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Introduction
Regulated gene expression is an essential feature of tissue-
 specifi c differentiation involving transcription factor binding and 
an interplay of chromatin modifi cations. It has been proposed 
that the position of genes within the nucleus may be another 
 important facet of the regulation of differential gene expression, 
where certain areas of the nucleus are repressive and others 
 support or enhance transcription (for reviews see Kosak and 
Groudine, 2004; Misteli, 2004). There are also compelling 
 arguments against any requirement for genes to be at a specifi c 
 location within the nucleus for transcription to proceed. 
 Phosphorylated RNA polymerase II and global nascent RNA can 
be visualized throughout the entire volume of the nucleus, with 
no evidence that the periphery, apart from the nuclear rim, is a 
repressive environment to transcription or that the interior of the 
nucleus is enriched in transcription sites (Iborra, 2002; Sadoni 
and Zink, 2004). The whole nucleoplasm appears to be accessi-
ble to protein complexes (Misteli, 2001; Verschure et al., 2003), 
and even mitotic chromatin has been shown to be accessible to 
transcription factors and chromatin proteins (Chen et al., 2005).

To address whether nuclear organization has a functional 
role, we have chosen to follow the behavior of the coregulated 

Correspondence to Veronica J. Buckle: veronica.buckle@imm.ox.ac.uk
Abbreviations used in this paper: 3D, three dimensional; CFUe, erythroid 
 colony-forming unit; DIG, digoxigenin; ES, embryonic stem; GPA, glycophorin 
A; MGG, May-Grunwald Giemsa; TSA, trichostatin A.

Correspondence to Veronica J. Buckle: veronica.buckle@imm.ox.ac.uk
Abbreviations used in this paper: 3D, three dimensional; CFUe, erythroid 
 colony-forming unit; DIG, digoxigenin; ES, embryonic stem; GPA, glycophorin 
A; MGG, May-Grunwald Giemsa; TSA, trichostatin A.

α- and β-globin genes in primary human erythroblasts during 
terminal erythroid differentiation (Wickramasinghe, 1975). 
Transcription from these genes is regulated in a tissue-specifi c 
manner, so that balanced amounts of protein from both genes 
are produced over the course of several days, as erythroblasts 
undergo differentiation. This balance is achieved despite the 
fact that the α- and β-globin genes lie on separate chromosomes 
and in very different chromatin contexts. The α-globin genes 
are subtelomeric on human chromosome (HSA)16 in a gene-
rich, GC-rich domain of constitutively open chromatin (Vyas 
et al., 1992) that was early replicating in all of the cell types ex-
amined (Smith and Higgs, 1999). In contrast, the β-globin genes 
are located on HSA11, in an AT-rich region of late-replicating, 
tissue-restricted genes, and become early replicating and sensi-
tive to DNase1 digestion only in erythroblasts (Epner et al., 
1988; Higgs et al., 1998; Reik et al., 1998). The β-globin genes 
associate with pericentromeric heterochromatin in cycling 
 lymphocytes, where they are not expressed, but sit apart from 
heterochromatin in proerythroblasts, whereas the α-globin 
genes never associate with heterochromatin, irrespective of cell 
type or transcriptional status (K.E. Brown et al., 2001). Further-
more, the two genes occupy different regions of the nucleus; 
HSA16 is most frequently located in the middle and inner zone 
in lymphoblastoid cells, whereas HSA11 is more commonly 
found at the nuclear periphery (Boyle et al., 2001). The α-globin 
genes are also located outside their chromosome territory in 
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The organization of genes within the nucleus may in-
fl uence transcription. We have analyzed the nuclear 
positioning of the coordinately regulated α- and 

β-globin genes and show that the gene-dense chromatin 
surrounding the human α-globin genes is frequently de-
condensed, independent of transcription. Against this 
background, we show the frequent juxtaposition of active 
α- and β-globin genes and of homologous α-globin 
loci that occurs at nuclear speckles and correlates 
with transcription. However, we did not see increased 

 colocalization of signals, which would be expected with 
direct physical interaction. The same degree of proximity 
does not occur between human β-globin genes or be-
tween murine globin genes, which are more constrained 
to their chromosome territories. Our fi ndings suggest that 
the distribution of globin genes within erythroblast nuclei 
is the result of a self-organizing process, involving tran-
scriptional status, diffusional ability of chromatin, and 
physical interactions with nuclear proteins, rather than a 
directed form of higher-order control.
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lymphoblasts far more frequently than the β-globin genes 
(Mahy et al., 2002). The α- and β-globin genes, therefore, 
represent very different characteristics when silent. If posi-
tional or organizational changes are necessary for the regulated 
and balanced expression of these genes, then they should be ap-
parent during the course of erythroid differentiation, when the 
globin genes become highly expressed.

In this study, we have monitored the changes in position-
ing and expression of the α- and β-globin genes at successive 
stages of terminal erythroid differentiation. We have character-
ized precisely when the globin genes are transcribed during dif-
ferentiation and compared these fi ndings with their positions. 
When actively transcribing, the human α- and β-globin genes 
are frequently located very close together, but not colocalized, 
at splicing factor–enriched nuclear speckles. This proximity of 
globin genes is not observed to the same degree in the mouse.

