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CD8 Locus Nuclear Dynamics during Thymocyte Development

Eleni Ktistaki,*,1 Anna Garefalaki,*,1 Adam Williams,*,† Simon R. Andrews,‡

Donald M. Bell,* Katie E. Foster,*,2 Charalampos G. Spilianakis,†,3 Richard A. Flavell,†

Nadezda Kosyakova,x Vladmir Trifonov,x Thomas Liehr,x and Dimitris Kioussis*

Nuclear architecture and chromatin reorganization have recently been shown to orchestrate gene expression and act as key players

in developmental pathways. To investigate how regulatory elements in the mouse CD8 gene locus are arranged in space and in

relation to each other, three-dimensional fluorescence in situ hybridization and chromosome conformation capture techniques were

employed to monitor the repositioning of the locus in relation to its subchromosomal territory and to identify long-range inter-

actions between the different elements during development. Our data demonstrate that CD8 gene expression in murine lymphocytes

is accompanied by the relocation of the locus outside its subchromosomal territory. Similar observations in the CD4 locus point to

a rather general phenomenon during T cell development. Furthermore, we show that this relocation of the CD8 gene locus is as-

sociated with a clustering of regulatory elements forming a tight active chromatin hub in CD8-expressing cells. In contrast, in

nonexpressing cells, the gene remains close to the main body of its chromosomal domain and the regulatory elements appear

not to interact with each other. The Journal of Immunology, 2010, 184: 5686–5695.

A
lthough epigenetic studies examining histone modifica-
tions and chromatin remodeling originally gave contra-
dictory and controversial results, recently amore educated

view on how the genome is organized in the nucleus and how genes
respond to environmental signals to initiate and establish a tran-
scriptional program has evolved. A number of histone modifica-
tions can be used as markers of active transcription (3meK4H3,
3meK36H3, AcH3, AcH4) and a number of chromatin-associated
proteins (HP1a, Suv39H) and histone modifications (3meK9H3,
3meK27H3) as hallmarks for silent chromatin. In addition, nuclear
architecture has emerged as a key player in creating the conditions
for gene activation or silencing.
A prevalent model of nuclear architecture proposes that, with

some exceptions, transcribing or permissive euchromatin is located
toward the center of the nucleus, whereas the silent heterochro-
matin lies near the nuclear periphery. Recently, powerful tools, such

as three-dimensional (3D) fluorescence in situ hybridization (FISH)
and chromosome conformation capture (3C), have helped toward
a better understanding of the functional organization of the genome
in lymphocytes and other cell types (1–4) and of how the tran-
scriptional activity could be correlated to a preferential position-
ing of a gene within the nucleoplasm. Thus, it has been shown that
CD4 and CD8 coreceptor genes associate with heterochromatin
when silenced during T cell development (5–7).
As transcription and RNA editing factors and RNA pol II are in

limiting numbers in the nucleus, their accumulation in the nucleo-
plasmic “transcription factories” (TFs) (8) provided a mechanism by
which the cell could coordinate expression. As TFs are outnumbered
by active genes in the cell nucleus, they are thought to be shared by
several genes located on the same or different chromosomes.
In interphase, chromosomes occupy “chromosome territories”

(CTs) that have a nonrandom organization and distribution within
the nucleus (3, 9, 10).Gene density (11–15), guanine-cytosine content
(16–18), size of the CTs, and the presence of regulatory sequences,
such as locus control regions (LCRs) (19–21) and transcriptional
activity (22, 23), all seem to orchestrate the relocation of genes, with
active genes or those poised for transcription preferentially found on
large chromatin loops that extend several microns away from the
CT, increasing their chances for association with TF (24–26).
Nevertheless, a number of studies have now reported the presence of
active TFs inside the CTs (27).
It is still unclear what controls the generation of these loops or their

movements. The interaction of transcription factors (28–30) and reg-
ulatory elements that can act at large genomic distances from their
target genes may direct and stabilize the formation of the loops. The
ability to detect long-range interactions between genomic elements
has been facilitated by the development of 3C (31) and other related
methods (circular chromosome conformation capture and carbon-
copy chromosome conformation capture) (32–35), which are used to
detect the physical associations among LCRs, enhancers, and pro-
moters with single (36–42) or multiple genomic loci (43, 44), both in
cis and in trans chromosomal sites. The 3D clustering of regulatory
elements and genes has been named active chromatin hub (ACH) (41).
The different stages of thymocyte development can be followed

by the expression of the cell-surface coreceptors CD4 and CD8.
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Thus, early cells are negative for CD4 and CD8 double-negative
(DN), subsequently they upregulate both coreceptors to become
CD4+CD8+ double-positive (DP). Further maturation and selection
lead to downregulation of either CD4 or CD8, resulting in CD8 single-
positive (SP) (CD42CD8+) or CD4 SP (CD4+CD82) cells, which
migrate out of the thymus topopulate peripheral lymphoidorgans (45).
A number of studies have elucidated the regulation of expression of

the twocoreceptors (reviewed inRef. 46).ThemurineCD8cell-surface
glycoprotein is expressed predominately as a disulphide-bonded het-
erodimeric molecule composed of an a- and a b-chain (47–49) on
thymus derived T cells, whereas other T cells express mainly CD8aa
homodimers (50). The two chains (CD8a/Lyt-2 and CD8b/Lyt-3) are
encoded by two distantly related but closely linked genes, CD8a and
CD8b, located on chromosome6 in themouse, separated by 36 kb, and
organized in the same transcriptional orientation (51). Four hyper-
sensitive site clusters (CI–CIV) have been identified in the CD8 locus
(52). Studies with transgenic and knockout mice (53–58) revealed
a complex regulatory network involving the developmental stage-,
subset-, and lineage-specific cooperation of cis-regulatory elements in
the CD8 locus for the proper expression of CD8a and CD8b genes
during T cell development.
Togain an insight into how these regulatory elements are arranged

in space and in relation to each other, 3D FISH and 3C techniques
were employed tomonitor the repositioningof the locus in relation to
its CT and to identify long-range interactions between the different
clusters at different developmental stages.

Materials and Methods
Bacs and cosmids

The CD8a cosmid was cosCD8a-1 (52), and the CD4 bac was RP24-
545G7.

