, but over a distance of 70 kb in
5¶ and of only 40 kb in 3¶. This would suggest that
the position of the HoxB1 locus within this
proximal domain is somewhat off-centre. The
same can be said of the more distal 800 kb domain,
since it extends only 300 kb in 5¶ as compared to
500 kb in 3¶. Our approach did not allow us to
ascertain whether or not the chromatin of these
domains is indeed organized as loops, but vari-
ations in local linear chromatin compaction could
also result in some loci being closer and more
accessible to the HoxB1 locus without necessarily
invoking a loop model (Yokota et al. 1997).

The genomic landscape around the domain bound-

aries was examined. Interestingly, two retinoic acid

response elements involved in the regulation of

HoxB1 are located within the 3¶ proximal domain,

in the two HindIII fragments that were the most

frequently cloned from our assay (labeled 1901 and

5631 in Figure 3; Marshall et al. 1996, Huang et al.

2002). There is also another retinoic acid response
element within the HindIII fragment that was used
as Fbait_ in our assay. It is thus possible that the
presence of these regulatory elements could be
involved in the increased accessibility of the 3¶
proximal domain to the starting locus. We also
note that the HoxB6 gene lies within only 3 kb of
the 5¶ proximal domain boundary. It has been
shown that the chicken HoxB gene cluster can be
separated into two distinct groups: HoxB1-5 are
retinoic acid sensitive whereas HoxB6-13 are
regulated by fibroblast growth factor (FGF) (Bel-
Vialar et al. 2002). An exciting possibility would
be that the HoxB gene complex could be separated
into functionally distinct spatial domains, with the
HoxB6 gene being located at their frontier. Using
the MARscan software (Rice et al. 2000), we also
found that there were possible matrix attachment
regions (MAR) near both the proximal and distal
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domain boundaries. However, potential MAR
sequences were also found at other genomic
locations within these domains: the functional
relevance of these MAR sites and the precise mech-
anisms involved in the formation of the accessi-
bility domains are thus unclear at this point.

The analysis presented in Figure 6 shows that the

distribution of the clones of crosslinking partners

within the domains described above is influenced by

the retinoic acid-induced differentiation protocol.

Accessibility of HoxB1 to the proximal domain is

not dramatically affected by its expression status.

Nevertheless, there appears to be a slightly lower

proportion of clones located in the 3¶ proximal

domain at Day 1 than at Day j1 or Day 3, and this

seems to be concordant with an increase in accessi-

bility to the 3¶ distal domain. It is thus possible that

this distal domain becomes transiently more accessi-

ble to the HoxB1 gene shortly after its induction. The

accessibility of HoxB1 to distal genomic regions is

more clearly affected by the retinoic acid treatment.

The proportion of clones representing crosslinking

partners located within the distal intra-chromosomal

regions is significantly lower at Day 3 than at Day

j1 or Day 1, and this diminution is translated into a

higher proportion of inter-chromosomal interactions.

In contrast to the situation observed at Day j1 or 1,

the HoxB1 locus is thus as likely to be in close

spatial proximity to inter-chromosomal loci as to intra-

chromosomal ones at Day 3. These results are consis-

tent with the reported relocalization of the HoxB1

gene outside of its chromosomal territory during

retinoic acid-induced differentiation of ES cells and

during mouse embryonic development (Chambeyron

& Bickmore 2004, Chambeyron et al. 2005). It is of
note that, even in undifferentiated cells, almost a
third of the recovered clones are representing
inter-chromosomal crosslinking partners: this
could be due to the fact that, even when it is
inactive, the HoxB1 gene is usually located close
to the periphery of its chromosomal territory
(Chambeyron & Bickmore 2004).

HoxB1 gene induction precedes the increase in the

accessibility to inter-chromosomal loci in our assay,

since we do not see it at Day 1 even though HoxB1

expression has been induced at that time (Figure 2).

However, the relocalization of the HoxB1 gene

relative to its chromosomal territory was shown by

FISH to be maximal after 4 days of retinoic acid

treatment, and the gene remains outside of its

territory even after repression of its expression

(Chambeyron & Bickmore 2004). It is also of

note that chicken chromosomal territories have been

reported to become more diffuse during cellular

differentiation, leading to the expression-independent

relocalization of many loci to more external positions

of their territories (Stadler et al. 2004). Since 3C
results represent an average of a cell population’s
chromosomal folding, it is possible that only after
3 days of the retinoic acid treatment does the
proportion of cells in which HoxB1 is located
outside of its chromosomal territory become high
enough to be significant in our results.

Distal intra-chromosomal regions appear to be

associated with the HoxB1 locus in a random

manner, irrespective of its expression status. Inter-

chromosomal crosslinking partners are also distrib-

uted across the genome in proportions consistent

with randomness. While some studies have reported

that stable chromosome order and organization can

be shared in a cell population to some extent (Nagele

et al. 1999, Gerlich et al. 2003), other results
suggest that chromosome arrangements in the
nuclear space are not conserved in a cell popula-
tion and are thus mostly random (Cornforth et al.

2002, Walter et al. 2003). Our data are consistent
with these latter observations and suggest that the
HoxB1 locus can interact with a large diversity of
intra- and inter-chromosomal genomic loci in the
cell population studied.

One interesting possibility was that the HoxB1 gene

could have been recruited to Ftranscription factories_
during its activation, as was demonstrated to be the

case for other active genes (Osborne et al. 2004). We
thus verified whether the crosslinking partners
recovered from Day 1 and Day 3 templates were
located in closer proximity to genes than those
recovered from Day j1 templates, and whether
these genes possessed similar functions or were
functioning in related pathways. We also verified
the degree of expression of these genes using avail-
able micro-array data from developing mouse
embryos. The results of these analyses did not sup-
port the idea that an active HoxB1 gene is more
often co-localized with other genes (active or inac-
tive) than when it is inactive, or with genes related
to a specific pathway. However, one limitation of
this analysis is that the available micro-array data
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(which was obtained from developing mouse em-
bryos, and not specifically fromES cells treatedwith
retinoic acid), may not accurately reflect the expres-
sion status of the crosslinking partners of HoxB1.

The results presented here indicate that the open-

ended 3C approach that we developed makes it

possible to analyze the overall spatial organization of

any given locus under various conditions. The cou-

pling of this method with DNA micro-array technol-

ogies could ultimately improve its efficiency and

facilitate the high-throughput analyses of the spatial

organization of genomes.
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