Results
Sorting enriched populations of human 
erythroblasts at distinct stages 
of differentiation
We wanted to characterize organization within the nuclei of pri-
mary differentiating erythroblasts, which fully recapitulate ter-
minal erythroid differentiation, rather than using long-established 
and karyotypically abnormal cell lines. To obtain reproducible 
populations of erythroblasts, we induced erythroid differentia-
tion in primary mononuclear cells and then sorted erythroblasts 
at different stages of differentiation based on cell surface markers. 
Mononuclear cells from buffy coat were cultured through a 
two-phase liquid culture system (Fibach et al., 1989) that in-
duces circulating erythroid burst-forming unit cells to expand 
and terminally differentiate to erythrocytes. Cells were har-
vested for sorting at 4, 6, 8, and 14 d after the addition of eryth-
ropoietin in the second phase of culture. Cells were sorted for 
CD36 (glycoprotein IV receptor; days 4 and 6 only), CD71 
(transferrin receptor), and glycophorin A (GPA).

The appropriate gates were selected to provide popula-
tions of early erythroid colony-forming unit (CFUe)–enriched 
day 4, proerythroblast day 6, intermediate day 8, and late day 14 
stages of differentiation (Fig. 1 A). The gates chosen were based 
on those described by Socolovsky et al. (2001) for mouse eryth-
roblasts. The morphology of cells within each population 
showed restricted variation and were greatly enriched and 
 distinct compared with unsorted cells (Fig. 1 B). CFUes and 
 proerythroblasts were the only fractions that were diffi cult to dis-
tinguish based on morphology alone. Gated fractions from days 
4 and 6 were plated out for culture of CFUes. This indicated that 

Figure 1. Cell sorting for human primary erythroblasts 
at defi ned stages of differentiation. (A) Flow sorting pro-
fi les of erythroblast cultures at successive days after the 
addition of erythropoietin, as indicated. Cells were sorted 
based on GPA and CD71 staining from the bold black 
rectangular gate in each profi le. (B) Representative MGG-
stained cells from each gated fraction. Bar, 5 μm.

Figure 2. Maximal expression of globin genes occurs in intermediate 
 erythroblasts. Globin gene transcription in nonerythroid cells and sorted suc-
cessive stages of differentiating erythroblasts. Error bars represent one stan-
dard deviation, calculated from two to fi ve hybridizations. Representative 
nuclei show RNA FISH detection of nascent transcripts from the α- and 
β-globin genes.
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the human CFUe day 4 population is as enriched for CFUes 
(86%; unpublished data) as we are able to prepare from mouse 
erythroblasts (>80%; Anguita et al., 2004).

Maximal expression of the globin genes 
occurs in intermediate erythroblasts
To evaluate nuclear organization in relation to transcription in 
these primary human cells, we needed to establish the pattern of 
transcription from the globin genes during the course of erythro-
blast differentiation. We analyzed the percentage of transcribed 
loci for α- and β-globin using RNA FISH in all successive 
fractions of differentiating erythroblasts (n = 187–372), together 
with lymphoblasts (n = 100) and activated T lymphocytes 

(n = 100; Fig. 2).  Transcription from both α- and β-globin 
genes peaked in intermediate erythroblasts, with nascent 
 transcript signals scored for 73% of α-globin loci and 77% of 
β-globin loci. The percentage of signals declined in subsequent 
fractions, to almost nothing in late erythroblasts. For both α- and 
β-globin, there are signifi cant differences in the proportion of 
transcribing loci between intermediate erythroblasts and all other 
cell populations (P < 0.02). We also undertook three- dimensional 
(3D) DNA FISH on cells from the same cultures of erythroblasts. 
We were able to detect 91% of α-globin genes by DNA FISH, 
whereas we only detected nascent transcript at 3% of the possi-
ble sites in late erythroblasts. This suggests that probes and anti-
bodies used in detection are not hindered in  accessing sites 

Figure 3. Human 𝛂-globin genes extend out of the chro-
mosome territory irrespective of transcriptional status. 
(A and B) DNA FISH signals for α- and β-globin genes 
were scored for position in relation to their chromosome 
territory, delineated by whole chromosome FISH paint in 
erythroid and nonerythroid cell types. (A) Three represen-
tative lymphoblast nuclei are depicted with both α-globin 
gene signals sitting at or in the HSA16 territory, one sit-
ting at and one located away from the territory, and 
both located away from their territories, respectively. 
Bar,5 μm. (B) The percentage of α-globin (white bars) and 
β-globin (gray bars) gene FISH signals located away from 
their chromosome territory in different mouse and human 
cell types. Error bars represent one standard deviation, 
calculated from two to fi ve hybridizations. (C) Ideograms 
of HSA16, HSA11, MMU11, and MMU7, showing the 
locations of the α- and β-globin genes. (D) DNA FISH sig-
nals for a pool of 24 cosmids, from a 2-Mb contig within 
16p13.3, which was hybridized to a lymphoblast nu-
cleus. The contig can be seen extending across half the 
diameter of the nucleus. Bar, 5 μm. (E) Positioning of DNA 
FISH signals for four cosmids from 16p13.3, in respect to 
HSA16 territory. Cosmids are respectively centered within 
the linear genome at 3.5 Mb and 874, 292, and 181 kb 
away from the HSA16 short-arm telomere.