Staining and sorting of the cells

For the analysis of thymocytes at different developmental stages, thymic cells
were isolated from4–6-wk-oldC57BL/6 femalemice, and thecellswere stained
with anti-CD4 and anti-CD8 andwere then run on a sorter to a purity of$90%.
For the CD42 CD82 DN population, cells were first depleted of CD4 SP and
then stained with anti-CD4 and anti-CD8 as well as a mix of Abs against
populations that we wanted to exclude, such as CD11c/Mac1 (macrophages),
CD19 (B cells), NK1.1 (NK cells), and Ter119 (erythrocytes). For the studies in
the spleen, splenocytes were isolated from 6-wk-old C57BL/6 female mice and
stained with anti-TCR, CD4, CD8, and B220 (CD45R). The Abs used for the
staining of the cells are listed below. All the Abs were from eBioscience (San
Diego, CA) unless otherwise stated. CD4-APC (Caltag Laboratories, Burlin-
game,CA), CD8a-FITC (SantaCruzBiotechnology, Santa Cruz, CA), CD11b-
PE, CD19-PE, NK1.1-PE, Ter119-PE, TCRb-PE, and CD45R-FITC (Caltag
Laboratories). For the depletion of CD4 SP we used the Histopaque-1119
(Sigma-Aldrich, St. Louis, MO). The different cell populations were sorted on
a Cytomation MoFlo High Speed Cell Sorter (Dako, Carpinteria, CA). For the
3C experiments, thymi and spleens of 153 C57BL/6 6-wk-old female mice
were dissected out and used to make single-cell suspensions. Thymocytes were
stained with CD8a-APC and CD4-PE. Splenocytes were stained with CD45R-
FITC (Caltag Laboratories), CD8a-APC, and CD4-PE.

All experiments were performed in accordance with the guidelines and
regulations of the Home Office U.K. and the Ethics Review Panel of the
Medical Research Council.

Preparation of the slides

Cells, at a concentration of 3 3 106/ml, were let to adhere to polylysine pre-
coated glass slides for 20 min at room temperature (RT) and then incubated
briefly in a hypotonic solution, 0.33 PBS, for exactly 1 min to avoid the
shrinkage in the following step. Theywere then fixed in 4%paraformaldehyde
in 0.33 PBS and permeabilized in 0.05% Triton X-100 in PBS for 10 min at
RT. The slides were then transferred to a 20% glycerol solution in 13 PBS for
overnight incubation prior to three cycles of freezing (liquid nitrogen) and
thawing (RT). Between the cycles, the slides were briefly incubated in the
glycerol solution. Sampleswere deproteinizedwith incubation in0.1NHCl for
8 min following, after extensive washing in 13 PBS, by incubation in a pre-
warmed 0.005% pepsin in 0.01 N HCl solution for 10 min at 37˚C. The slides
were washed again and then post fixed in 1% paraformaldehyde in PBS for

10 min at RT. To minimize background, RNAwas eliminated by incubation in
200 mg/ml RNase for 30 min in 37˚C in a humidified chamber. Finally, the
slides were incubated in 23 SSC/50% formamide (Sigma-Aldrich) for at least
a week before undergoing hybridization.

Generation of the mcb library for chromosome 6

A murine multicolor banding probe set for chromosome 6 was generated as
reported in (59). Originally, eight pcp probeswere generated by glass needle-
based chromosome microdissection (Fig. 1). For the mcb probe set for
chromosome 6 (59), the fragments 2, 3, 4, and 5 were used as one pcp probe
each. Postmicrodissection, the obtained DNAwas amplified by degenerated
oligonucleotide-primed PCR (DOP-PCR) as described in (60). The PCR
cycles were as follows: a low-stringency program with an initial denaturing
step for 10 min at 95˚C, four cycles of 1 min at 94˚C, 1 min and 30 s at 30˚C,
and 2 min and 20 s at 72˚C. These cycles are followed by a ramp at 72˚C
(0.2˚C/s) and then an extension at 72˚C for 3min.A high-stringency program
follows with 34 cycles of 1 min at 94˚C, 1 min at 62˚C, and 2 min at 72˚C
(with an increase by 1 s for every cycle). Finally, samples were incubated for
an extension at 72˚C for 10 min.

Preparation of the probes

The fragment 4 and 7 of chromosome 6 were labeled in a PCR reaction with
a degenerate primer DOP in the presence of DIG-11-dUTP (Roche, Basel,
Switzerland). The fragment 5 of chromosome 6 was labeled by a DOP-PCR
reaction with a degenerate primer and in the presence of biotin-16-dUTP
(Roche). The CD8 cosmid was labeled with nick translation (Nick Trans-
lation kit, Roche) in the presence of ChromaTide Alexa Fluor 488-5-dUTP
(Invitrogen, Carlsbad,CA).After the labeling, all the probeswere purified on
microspin S200 HR columns (GE Healthcare, Piscataway, NJ) and ethanol
precipitated in the presence of mouse cot-1 DNA (Invitrogen) and herring
sperm DNA (Sigma-Aldrich).

Hybridization and detection

The slides were taken out of the formamide solution, drained briefly before
the hybridization mixture containing the appropriate combination of probes
was added, and finally covered with a glass coverslip and sealed with rubber
cement. The rubber cement was left to dry completely before denaturation of
the slides at 75˚C for exactly 4 min. Hybridization was performed for 3 d
in a humidified chamber in a 37˚C water bath. Three washings were done
for 5 min in 23 SSC at 37˚C, followed by three stringent washings of 5 min
in 0.13 SSC at 60˚C. The slides were then incubated in a 4% BSA in SSC-
Tween solution for 10 min at RT. The incubation with the first layer of Abs
was carried out in the same solution for 30 min in a humidified chamber in
a 37˚C water bath, and after extensive washing, the second layer of Abs was
applied in the same way. The Abs used in this study were: streptavidin-
Alexa Fluor 594 conjugate (Invitrogen), sheep anti-DIG (Roche), and
Alexa Fluor 647 donkey anti-sheep IgG (H+L) (Invitrogen), all in a dilution
1:200 in the blocking solution. The final wash was in 23 SSC and then
DAPI stain was added before mounting them in Vectashield H-1000 (Vector
Laboratories, Burlingame, CA) and sealed with a colorless nail polish.

Microscopy and analysis

The slides were examined on an SP2AOBS orMPSP5 confocal microscope.
Images from the confocal were saved as stacks of TIFFs. The pictures were
first edited with the Imaris program (Bitplane Scientific Solutions, Zurich,
Switzerland). The finalmeasurementswere donewith StackMeasure, a plug-
in for ImageJ software (National Institutes of Health, Bethesda, MD).
A threshold-based 3D segmentation algorithm to construct surface-based
feature models was used, and measurements based on either a center of
mass calculation to find the middle or by an exhaustive search through the
surface points to find the closest outer edge distance were made. A detailed
guide for use of StackMeasure can be found on the following Web site:
www.bioinformatics.bbsrc.ac.uk/projects/stackmeasure/.

We excluded from the evaluation all the nuclei that seemed to have been
damaged during the experimental procedure.

Chromosome conformation capture

The 3C assay was performed as adapted for the mammalian system (41)
with some small modifications. Briefly, 1 3 107 cells were cross-linked in
10 ml DMEM (10% FCS) with 1% formaldehyde for 10 min at room
temperature. The cross-linking reaction was quenched by the addition of
glycine to a final concentration of 0.125 M. The cells were washed twice in
10 ml 13 PBS and were resuspended in 5 ml ice-cold lysis buffer (10 mM
Tris [pH 8], 10 mM NaCl, and 0.2% Nonidet P-40) containing protease
inhibitors (Roche, 1697498) and incubated on ice for 10 min. Following

The Journal of Immunology 5687
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centrifugation at 1800 rpm for 5 min at 4˚C, the nuclei pellets were frozen
via liquid nitrogen and either stored at 280˚C for future use or thawed
immediately to proceed with the enzyme digestion. Each sample was re-
suspended in 0.5 ml of the appropriate 1.23 restriction enzyme buffer
(NEB) containing 0.3% SDS and was incubated for 1 h at 37˚C while
shaking. Triton X-100 was added to 1.8%, and the nuclei were further
incubated for 1 h at 37˚C to sequester the SDS. Each sample was digested
overnight with 800 U restriction enzyme at 37˚C while shaking. An ad-
ditional 400 U enzyme were added the next morning to ensure good di-
gestion efficiency, and the sample was incubated at 37˚C for a further 2 h.
The reaction was stopped by adding SDS to 1.35% final concentration and
incubating at 65˚C for 20 min. Cross-links were reversed overnight at 65˚C
for a quarter of each sample and were used for control Southern blots
(Southern, 1975) to check digestion efficiency. They were run on 0.7%
agarose gel and hybridized with the probes 0.5RI and CD8a cDNA shown
in Supplemental Fig. 3. The remaining sample was diluted into 7 ml 13
ligase buffer (NEB, B0202S) containing 1% Triton X-100 and incubated
for 1 h at 37˚C. The cross-linked DNAwas ligated using 20000 U T4 DNA
ligase (NEB) at 16˚C for 4 h followed by 30 min at RT. To reverse the
cross-links, the samples were incubated overnight at 65˚C in 0.2 M NaCl
followed by addition of 300 mg proteinase K for a further 2 h. The fol-
lowing day, the samples were incubated for 30 min at 37˚C with 300 mg
RNase A and then extracted with phenol:chloroform:IAA and ethanol-
precipitated.

The restriction enzymes used for the analysis were BglII and HindIII. The
sizes of the BglII fragments B, C, D, E, F, A, G, and H were 6.5, 14.6, 6, 3.2,
4.8, 5, 6.6, and 8.1 kb, respectively. The sizes of the HindIII fragments
H02, H1, H2,H4, H7, H8,H9, andH11 shown in this studywere 6.9, 8.8, 2.6,
3.3, 4.1, 5.5, 7.1, and 2.1 kb, respectively. The BAC clones used to generate
the control templates were: RP23-139M18 (CHORI) for the CD8 locus and
RP24-335G16 (CHORI) for the hprt locus. TheBACswere digested (without
prior cross-linking) with an excess of restriction enzyme and ligated with T4
DNA ligase at a DNA concentration of 300 ng/ml. The fragments analyzed
were 1.5 kb apart for the BglII digest and 7.4 kb for the HindIII digest. The
equal efficiency of enzyme digestion in different BglII sites (data not shown)
as well as the quality of the digestion in the different cell populations
(Supplemental Fig. 3) was checked by Southern blot analysis. At least three
independent templates were prepared for each cell population and each
experiment was repeated at least three times (see also figure legends).

PCR analysis of the ligation products

All the PCR reactions were performed using SYBR green PCR master mix
(Applied Biosystems, Foster City, CA). PCR cycles were as follows: an initial
denaturing step for 10min at 95˚C; the appropriate number of cycles (typically
38 cycles for the cross-linked, 34 cycles for the control template, and 50 cycles
for the real-time method) of 30 s at 94˚C, 45 s at 60˚C, and 1 min at 72˚C; and
one final step of 10 min at 72˚C. A 7900HT Fast Real-Timemachine (Applied
Biosystems) was used for the quantitation of the PCR products. The CT values
were converted into a fold difference of the amount of each PCR product in
relation to the amount at a given point of the reaction, which arbitrarily was
given the value of 1. The formula used was 1/2CT, assuming the PCR ampli-
fication efficiency to be 2 for all the primer sets. When quantitation was done
from thegel, the PCR reactionswere performedusing aDynadThermalCycler
(Bio-Rad,Hercules, CA), and theproductswere run on2%agarose gelwithout
ethidiumbromide and quantifiedusing a Storm850PhosphoImager and Image
Quant 5.0 software (GE Healthcare, Piscataway, NJ). Each PCR reaction
was done in duplicate or triplicate, and the data presented in this paper are the
average of results for all PCR reactions done. Cross-linking frequencies
were calculated using the equation XCD8 locus = [SCD8 locus/Shprt]cell type/
[SCD8 locus/Shprt]BAC.

PCR primers

Theprimersused for the3Canalysis of theCD8 locuswhendigestedwithBgl
II were: 3C-4, 59-CACAGCAGTGAGGGTGTCAA-39; 3C-6, 59-TCTTTC-
AGGCCGCTAGTCAG-39; 3C-7, 59-ACCTAAGCCAGAACACCTTTG-
39; 3C-8, 59-GACTCACAACCACCCATAATG-39; 3C-9, 59-CCAATTGG-
AAGAGGGCACTAG-39; 3C-12, 59-AACTCACAGCAGCTGTAGTTG-
39; 3C-13, 59-CAGTGGCACGCTGTTTACCA-39; 3C-14, 59-GCAGAG-
CACTTGGGTTCCTA-39; 3C-17, 59-ACCAACTTGGCATGCTAGAGT-
39; 3C-18, 59-GCATATGCCAAACGGGAGTTG-39; and 3C-5b, 59-TAG-
CACCCTGGAGACTAATG-39.

For the hprt locus, the primers used were: 3C-25, 59-CACCATTTCCT-
TGACCAGTG-39 and 3C-29, 59-TAACCTGTGCTGCCTGTGAA-39.

The primers used for the CD8 locus when digested with HindIII were:
H02.2, 59-CTGTAGTTCTGGTTAGCTGG-39; Η1.3, 59-AGTTCTGCTG-
CTGCCAGATG-39; H2.4, 59-AGCCATCTTACTCTCTCAGG-39; H4.2,

59-GGTTACCTGAGATCCTGTCT-39; H7.3, 59-GAGTAGGGAATACTG-
AGACC-39; H8.1, 59-GCAAGAGTGGCTGAAAGAAG-39; H8.4, 59-AG-
GGCACATGGATCCATACA-39; H9.3, 59-CACAGCTTTCTTCCTTAGG-
C-39; H11.2, 59-AGAGTCTAGCTGAGGCTAAG-39.

For the hprt locus, the primers used were: HB1, 59-GGCTTAAGGCAA-
AACCACTG-39 and HB3, 59-ACTGGTCAAGGAAATGGTGC-39.