Figure 4. Interphase association of 𝛂- and 𝛃-globin genes in 
 primary intermediate erythroblast nuclei. (A) DNA FISH showing as-
sociation of homologous α-globin genes. (right) Replicated genes. 
(B) RNA FISH showing α-globin (red) and β-globin (green) gene tran-
scripts associating. Bar, 5 μm. (C) Proportion of cells where the ho-
mologous α-globin DNA FISH signals are associating in human 
lymphoid and erythroid cell types. Lymphoblasts were untreated or 
treated with TSA. (D) Proportion of cells with RNA FISH signals for all 
four globin gene transcripts, where the homologous α-globin signals, 
homologous β-globin signals, or α- and β-globin signals are associat-
ing, in human proerythroblast and intermediate erythroblast nuclei. 
(E) Proportion of cells with RNA FISH signals as in D, in mouse and 
human intermediate erythroblast nuclei. Error bars represent one 
standard deviation, calculated from two to fourteen hybridizations.
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within very condensed nuclei and, therefore, that our scores for 
the percentage of RNA FISH signals observed are an accurate 
refl ection of the percentage of transcribing sites.

We conclude that the α- and β-globin genes are both tran-
scribed most highly in intermediate erythroblasts, rather than in 
proerythroblasts, where there is the most global transcription 
during erythroid differentiation (unpublished data). We also 
noted that 10% of all β-globin RNA signals sat at the nuclear 
periphery, indicating that the periphery is not a repressive envi-
ronment for the β-globin genes. These data provided us with a 
clear framework to examine any changes in position or associa-
tion of the globin genes in relation to transcriptional status.

The position of the globin genes in relation 
to their chromosome territories does not 
correlate with transcriptional status
The human α- and β-globin gene loci are located in very differ-
ent chromosomal contexts (Higgs et al., 1998), and we already 

know that they exhibit different positions in respect to their 
chromosome territories when silent (Mahy et al., 2002). 
We  examined the location of the human globin genes in relation 
to their chromosome territories in human primary intermediate 
erythroblasts, where the globin genes are maximally expressed, 
and in human lymphoblasts and embryonic stem (ES) cells, 
where the globin genes are transcriptionally silent. We hybrid-
ized probes for the α- and β-globin genes, together with whole 
chromosome paints for HSA16 and HSA11, respectively, and 
scored the proportion of FISH signals sitting away from their 
territory (Fig. 3, A and B). The cells analyzed were fi xed in 
methanol-acetic acid rather than in PFA, as this compares with 
previous studies involving other loci (Volpi et al., 2000; Mahy 
et al., 2002). We found that 52% (n = 500) of human α-globin 
genes sit away from their HSA16 territory in lymphoblasts, 
which concurs with an earlier study (Mahy et al., 2002). 
We found a similar frequency in ES cells (42%; n = 100) and 
also in intermediate erythroblasts where globin genes are active 

Figure 5. Location of 𝛂- and 𝛃-globin genes 
in respect to SC35-enriched nuclear speckles. 
(A) Representative intermediate erythroblast 
nuclei for immuno-FISH detection of α-globin 
genes with SC35 protein. Both α-globin sig-
nals contacting the same speckle (top), the 
α-globin signals contacting different speckles 
(middle), and one replicated α-globin signal at 
a speckle (bottom). (B) Representative inter-
mediate erythroblast nuclei for immuno-FISH 
detection of β-globin genes with SC35 pro-
tein. (top) One β-globin signal contacting a 
small speckle in the outer shell of the nucleus; 
(middle and bottom) the β-globin signals sit-
ting away from any speckles. Bar, 5 μm. 
(C and D) Proportion of α-globin (C) and 
β-globin (D) FISH signals contacting a nuclear 
speckle in different cell types. Error bars repre-
sent one standard deviation, calculated from 
two to three hybridizations. (E) Proportion of 
globin genes transcribing (Fig. 2) plotted 
against their location at nuclear speckles. 
α-globin (circles) and β-globin (squares) FISH 
signals were scored in lymphoblasts (pink), 
lymphocytes (pale pink), CFUes (green), 
 proerythroblasts (blue), intermediate eryth-
roblasts (red), and late erythroblasts (orange). 
(F) Immuno-FISH showing α-globin (red) and 
β-globin (green) genes associating at the same 
nuclear speckle (arrow). Bar, 5 μm.
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(45%; n = 200). The human β-globin genes did not localize 
away from their HSA11 territories with high frequency in any 
of the cell types examined (5 to 13%; n = 100–500). Therefore, 
although the human α- and β-globin genes show signifi cantly 
different positioning in respect to their chromosome territories 
(P < 0.02), we did not fi nd any evidence that this correlates 
with their transcriptional status.