In the 3D FISH experiments, wemade use of a degenerate primer: 59-CC-
GACTCCAAGNNNNNNATGTGG-39.

Results
Generation of subchromosomal territory probes

To have a more detailed picture of the CD8 gene localization in ref-
erence to its chromosomal backbone, a large fragment of the chro-
mosome that bears the CD8 gene (subchromosomal territory [sCT])
was employed as a probe in 3D FISH studies. For the current study,
chromosome 6 mcb fragments 4 and 5 containing the CD8a gene
locus, both harboring the zoneC3of the chromosome,wereused (Fig.
1A). Chromosome 6 mcb fragment 7 containing the CD4 gene was
also used (Fig. 1A).
To allow the visualization of its position in the nucleoplasm re-

lative to its chromosomal backbone at different developmental
stages, thymocytes from 4–6-wk-old C57BL/6 female mice were
sorted in subpopulations: CD42CD82 DN, CD4+CD8+ DP, CD4+

CD82 (CD4 SP), and CD42CD8+ (CD8 SP) SP thymocytes. mcb
fragment 4 and/or fragment 5 was used as a chromosomal backbone
reference point and a CD8a cosmid as a probe for the CD8a gene;
the nuclear boundaries were identified by staining with DAPI. The
slides were examined on an SP2 AOBS or MPSP5 confocal micro-
scope, and image stacks were first analyzed with the Imaris software
(Bitplane Scientific Solutions). Fig. 1B–E shows a hybridization

FIGURE 1. A, Making the probes for the sCT. The library of the eight

overlapping fragments of themetaphasemouse chromosome 6. CD8a locus is

located in the C3 domain of chromosome 6. For the studies of the CD8 re-

positioning in the nucleus, fragment 4 that harbors domains C1 and C3 or/and

fragment5 that harborsC1 toD1were used (in blue). For the studies of theCD4

relocalization in the nucleus, fragment 7 that harbors the E1 to G1 domains of

chromosome 6wasemployed (in orange).B–E, Imagingof the cells on the SP2

and MPSP5 confocal microscope using a 1003/1.4NA objective (Leica Mi-

crosystems, Bannockburn, IL). B, Fragment 4 of chromosome 6 was labeled

with Alexa 647 (green). In all the images, CD8a was labeled with Alexa

488 (white), and the nucleus was stained with DAPI (blue). C, Fragment 5 of

chromosome 6 was labeled with Alexa 594 (red). D, The two chromosomal

fragments overlap as expected because they both contain the domains C1 and

C3. E, The image stack used in the analysis. The nucleus is in blue, the CD8a

locus inwhite, and the chromosomal overlap (fragments 6.4 and 6.5) in purple.
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signal with mcb fragment 4 of chromosome 6 as green (Fig. 1B) and
mcb fragment 5 as red (Fig. 1C). The CD8a cosmid signal is shown
as white and the nuclear boundaries as blue (DAPI). Fig. 1D shows
the colocalization of the signals from the two chromosomal frag-
ments (in green and red) and allows a colocalization channel to be
defined; Fig. 1E shows the overlap of the signals from the two
chromosomal mcb fragments as a new channel in purple. Chromo-
somal backbone is defined either as the overlap of the signals from
mcb fragments 4 and 5 (in spleen samples) or as the signal generated
from mcb fragment 4 (in thymocytes).

CD8 gene localization in relation to the sCT edge

To assess the position of the CD8 gene relative to its sCT, the
distance between the center of the gene hybridization signal and
the nearest edge of its chromosome backbone was measured as an
absolute value (in micrometers). A value that scores as positive
indicates that the gene is outside the sCT, and a negative value
indicates that the two entities overlap. Fig. 2A suggests that the
CD8a gene is buried within its sCT in the DN thymocyte pop-
ulation as the average distance from the nearest CT edge has
a negative value (20.245 mm). In DP thymocytes, the gene moves
away from the sCT to an average distance of 0.28 mm from the
nearest backbone edge. In CD4 SP thymocytes, the gene retracts
closer to the surface of the sCT to an average distance of 0.106
mm. The distance of the CD8a locus from its CT in the CD8 SP
thymocyte reaches values of 0.383 mm. Such differences in dis-
tance between the center of the gene and the edge of the nearest
territory edge could either reflect a fluctuation in the size of the
sCT itself or an active movement of the CD8a gene away from its
chromosomal backbone.

CD8 gene loops out from its sCT at different developmental
stages in the thymus

To distinguish between the two possibilities mentioned above, the
respective volumes of the sCT mcb hybridization signals and the
distance between the center of the gene signal and the center of the
sCT were measured. mcb hybridization signal values for the sCT
indicated alterations in its volumein thedifferent cell types (Fig.2B).
Interestingly, it seems to increase in nonexpressing cells (average
value 8.729 mm3 in the DN and 8.162 mm3 in the CD4 SP cells) and
contract in expressing cells (average volume of 5.274mm3 in the DP
cells and 6.025 mm3 in the CD8 SP).
To relate the CD8a gene location to an undisputed and immutable

point of reference, the distance from the center of the chromosomal
backbone signal to the center of the gene signal in the different cell
populations was measured. As shown in Fig. 2C, these distances
follow the same trend as those between the center of the gene signal
to the nearest sCT edge. In CD8 nonexpressing cells (DN and CD4
SP thymocytes) the gene seems to be located much closer to its sCT
at an average of 1.118 and 1.039 mm, respectively. In DP and CD8
SP thymocytes, the distance of the gene from the center of its sCT
increases to an average of 1.528 mm and 1.508 mm, respectively. In
summary, these data indicate that the CD8a gene loops out from its
sCT during the T cell development in expressing cell types.

CD8 gene nuclear localization in lymphocytes from peripheral
lymphoid organs

To examine the positioning of theCD8 gene in the nucleus ofmature
lymphocytes in peripheral tissues, B cells and CD4+ and CD8+

lymphocytes from spleens of C57BL/6 female mice 4 to 6 wk old
were sorted to a purity of ∼95%. In this set of experiments, the
chromosomal backbone was represented by the overlap between
mcb fragment 4 andmcb fragment 5, giving a better definition of the
territory that harbors the CD8a gene.