In addition, we know that the chromosomal contexts 
of the human and mouse α-globin genes are very differen 
The human α-globin genes are located very close (162 kb) to 
the HSA16 short-arm telomere, whereas in the mouse, the 
α-globin genes sit close to the HSA11 centromere in a region of 
lower gene density (Fig. 3 C). Therefore, we also looked at the 
location of the murine globin genes in respect to the main body 
of their chromosomes in anemic mouse spleen, where the glo-
bin genes are active in the majority of cells, and in murine ES 
cells and primary activated lymphocytes, where they are silent 
(Fig. 3 B). None of the three cell types, ES cells (n = 350), lym-
phocytes (n = 100), and spleen (n = 150), had a high frequency 
of α-globin sitting away from the murine chromosome 
(MMU)11 territory (8, 7, and 8%, respectively). In addition, the 
mouse β-globin genes did not often localize away from their 
MMU7 territories (4–5%; n = 100–350). As in human nuclei, 
we found no correlation of transcriptional status with the posi-
tions of the murine globin genes, in respect to their chromo-
some territories. We did fi nd that the α-globin genes rarely 
localize away from their chromosome territory in the mouse, as 
opposed to human cells, where they are frequently found out-
side their territory (P < 0.01 for human intermediates, com-
pared with mouse spleen). In contrast, the β-globin genes, 
which are not subtelomeric in human or mouse (Fig. 3 C), rarely 
localized outside their territories in any cell type.

The position of the human α-globin genes very close to 
the HSA16 telomere may mean that they are less frequently 
packaged into the main body of the chromosome. We hybrid-
ized a pool of 24 cosmids from a 2-Mb contig around the 
human α-globin genes and found that this region can extend 
to 3.5 μm, which can be half the diameter of a lymphoblast 
nucleus (Fig. 3 D).We hybridized four selected cosmids from 
the  contig, together with an HSA16 paint, to lymphoblast 
nuclei (Fig. 3 E) and found that probes for sites 874, 292, 
and 181 kb away from the telomere showed progressively 
more frequent positions outside the HSA16 territory (28, 40, 
and 57%, respectively; n = 400 for each). This suggests that 
the human α-globin genes are not on a loop of chromatin 
protruding out of the territory, but rather are on a terminal piece 
of chromatin that frequently extends away from the body of the 
chromosome.

𝛂-Globin genes frequently associate 
with each other and with 𝛃-globin genes 
in transcribing cells
We next examined the positioning of homologous and cotrans-
cribed α- and β-globin genes relative to each other, during ter-
minal erythroid differentiation. All cells were scored for whether 
signals were separate, physically juxtaposed, or actually co-
localized with overlapping fl uorescent signals. Measurements 

between signals scored as juxtaposed did not exceed 1 μm, with a 
mean distance of 0.48 μm and a standard deviation of 0.19 μm. 
Signals separated by >1 μm were not scored as juxtaposed. 
There was an average incidence of 3% colocalization of homol-
ogous α-globin signals and of α- and β-globin signals, whereas 
homologous β-globin FISH signals were hardly ever colocalized. 
A degree of random colocalization can occur between probes in 
interphase nuclei (Dewald et al., 1993), and there were no signifi -
cant differences in the degree of colocalization in different cell 
types or in line with transcription. Therefore, all percentages 
given in this section represent a pool of juxtaposed and colocal-
ized scores. We have described juxtaposed and colocalized 
signals as “associating”—this term does not imply a physical 
interaction, merely a physical proximity.

First, we looked at association between the two homolo-
gous signals of the α- and β-globin genes. In nonexpressing 
lymphoblasts (n = 500) and lymphocytes (n = 100), the associ-
ation between globin homologues in 3D FISH preparations was 
a little higher for α–α associations, at 10% of nuclei scored, 
than for β−β̣ associations, at 3 and 4%, respectively. In erythro-
blasts (n = 200–700), the level of β−β̣ associations remained 
unchanged, but α–α associations increased and peaked in inter-
mediate erythroblasts at 33% (n = 700; Fig. 4, A and C). 
The level of α–α associations in intermediate erythroblasts was 
signifi cantly different (P < 0.005) than those scored in lym-
phoid and other erythroid cell populations. We also treated lym-
phoblasts with trichostatin A (TSA), which inhibits deacetylation 
and induces transcription from the α-globin genes (>10-fold 
increase; Garrick, D., personal communication). There was no 
change in the frequency of α–α associations in treated cells 
(8%; n = 100; Fig. 4 C), suggesting that such association is not 
an essential requirement for transcription to proceed. The in-
creased association cannot be caused by changes in nuclear vol-
ume during differentiation for two reasons. First, intermediate 
erythroblasts have a nuclear volume similar to that of lympho-
blasts (unpublished data) but very different levels of association 
of the α-globin genes. Second, the association levels of the 
β-globin genes do not change signifi cantly in the different cell 
types scored.

We also looked at the association of the cotranscribed 
α- and β-globin genes. We looked specifi cally at RNA FISH 
preparations, where we knew that all signals represented a gene 
in the process of transcription, and we used unsorted cells for 
this analysis, to minimize any potential disruption to nuclear 
 organization. 7 d after the addition of erythropoietin, an ery-
throid culture contains both proerythroblasts and intermediate 
erythroblasts. These two stages of differentiation can be distin-
guished visually on the basis of size and the amount of cyto-
plasmic RNA FISH signal because intermediate erythroblasts 
accumulate globin mRNA in the cytoplasm, which can be de-
tected with probes covering exons of the α- or β-globin genes. 
We scored the percentage of association of homologous loci in 
cells with two clear α- or β-globin transcript signals and the 
percentage of α- and β-globin association in cells with all four 
signals present. The α−α associations rose from 20.5% (n = 400) 
in proerythroblasts to 30% (n = 600) in intermediate eryth roblasts, 
whereas β−β associations hardly changed, at 5% (n = 300) and 



JCB • VOLUME 172 • NUMBER 2 • 2006 182

6% (n = 400), respectively. We found that α- and β-globin 
genes were associating in 21% (n = 100) of proerythroblast 
nuclei, where all four genes were active, increasing to 49% 
(n = 250) in intermediate erythroblasts (Fig. 4, B and D), where 
a few nuclei were also observed with three (two α and one β) 
globin loci associating. The increase in the number of associat-
ing globin loci mirrors the increase in the percentage of tran-
scribing loci.

The fact that the degree of association was greater in inter-
mediate erythroblasts than in proerythroblasts in cells where 
all four globin loci have a nascent transcript signal (Fig. 4 D;
P < 0.0025 for both α−α and α−β associations) implies that 
association is more likely to occur when globin transcription is 
most frequent, as we have demonstrated for the intermediate 
stage of erythroid differentiation.

To confi rm that this association was specifi c to the globin 
genes, we asked whether α-globin would associate with other 
chromosome regions. We chose the subtelomeric probe for 
HSA2 short arm to cohybridize, via DNA FISH, with α-globin 
to lymphoblasts and intermediate erythroblasts because this 
would occupy a more peripheral location in the nucleus, like the 
β-globin genes. We found no difference in association of 
α-globin and the 2p subtelomere in the two cell types (13%; 
n = 100 for each).

We went on to look at the association between globin 
genes in the mouse, given the different chromatin context of the 
murine α-globin genes, and found a very different picture than 
in human cells. By analysis of RNA FISH signals in mouse in-
termediate erythroblasts, we found that the percentage of α−α 
associations was 11% (n = 200) and of β−β associations was 
also 11% (n = 200). Association between α- and β-globin genes 
was equal to 13% of cells with all four globin loci transcribing 
(n = 244). Therefore, the high degree of association we have 
identifi ed between active globin genes in human erythroblasts 
does not occur in the mouse (Fig. 4 E; P < 0.05, comparing 
human and mouse α−α and α−β associations). There were 
signifi cantly more β−β associations scored in mouse than in 
human erythroid cells (P < 0.02).

Globin genes contact nuclear speckles 
when transcribing
After identifying the association between globin gene loci, we 
explored whether this was occurring within any specifi c nuclear 
subcompartment. Proteins recognizing different nuclear bodies 
and globin gene DNA were detected by immuno-FISH to differ-
ent cell types, and the number of gene signals directly contacting 
or sitting away from the nuclear body were recorded (n = 100–300 
cells for each hybridization). We found no indication that the 
globin genes were associating in erythroid cells at PML bodies, 
detected with PML antibody, or at nucleoli, detected with up-
stream binding factor antibody or a nucleolar-organizer region 
DNA probe (unpublished data). We did fi nd that the  globin genes 
had increased contact with SC35-positive nuclear speckles 
(Spector, 1993). The frequency of contact between α-globin 
genes and speckles was 26% in lymphoblasts and 23% in lym-
phocytes. This level of contact may be caused, in part, by the 
transcriptional activity of housekeeping genes in the region 

surrounding the α-globin genes. It was higher in early erythro-
blasts, and peaked in the intermediate erythroblast population at 
87% before falling again in the late erythroblast population  
(Fig. 5, A and C).  There was a signifi cant difference between the 
proportion of α-globin loci contacting nuclear speckles in lym-
phoblasts and in erythroid intermediates (P < 0.02). We estab-
lished that this was not attributable to differences in the size of 
the SC35 compartment by comparing the relative volume occu-
pied by the SC35 signal in lymphoblast and intermediate nuclei 
(lymphoblasts, 0.064 ± 0.009; intermediates, 0.061 ± 0.008). 
Fewer β-globin than α-globin genes contacted SC35-positive 
nuclear speckles in lymphoblasts, but the percentage was greater 
in erythroid cells, peaking at 58% in intermediate erythroblasts 
(Fig. 5, B and D). We found that there was a good correlation 
between the percentage of genes transcribing in each erythroid 
population and the percentage of genes contacting nuclear speck-
les for both α-globin (R2 = 0.89) and β-globin (R2 = 0.95; 
Fig. 5 E). The number of genes located at speckles clearly in-
creased as the amount of transcription from the globin genes in-
creased, although the degree of this contact was more marked for 
the α-globin genes. We looked at the contact of actual transcripts 
with speckles by RNA immuno-FISH, which does not involve 
a denaturing step, so that the 3D architecture of the cell is well 
preserved. We found that 100% (n = 81) of α-globin transcripts 
were located at speckles in intermediate erythroblasts. However, 
this association with large nuclear speckles cannot be essential 
for transcription in general because only 67% (n = 52) 
of β-globin transcripts were located at speckles in the 
same experiments.