FIGURE 2. The CD8a repositioning in the nucleus of the thymocytes at

different developmental stages. DN, DP, CD4 SP, and CD8 SP thymocytes

were isolated from 4–6-wk-old C57BL/6 female mice. In all the graphs, N

indicates number of events, and AV indicates average. The distances are

measured in micrometers. A Student t test was performed for all the com-

parisons. A, Distances between the center of the CD8a gene and the nearest

edge of its sCT. The negative values indicate that the gene is located inside its

sCT and the positive values that it is outside the sCT boundaries. In the DN

population, the gene is buried inside its sCT,whereas in theDP cells, itmoves

away from it (p = 2.442E-35). The differences CD4SP versus CD8SP are

significant (p = 1.9579E-18).B, Comparison of the volume of the sCT. In the

CD8 nonexpressing cells (DN and CD4 SP), the volume of the chromosomal

backbone is considerably bigger than in the expressing cells (DP and CD8

SP). The differences recorded are statistically significant (p = 6.73142E-23

for the DN-DP and p = 4.99836E-09 for the CD4 SP and CD8 SP). C, The

distances from the center of the CD8a to the center of the fragment 4 of

chromosome 6 were measured. The differences between DN and DP as well

as CD4 SP and CD8 SP are statistically significant (p = 4.50315E-08; p =

2.96742E-14, respectively). pppStatistically significant differences. AV,

average; N, number of events.
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Fig. 3A shows that in B cells, the CD8a gene has an average
distance from the nearest edge of its territory of 20.122 mm,
suggesting that the gene is within the sCT boundaries. In the
CD4+ cells, the CD8a gene is also close to the surface of the sCT
with an average distance of 0.067 mm. In the cells that express
CD8, the gene is clearly located outside the sCT at an average
distance of 0.400 mm. To rule out the possibility that the changes
we observed in the distances between the gene and the edge of
the corresponding territory are due to the fluctuations of the size
of the territories in the different cell populations, the volume of
the territory in different cells was determined. Fig. 3B shows
a plot of the measurements of the volumes of the 4 and 5
chromosome 6 mcb fragments overlap in CD4+ and CD8+ cells.
The values 10.99 mm3 and 11.23 mm3, for the CD4+ and the
CD8+ cells, respectively, are very similar, with no statistically
significant difference between the two populations. The findings
suggest that in the peripheral lymphoid tissues, the volume of the

sCT harboring the CD8 gene remains the same in the different
cell types.
To corroborate the above findings, the mean distance between the

center of CD8a gene to the center of the overlap of the signal from
the two mcb probes was measured in the three populations. Fig.
3C shows that in B lymphocytes, the CD8a gene seems to be very
close to the center of the chromosomal backbone, with an average
distance of 0.875 mm. In the mature CD4+ and CD8+ population,
the differential position of the gene in relation to its sCT reflects
the one observed in the CD4 SP and CD8 SP thymocytes, at 1.151
mm and 1.530 mm, respectively.

CD4 gene localization in different lymphocyte populations

To study how the CD4 gene behaves in the CD4+ and CD8+ cells in
the periphery, a cosmid that contains the CD4 genewas employed as

a probe, and mcb fragment 7 of the chromosome 6 library that

harbors the CD4 genewas used as a probe for its sCT. In Fig. 3D, the

FIGURE 3. The CD8a and CD4 repositioning in the nucleus of the lymphocytes in the spleen. B, CD4+CD82 and CD4-CD8+ lymphocytes were sorted

from the spleen of 4–6-wk-old C57BL/6 female mice. The distances are measured in micrometers. A Student t test was performed for all the comparisons.

A, Comparison of the distances between the center of the CD8a gene and the nearest edge of the overlap of the sCT 6.4 and 6.5. The negative values

indicate that the gene is buried inside the sCT (in B cells) and the positive values that it extends beyond the sCT (CD4+CD82 and CD42CD8+ cells). The

differences between both B-CD4+ and CD4-CD8+ comparison are statistically significant: p = 1.2658E-11; p = 5.6484E-14, respectively. B, Comparison of

the volume of the sCTs in CD4+ and CD8+ populations. The relative sizes of the chromosome loci (the overlap between mcb fragment 4 and fragment 5) in

the CD4+ and CD8+ populations were measured, and no significant differences were observed (0.754935). C, The distances between the center of the CD8

locus to the center of the overlap between the chromosomal fragments 6.4 and 6.5 were measured. All the differences are significant (p = 8.48599E-09 for

the B-CD4 comparison and p = 6.36905E-09 for the CD4-CD8 comparison). D, The relative distance between the center of CD4 gene and the center of the

chromosome fragment 6.7 (shown in Fig. 1C) was measured. This difference is statistically significant (p = 5.93692E-07). pppStatistically significant

differences. AV, average; N, number of events.
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distances between the centers of the CD4 gene and mbc fragment 7

fluorescent signals were measured. Interestingly, the CD4 gene re-

mains closer to the center of the chromosomal backbone in theCD8+

cells (1.021 mm) and extends further away in the CD4 expressing

cells (1.522 mm). Thus, the CD4 gene seems to move away from its

territory in CD4-expressing cells, whereas in CD8+ cells, it is re-

tracted closer to its sCT.
Taken together, our data demonstrate unequivocally that gene

expression in lymphocytes is accompanied by the relocation of the

locus outside its sCT. Our data are in agreement with previous

studies showing that the expression of a gene can be accompanied

by its nuclear repositioning in relation to its sCT, possibly to reach

out to TFs.

3C analysis along the CD8 locus in total thymocytes

To identify possible 3D interactions between regulatory elements in
the CD8 locus that could be temporally related to its repositioning as
described in theprevious sections, the3C technique (31)wasused, as
modified for the mammalian system (41) and in which the cross-
linking frequency of two restriction fragments, as measured by the
amount of a ligation product, is proportional to the frequency with
which these two genomic fragments interact.
Theorganizationof theCD8a andCD8bgene lociandthefragments

used for the 3C analysis are shown in Fig. 4A. Initially, the interactions
of BglII fragments B (CIV-1, 2, 3), C (CIV-4, 5, 6), D (CIII-1, 2), E
(CIII-3), F (CII-1, 2), G (control), andH (CI-1, 2, 3), covering different
regulatory elements of the CD8 locus, with fragment A (promoter of
the CD8a gene), were checked. The murine hprt housekeeping gene
expressed in all the cell types was used as a control.
The 3C template was prepared from total thymocytes, which

consist of 80–90% of cells expressing the CD8a and CD8b genes
(DP and CD8 SP) from C57BL/6 mice. A real-time PCR method
was used, as described in Materials and Methods, and the average
relative cross-linking frequencies are shown in Fig. 4B. Notably,
all the relative cross-linking frequencies were found to be very
similar to each other, with no significant peaks of interactions, and

low, but above the value of 1, which is considered to reflect the
background in these experiments. The only exception was control
fragment G, which does not contain any known regulatory element
related to CD8a expression and whose cross-linking frequency
was found to be below 0.7. The cross-linking frequency between
fragments F-A had the highest value (5.2) as expected, because
these fragments are next to each other in the genomic DNA. In-
teractions between the above fragments and fragment F (CII-1, 2)
were also assessed, but again, no significant difference in cross-
linking frequencies was observed (data not shown).
Hence, we conclude that in CD8-expressing thymocytes, there

are no preferential interactions between any of the previously de-
scribed regulatory elements and the promoter of the CD8a gene
within an 80-kb region of the CD8a and CD8b gene loci. This
finding does not exclude the possibility that all these regulatory
elements are closer together in CD8-expressing cells compared
with nonexpressing cells.