We have shown that the globin genes associate with nu-
clear speckles, and with each other, when transcribing. It seemed 
likely that these associations were related, thus, we undertook 
three-color immuno-FISH hybridizations, where we detected 
the α- and β-globin genes together with the SC35 splicing fac-
tor speckles. We were able to demonstrate that the association 
between α-globin genes, and between α- and β-globin genes, 
occurred at nuclear speckles in intermediate erythroblasts 
(100%; n = 43; Fig. 5 F); of these, 82% of associating α-globin 
genes and 78% of associating α- and β-globin genes were con-
tacting the same nuclear speckle. Thus, the human globin genes 
exhibit a remarkable degree of association at the same speckle 
when transcribing.

Discussion
Tissue-specifi c gene expression is infl uenced by the availability 
of transcription factors and the epigenetic modulation of higher 
order chromatin structure. Chromatin at the globin gene loci 
is modifi ed in committed erythroid progenitors, but the genes 
transcribe at high levels several cell cycles later, in intermediate 
erythroblasts. Our aim has been to understand what contribu-
tion the positioning of the globin genes within the nucleus may 
make to their transcriptional regulation during terminal 
erythroid differentiation. By comparing results in human and 
murine cells, we have shown that the positioning of the globin 
genes is not determined simply by their transcriptional status, 
but is also dependent on the underlying chromosomal context.
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Globin genes and chromatin decondensation
Gene-dense arrays of chromatin have been reported to unfold 
out of the chromosome territory more frequently when genes 
within the arrays are being transcribed (Volpi et al., 2000;
Williams et al., 2002; Mahy et al., 2002; Chambeyron and 
Bickmore, 2004a). We have not found this to be the case for ei-
ther of the globin gene clusters because approximately half of 
α-globin genes sit outside the HSA16 territory, irrespective of 
their transcriptional status, whereas the β-globin genes sit most 
frequently within the HSA11 territory, both in cells where they 
are silent and in cells where they are highly expressed. This 
most likely refl ects the chromatin environments where the 
α- and β-globin genes reside. The human α-globin genes are 
located in a very gene-dense region of open chromatin that is 
especially rich in housekeeping genes (Vyas et al., 1992; Daniels 
et al., 2001; Flint et al., 2001), and which might be expected to 
be physically decondensed even in the absence of globin ex-
pression (Gilbert et al., 2004). Indeed, this region has previ-
ously been shown in human lymphoblasts to localize the furthest 
away from a chromosome territory, out of 17 sites on four 
different chromosomes (Mahy et al., 2002). Furthermore, the 
α-globin genes lie <200 kb away from the telomere, and we 
have shown that this region extends in a linear fashion out of the 
chromosome territory. We see a different picture for α-globin in 
the mouse, where the genes are located toward the centromere 
of MMU11. In mouse ES cells, lymphocytes, and spleen, the 
α-globin region most frequently localizes within the territory, 
irrespective of transcriptional status. When we compare the two 
genomes, there are 102 genes in the 2 Mb surrounding the 
human α-globin locus, whereas in the mouse, although there is 
the same gene density in the immediate syntenic region (138 kb), 
beyond that there are only 21 genes in total across a 2-Mb region. 
We infer that the subtelomeric location, together with surround-
ing gene density, is a critical factor in determining the extension 
of the human α-globin genes away from the chromosome terri-
tory. This may not be a feature common to all subtelomeric genes 
because not all subtelomeres locate away from their territories 
in the same way (Mahy et al., 2002), and other subtelomeres do 
not have the same gene density (Daniels et al., 2001).

In contrast to α-globin, the β-globin genes are embedded 
in a region of tissue-restricted genes that has previously been 
shown to localize within the HSA11 territory in lymphoblasts 
(Mahy et al., 2002). We found that human β-globin is most fre-
quently localized within the territory in lymphoid and ES cells 
and that this does not change with transcription in erythroblasts. 
A previous study found that β-globin did loop out of the chro-
mosome before transcription (Ragoczy et al., 2003), although 
this involved the behavior of human and mouse genes in an in-
ducible mouse erytholeukemia background, rather than in hu-
man primary erythroblasts. Certainly, there is evidence that 
individual genes do not always loop out from their territories when 
active (Scheuermann et al., 2004), and can even transcribe from 
within a domain of closed chromatin fi bers (Gilbert et al., 2004). 
When we compare the number of genes in a 2-Mb region around 
both human globin genes, there is little difference in the actual 
gene density (α, 102; β, 77), only in the number of housekeep-
ing genes. Therefore, in agreement with a previous study 

(Mahy et al., 2002), transcriptional activity across a region 
must also feature in the positioning of genes, in respect to 
their territories.