Genes and cis-regulatory elements of the mouse CD8 gene
complex cluster spatially in CD8-expressing cells

To compare the spatial organization of the mouse CD8 locus in
cells in which the CD8a and CD8b genes are expressed (CD8+)
with cells in which they are silenced (CD4+) or have never been
transcribed (B cells), lymphocytes from spleens of wild-type
C57BL/6 mice were sorted, and 3C analysis was performed. It is
important to note that the CD4+ and CD8+ cell populations isolated
from the spleen are not homogeneous, as they also contain cells that
are CD44high. However, the great majority of them (∼90%) are
CD44low (data not shown). Fig. 5A shows the relative cross-linking
frequencies of fragments B (CIV-1, -2, -3), D (CIII-1, -2), and G
(control) with fragment A (CD8a promoter) in the three pop-
ulations, as measured by real-time PCR. To be able to show many
experiments in the same graph, the value of cross-linking frequency
of each fragment pair in CD8-expressing cells was set to 100%, and
the rest of the values were expressed as a percentage of that in each
experiment. This analysis showed a great reduction in the cross-

FIGURE 4. 3Canalysis in themouseCD8 locus

in total thymocytes. A, Schematic presentation of

the mouse CD8 gene locus showing the location of

the CD8a and CD8b genes (filled boxes). Vertical

arrows indicate the individual DNase I hypersen-

sitive sites. Horizontal bars indicate the restriction

fragments used for the 3C analysis and are labeled

A–H for the BglII digest and H02–H11 for the

HindIII digest. B, Relative cross-linking frequen-

cies along the CD8 locus observed in total thymo-

cytes. In all of the graphs, light gray shaded vertical

bars indicate the position and size of the analyzed

fragments, and the dark gray shaded bar represents

the fixed fragment. Four different 3C templates

were prepared, and the relative cross-linking fre-

quency of each fragment pair shown is the average

of at least five independent experiments. The x-axis

shows the relative position in the locus. Error bars

represent SEM. All the cross-linking frequencies

were measured by real-time PCR.
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linking frequencies of fragments B and D with fragment A in CD4+

and B cells compared with CD8+ cells. In contrast, cross-linking of
fragment G, which does not contain any known regulatory element,
to the promoter fragment did not show a statistically significant
cross-linking frequency difference between CD8+ and B cells.

These results were corroborated by data obtained with a semi-
quantitative method (Supplemental Fig. 1). It should be noted that
the actual value of the cross-linking frequency in CD8-expressing
(CD8+ cells) and nonexpressing cells (B cells) for fragments B
versus A dropped from 1.4 in CD8+ cells to 0.5 in B cells and
from 1.6 to 0.8 for D versus A, suggesting an average reduction
of 64% and 50%, respectively, in the cross-linking frequencies in
B cells compared with CD8+ cells. In contrast, there was no dif-
ference between the cross-linking frequencies in either population
of fragment G with A, which were found to be below the value of 1,
indicating low frequency of interaction of this fragment with the
promoter of the CD8a gene (Supplemental Fig. 2).
3C analysis of the locus was also performed using fragment F

(CII-1, -2) as the fixed point. Cross-linking frequencies between
fragmentsB,D,andGwith fragmentFare shown inFig. 5B. Similarly
to our previous observation, there was a great decrease in the cross-
linking frequencies to fragment F in CD4+ and B cells comparedwith
CD8+ cells for CIV-1, -2, -3 (fragment B) andCIII-1, -2 (fragmentD),
indicating a closer proximity in space of these regulatory elements
in CD8-expressing cells compared with cells that have silenced the
locus. The control fragment (G versus F) in this case showed a big
variation between different experiments and cannot be evaluated.
To confirm that fragment G indeed shows no difference between

the three populations tested, it was used as the fixed point and
interactions with fragments B, D, F, and Awere assessed (Fig. 5C).
This analysis showed that for the majority of the fragment pairs,
there was no significant difference between expressing and non-
expressing cells, indicating that the distance in space of fragment G
with the different regulatory elements of the CD8 locus is the same
in CD8+, CD4+, and B cells.
To corroborate the results obtained with the BglII digest, the

experiment was repeated using HindIII restriction enzyme to gen-
erate fragments. TheHindIII digest has the additional advantage that
gives in general smaller fragments compared with BglII, something
that is thought to reduce thebackground in the3Cexperiments.Fig. 6
shows the results obtained with fragments H1 (CIV-1, -2), H2 (CIV-
3), H4 (CIII-1), H7 (CII-1, -2), and H9 (control), using fragment H8
(CD8a promoter) as the fixed point. In addition to fragment H9 (the
equivalent to fragment G in the BglII digest), fragments H02 (59
control) and H11 (39 control) were also used in this analysis. In this
case, the following sorted populations from C57BL/6 wild-type
mice were used: DP cells from thymus, CD8+, CD4+, and B cells
from spleen. The 3C templates were prepared and titrated, and the
PCR products were measured from the gel. In this case, the values
obtained from the DP population for each reaction are set to 100%,
and the rest of thevalues are expressed as a percentage of that in each
experiment. In agreement with the BglII results, we observed
a significant decrease in the cross-linking frequencies of fragments
H1, H2, and H4 with the promoter of the CD8a gene in CD4+ and
B cells comparedwithDP andCD8+ cells. In contrast, all the control
fragments (H02, H9, and H11), which do not carry any known el-
ements involved in the regulation of expression of the CD8a and
CD8b genes, showed the same cross-linking frequencies in all the
cell populations. Fragment H7 also showed equal cross-linking
frequency in the different populations, as expected, because H7 is
located directly next to the fixed fragment H8.
We conclude that the regulatory elements lying within the 40-kb

region that contains CIVand CIII are closer in space with the CD8a
gene promoter in cells in which the locus is transcribed and are
forming an ACH. Regions of the locus located 59 of CIV (H02) and
39 of theCD8a gene (H8) do not participate in thisACH. In cells that
have silenced (CD4+ cells) or have never activated the locus (B
cells), the interactions are much weaker, indicating a more linear,
nonstructured chromatin conformation in these cells.