It is remarkable that the α- and β-globin genes behave so 
differently, despite the need for coordinated regulation, and that 
the α-globin genes behave so differently in human and mouse 
cells. Our fi ndings are a specifi c example of a global relationship 
between chromatin fi ber structure and nuclear organization 
(Gilbert et al., 2004) and suggest that extension of a gene away 
from the chromosome territory is dependent on a combination 
of properties of the surrounding chromatin, such as gene density, 
chromatin fi ber structure, transcriptional activity across the re-
gion, and location on the chromosome, rather than a directed re-
quirement to access an environment conducive to transcription.

Interchromosomal association 
of globin genes
The most striking fi nding of this study is that homologous 
α-globin genes, and α- and β-globin genes, frequently associate 
when transcribing. Some colocalization of transcribing α- and 
β-globin genes (7%) has also recently been documented in the 
mouse (Osborne et al., 2004). There are examples where ho-
mologous genes and cotranscribed genes show associations in 
the nucleus. The ribosomal RNA genes come together in nucle-
oli to create specialized functional environments, and a similar 
clustering of transfer RNA genes has been reported in yeast 
(Thompson et al., 2003). Recently, it has been recognized that 
eukaryotic genes that are coexpressed or that have products in-
volved in the same protein complexes or metabolic pathway are 
often clustered in the same region of chromosome. It has been 
suggested that this clustering may facilitate expression by creat-
ing a microenvironment enriched in the appropriate factors or 
promoting association with nuclear structures such as SC35 
 domains (Hurst et al., 2004). Such a model has been extended 
to consider the possibility that homologous genes and other co-
transcribed regions may participate in expression neighborhoods 
(Kosak and Groudine, 2004; Chambeyron and Bickmore, 
2004b). This is precisely the situation we have identifi ed for the 
α- and β-globin genes during erythroid differentiation; however, 
we have also been able to show that association between globin 
genes at nuclear speckles is not obligatory for transcription. Fur-
thermore, the fact that associations between active globin genes 
increase from proerythroblasts to intermediate erythroblasts, as 
transcription becomes more frequent, would suggest that they 
are a consequence of transcription rather than a requirement for 
transcriptional regulation.

The phenomena of trans-homologue enhancer–promoter 
interactions and pairing-sensitive repression have been reported 
in Drosophila melanogaster (Bantignies et al., 2003;  Ronshaugen 
and Levine, 2004). Could the associations we observe mean that 
the globin genes are physically interacting? We did not see a 
high frequency of signals actually overlapping, and the dis-
tances separating associating signals (mean 480 nm) did not 
suggest to us that the genes are sharing transcription factories, 
which are only 50 nm in diameter, as detected by bromouridine 
triphosphate incorporation (Iborra, 2002). Two recent papers 
also report associations between different genes. Osborne et al. 
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(2004) found via FISH that transcribing genes on the same 
chromosome could colocalize in mouse nuclei at foci of RNA 
pol II. However, the distances between these signals are in the 
same range (mean, 
900 nm) as the associations between glo-
bin genes we describe and greater than transcription factories. 
It is possible that both observations result from the same pro-
cesses in the nucleus. Another paper (Spilianakis et al., 2005) 
reports that alternatively expressed cytokine genes on two dif-
ferent chromosomes colocalize before transcription from either 
locus and suggest that this may be a general phenomenon where 
coordinate or alternative regulation is important. We have care-
fully followed transcription from the globin genes at successive 
stages of differentiation, and we have found no evidence for in-
creased association between globin genes before transcription.

The α-globin genes associate with each other much more 
frequently than do the β-globin genes. This is most likely a re-
fl ection of a much greater freedom of movement for the 
α-globin genes—they are frequently extended out of the chro-
mosome territory and must be able to diffuse through a larger 
subvolume of the nucleus than the β-globin genes. Importantly, 
when we looked at the positioning of active globin genes in the 
mouse, we did not fi nd the same levels of association as in hu-
man cells, just as the α-globin genes are more constrained to 
their chromosome territory in the mouse. Therefore, association 
between active globin genes may be a result of transcription, but 
the degree to which this occurs is dependent on the chromatin 
context in which the genes are embedded.