FIGURE 5. Cis-regulatory elements of themouseCD8 locus, aswell as the

CD8a and CD8b genes, spatially cluster in CD8-expressing cells. The orga-

nization of the mouse CD8 gene locus and the BglII restriction fragments are

shown. Sorted CD8+, CD4+, and B cells from spleens of C57BL/6 mice were

used to prepare 3C templates. Three independent templates were prepared for

each cell population. The experiment was repeated three times for the CD4+

cells and four times for the CD8+ and B cell template. The gray (CD8+ cells),

white (CD4+ cells), and black (B cells) bars shown in the graphs are average

values. The relative position in the CD8 locus of each fragment analyzed is

shown underneath the graphs (point 0 is the fixed fragment every time). Error

bars represent SEM.All cross-linking frequenciesweremeasured by real-time

PCR.Cross-linking frequencies shown are not corrected for PCRamplification

efficiency; therefore, only signals obtained with the same primer set can be

compared.A, Crosslinking frequencies of fragmentsB (CIV-1, 2, 3),D (CIII-1,

2), and G (control) with A (CD8a promoter). B, Cross-linking frequencies of

fragments B, D, and G with F (CII-1, 2). C, Cross-linking frequencies of

fragments B, D, F, and Awith G. ppp, 0.01; pppp, 0.001.
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Discussion
The functional architecture of the interphase nucleus has recently
become a focus of interest. Chromatin modifications and nuclear
spatial organization seem to function in concert to coordinate the
responses of a cell to environmental and intracellular signals that
lead to the establishment of a gene expression program. The posi-
tioning of a gene in relation to its CT has been studied by several
groups in recent years. It is generally accepted that the genome has
distinct R (gene-rich) bands and G (gene-poor) bands and that the
RIDGES (regions of increased gene expression) tend to occupy the
nuclear center. Gene-dense regions located at the periphery of their
CTs are thought to have more chances of associating with a TF as
opposed to genes buried in the interior of their territory. Such an
arrangement does not exclude genes located within the CT from
being transcribed, as TFs have also been found inside the CTs. In
some cases, genes that reside in loops that extend from the chro-
mosome core colocalize with focal increased concentrations of
RNApol II, an observation that suggests that they could loop out to
reach a TF (61). Looping out, however, cannot be considered as
a prerequisite for gene expression (27, 62–65).
In our study, we followed the physical behavior of the CD8a gene

during the developmental program of T cells, from DN thymocytes
to DP and then CD4 SP and CD8 SP in the thymus and eventually to
mature CD4+ and CD8+ cells in the spleen, and compared it to
B cells. The CD8 gene is located on mouse chromosome 6, and its
repositioningwas studied in relation to its subchromosomal territory
defined by mcb fragments 4 and 5.
When the distance between the center of the gene locus and the

nearest edge of the territory was measured, it became apparent that
the CD8a gene was positioned away from its sCT in the thymus,
exclusively in expressing cells, namely the DP and CD8 SP thy-
mocytes. In marked contrast, the gene was found close to its sCT in
the nonexpressing DN and CD4 SP cells. Two possible config-
urations could account for this observation: either the size of the
sCT fluctuates between the different cell types or the gene relocates
away from the sCT by a looping out mechanism. To distinguish
between these two possibilities, the volume of the sCTas well as the

distance between the center of the gene to the center of the sCT
were estimated. Indeed, the volume of the sCT fluctuated within the
thymocyte developmental stages. The molecular basis of these
differences remains unclear at the moment. They may reflect dif-
ferences in the size of the whole nucleus or breathing rearrangement
of the territory around the area that harbors the CD8a locus when
the potential loop is generated. However, this finding does not alter
the conclusions, as the differences in distance between the center
and the gene to the edge of the sCT were corroborated by meas-
urements of the distance between the centers of the two entities.
Similar studies were carried out in cells from peripheral lymphoid
tissues. It is evident from our data that even though these cells have
very similar sizes of chromosome 6 sCT, the CD8a gene is located
differentially from the edge of its sCT in the different cells, prob-
ably by a looping out mechanism. In particular, B cells that have
never expressed the CD8a gene seem to have the locus buried in its
sCT, whereas in the CD4+ population, the CD8 gene is located
at the edge of the sCT and loops further away from the center of the
sCT in the CD8-expressing cells. Similarly, the CD4 gene is re-
located away from its sCT in the expressing cells (CD4+) and stays
closer to its center in the CD8+ population. The observation that two
different gene markers of lymphocyte development (CD4 and CD8
genes) move away from their sCTwhen expressed points to a rather
general phenomenon during T cell development that could be ex-
plained by the need of the specific transcribing genes to loop out to
reach transcription factories present in limited numbers in cell nu-
clei. In support of our data, other studies have come to the con-
clusion that gene loci undergoing active transcription often extend
from their CT by creating loops with a radius of several microns
(25, 26, 66–68). Previously published data indicated that CD4 and
CD8 genes are embedded in the total CT, whether they were ex-
pressed or not (69). The reason our data appear to contrast this
finding probably resides in the fact that in our study, the chromo-
somal backbone representing the sCT is a more narrowly defined
entity, because it is a relatively small part of chromosome 6 that
contains either the CD8a or the CD4 gene, allowing us to have
a more accurate view of the gene repositioning upon differentiation.
Gene repositioning could involve an active and directed move-

ment of the gene toward a TF, possibly involving sliding on the
nuclear matrix, or alternatively its association with a TF could be
a stochastic event. RNA polymerase can provide the driving force,
as it has been shown that it generates a pulling power comparable
or even higher than this produced by mechanoenzymes (70). The
exact mechanism that controls such spatial rearrangements and
gene repositioning within the nucleoplasm has yet to be revealed.
It is still an open question whether it is the gene moving to pre-
existing TFs or whether TFs assemble de novo on activated genes.
A reconciliation of the accumulating contradictory data regarding
the order of events could be that TFs might be generated de novo
by highly active genes with strong regulatory elements (promoters,
enhancers, and LCRs). Upon formation of such TFs, more genes,
possibly less active, could get recruited (71). To this end, it is well
established that regulatory regions, such as LCRs, can contribute to
the relocalization of a gene to the surface of its sCTor even in a loop
that brings it away from its sCT, possibly acting as a nucleation point
for more genes to share a specific TF (21). It would be interesting to
examine the effect on the location of a lymphocyte subset-specific
gene, such as the CD8, when it is associated with a pan-lymphocyte–
specific regulatory element, such as the hCD2 LCR.
The formation of chromatin loops has been shown to involve direct

interactions among distant regulatory elements, such as LCRs, en-
hancers, and promoters (reviewed in Refs. 72 and 73). Direct in vivo
evidence to support the looping model has come from studies in the
b-globin locus (38, 39, 41), which employ the 3C technique (31). The

FIGURE 6. Cis-regulatory elements within CIV and CIII of the mouse

CD8 locus and the CD8a and CD8b genes come close together in CD8-

expressing cells. The organization of the mouse CD8 gene locus and the

HindIII restriction fragments are shown. Sorted DP cells from thymus and

CD8+, CD4+, and B cells from spleens of C57BL/6 mice were used to

prepare 3C templates. Four independent templates were prepared for each

cell population. The experiment was repeated 9 times for the CD8+ and

CD4+ cells and 12 times for the DP and B cell template. The dark gray (DP

cells), light gray (CD8+ cells), white (CD4+ cells), and black (B cells) bars

shown in the graph are average values. Error bars represent SEM. All

cross-linking frequencies were measured from the gel. Cross-linking fre-

quencies shown are not corrected for PCR amplification efficiency;

therefore, only signals obtained with the same primer set can be compared.

ppp , 0.01; pppp , 0.001.
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clustering of regulatory elements and genes has been called the ACH
(41). Subsequently, the existence of long-range interactions has been
shown in other gene loci (36, 37, 40, 42).Differential chromatin looping
has been reported to regulateCD4expression in developing thymocytes
(74). There have been reports that other elements and protein factors,
such as EKLF, CTCF, and GATA-1, are essential to stabilize the long-
range interactions (28–30).Ourdata areconsistentwithan interpretation
that the cis-regulatory elements of the CD8a and CD8b genes spatially
cluster together in CD8-expressing cells, in which the locus is active, to
form an ACH. Such close interaction among the different regulatory
elementsmight provide an explanation for the redundancy of regulatory
functions observed in regulatory element deletion and transgenic mice
(54, 55, 57). It should be noted that this spatial clustering of regulatory
elements in theCD8 locus alsobrings theCD8b gene in close proximity
to theCD8a gene. TheCD8molecule is expressed as aab heterodimer
in all the populations analyzed in this report. Close interaction of the
regulatory elements of the two genes could aid their coordinately reg-
ulated expression in these cell populations.
DNA sequences ∼20 kb downstream of the CD8a gene are not

thought to be involved inCD8gene regulationand fragments before (G
andH9) and after (H11) CI (Fig. 5) were used as control fragments for
the 3C experiments. No difference in the cross-linking frequencies
between the different populationswasobservedusing these fragments.
In addition, the average cross-linking frequency of fragments G-Awas
found to be lower than B-A, C-A, D-A, and E-A, although the linear
distance between fragments G and A is smaller than the distance of
fragmentA fromB,C,D, andE. These findings indicate that the length
of theDNAsequences that takepart in theCD8 locusACHis∼40kb. It
should be noted that the 3C technique uses large populations of cells,
and therefore the data presented in this study represent average values
of a bulk population and cannot provide the dynamics of chromatin
reorganization on a per-cell basis.
A poised conformation of transcription complexes has been pro-

posed for promoters and other regulatory elements before actual
transcription starts. It is speculated that the ACH takes shape first,
creating the appropriate environment to recruit the transcriptional
machinery. In the case of the Th2 locus, the existence of a preformed
configuration has been suggested in which other factors are also re-
quired for the stabilization of the structure (40). The mouse b-globin
LCR also acquires such a conformation, interactingwith otherDNase
I hypersensitive sites in the locus, in erythroid progenitors that do not
yet express the b-globin genes (38, 39). Notably, a difference in the
spatial conformation among nonexpressing brain cells, erythroid
progenitors (poised state), and differentiated erythrocytes (expressing
cells) is clearly shown. Interestingly, our data presented in this paper
show that in B cells that have never activated the CD8 locus, the
interaction frequencies of the CD8 regulatory elements were lower
than in CD4+ cells that have expressed the CD8 molecule at some
point in their development. This suggests that although both these cell
types do not express the CD8a and CD8b genes, the past tran-
scriptional history of the locus is reflected in its present 3D chromatin
conformation. This is supported by the finding that the CD8 gene is
closer or embeddedwithin its sCTwhen comparedwith its location in
CD4+ cells, in which it is found nearer the surface of the sCT.
Taken together, our results suggest that during T cell develop-

ment, the CD8 gene in CD8-expressing cells relocates from an
inner core of its chromosomal domain to a nuclear location where
transcription becomes possible. As this is also true for the CD4
gene, this gene motility appears to be a more general feature of gene
regulation during T cell development. This relocation appears to be
temporally associated with a clustering of regulatory elements
forming a tight ACH. In contrast, in nonexpressing cells, the gene
remains within or close to the main body of its chromosomal
domain, and the regulatory elements of the locus appear not to

interact with each other. These observations confirm the dynamic
state of chromatin during developmental state decisions.
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 Supplementary 1

Supplementary figure 1. Cis-regulatory elements of the mouse CD8 locus, as well as 

the CD8� and CD8� genes, spatially cluster in CD8 expressing cells. A, An example 

of PCR-amplified ligation products on 2% agarose gel without ethidium bromide. 

Two independent CD8 and B cell templates are shown and one CD4 template. Each 

reaction was done in duplicate in this case. The fragments where the PCR primers are 

located are shown on the right. The PCR products of the control locus hprt are also 

shown. B, The organisation of the mouse CD8 gene locus and the Bgl II restriction 

fragments are shown. Sorted CD8+, CD4+ and B cells from spleen of C57Bl/6 mice 

were used to prepare 3C templates. Three independent templates were prepared for 

the CD4+ cells and four templates for the CD8+ and B cell population. The experiment 

was repeated 3 times for the CD4+ cells and 9 times for the CD8+ and B cell template. 

The grey (CD8+ cells), white (CD4+ cells) and black (B cells) bars shown in the 

graphs are average values. Error bars represent s.e.m. (*** P<0.001, ** P<0.01). All 

crosslinking frequencies were measured from the gel. Crosslinking frequencies shown 

are not corrected for PCR amplification efficiency; therefore, only signals obtained 

with the same primer set can be compared. Crosslinking frequencies of fragments B 

(CIV-1,2,3), D (CIII-1,2) and G (control) with A (CD8� promoter) are shown. 

 

Supplementary figure 2. Reduced interactions of cis-regulatory elements in the CD8 

locus and the CD8� gene in B cells compared to CD8 cells. The organisation of the 

mouse CD8 gene locus and the Bgl II restriction fragments labelled B, C, D, E, F, A, 

G and H are shown. The actual crosslinking frequencies measured from 9 independent 

experiments are shown in the graphs. The values in CD8+ and B cells obtained from 

the same experiment are linked. The red dot represents the average value in each case. 

(** P<0.01, * P<0.05). 



 Supplementary 2

Supplementary figure 3. Digestion efficiency of crosslinked chromatin is the same 

in different cell populations. A, The organisation of the mouse CD8 gene locus and 

the Hind III restriction fragments are shown. Red horizontal bars show the probes (0.5 

RI probe and CD8� cDNA probe) used for the hybridisation. B, Southern blot 

hybridisation using the probes 0.5 RI (left) and CD8� cDNA (right). The cell 

population is shown on top. Arrows indicate the parental bands recognised by the 

probe in each case. Asterisks indicate partial digests. Horizontal bars on the left of 

each blot indicate sizes of DNA molecules in kilobases. Crosslinked CD4+, CD8+, DP 

and B cell templates were digested with Hind III. In order to check the efficiency of 

the digestion, 25% of each template (digested, but not ligated) was then used for 

Southern blot hybridisation. The same blot was successively hybridised with the two 

probes and is shown here. The thymus (Th) sample was digested without prior 

crosslinking and represents complete digestion. 