Association of globin genes with the splicing 
factor compartment
There have been several reports of genes associating with 
different nuclear compartments when active and inactive 
(Brown et al., 1997; Jolly et al., 1999; Francastel et al., 2001; 
Kosak et al., 2002; Nielsen et al., 2002; Shopland et al., 2003; 
Moen et al., 2004; Wang et al., 2004; Zink et al., 2004), and this 
has led to the proposition that the position of a gene or gene 
cluster within the nucleus may serve to enhance or suppress 
transcription (Verschure et al., 2003; Misteli, 2004). We have 
examined the nuclear locations of the highly expressed globin 
genes during terminal erythroid differentiation and have identi-
fi ed an association between α- and β-globin genes and aggrega-
tions of splicing factors in nuclear speckles. This association is 
erythroid-specifi c and correlates with changes in gene expres-
sion during erythroid differentiation.

Pre-mRNA splicing factors are distributed diffusely 
throughout the nucleoplasm, but are also enriched by 5–10-fold 
in 20–50 nuclear speckles (Spector, 1993; Lamond and Spector, 
2003). Several papers record the association of active genes and 
gene regions with nuclear speckles (Nielsen et al., 2002; 
 Shopland et al., 2003; Moen et al., 2004), although not all genes 
behave this way. Speckles re-form after each cell division 
 (Prasanth et al., 2003) in what is currently thought to be a 
macro-molecule-driven self-assembly (Hancock, 2004) caused by 
 protein– protein and protein–RNA interactions, where speckles 
may nucleate randomly, or at sites that have already begun tran-
scribing  (Lamond and Spector, 2003). Despite the fact that the 
α- and β-globin genes are both highly expressed in the same 

cells, we fi nd that the α-globin genes contact the speckles more 
frequently than β-globin genes. It is possible that only transient 
contact is required; however, our observations may be a result of 
the relative positions and diffusional ability of the globin genes 
within the nucleus. Speckles nucleate in the interchromatin 
space and occur less frequently around the nuclear periphery. 
Our studies have shown that active β-globin genes are frequently 
found in the peripheral zone of the nucleus and are also more 
constrained to the chromosome territory than the α-globin 
genes. Crucially, for our understanding of this association, we 
show that about one-third of transcribing β-globin genes do not 
contact the speckles. These genes must be using diffuse splicing 
factors for their prespliceosomal complexes. Therefore, the tight 
association between transcribing genes and nuclear speckles, 
which is virtually 100% for the α-globin genes, cannot be gen-
erally obligatory for transcription or RNA processing, despite a 
close correlation with levels of transcription. In support of this 
assumption, it has been shown that the disassembly of the inter-
chromatin granule compartment does not abolish transcription 
itself (Sacco-Bubulya and Spector, 2002).

Speckles are positionally stable within the nucleus, and 
it has been suggested that they act as “road blocks” to diffusing 
genes (Parada and Misteli, 2002). However, this would not 
 explain the frequent association of globin genes at the same 
speckle. The globin genes are expressed very frequently in inter-
mediate erythroblasts, much more so than housekeeping genes 
(Lockhart and Winzeler, 2000; unpublished data). The nucleation 
of large concentrations of splicing factors into speckles at sites of 
transcription may actually pull transcribing genes, particularly 
more mobile genes such as α-globin, into an association. There 
is the possibility that there may be subsets of speckles with dif-
ferent constituents; however, other coregulated genes that have 
been examined do not appear to associate at speckles (Nielsen 
et al., 2002; Shopland et al., 2003). This may refl ect a variety of 
factors: their frequency of transcription, their positioning within 
the nucleus and on the chromosome, and gene density, gene ac-
tivity, and modifi cations of the surrounding chromatin. This does 
not exclude the possibility that association of cotranscribed genes 
at speckles may indeed enhance the levels of ongoing transcrip-
tion by enrichment in the local environment of essential factors 
as they dynamically interact with the chromatin. There may even 
be an increased potential for interchromosomal interactions 
between enhancers and  promoters. Currently, we have little idea 
of how promiscuous transcriptional activation may be.

In summary, the associations we have identifi ed appear to 
be directly related to transcription from the globin genes. Yet, we 
have found no evidence that they are essential for transcription to 
proceed because we show that globin genes can transcribe when 
free of any association with other globin genes or nuclear speck-
les and that these associations are less frequent in the mouse. 
By comparing the behavior of the coregulated α- and β-globin 
genes, we suggest that their frequent associations with each other 
at nuclear speckles are a result of a combination of factors pre-
sent in the nucleus, involving chromatin diffusion, transcriptional 
status, and the formation of new speckles. Current thinking 
suggests that nuclear location and association of genes may be 
playing an important role in the regulation of gene expression. 
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This study highlights the fact that considerable care is required in 
the interpretation of such data, which may be infl uenced by as-
pects of genome structure and chromatin environment that play 
little or no role in the regulation of gene expression.

Materials and methods
Cell culture
Primary human differentiating erythroblasts were obtained using a two-
phase liquid culture system, as previously described (Fibach et al., 1989). 
In brief, mononuclear cells were obtained from peripheral blood buffy coat 
by centrifugation on a gradient of Ficoll-Hypaque and seeded at 2.5 × 
106 cells/ml in α-minimal essential medium with 10% fetal calf serum, 
1 μg/ml cyclosporin A, and 10% conditioned medium from cultures of the 
5637 bladder carcinoma cell line for growth factors. The cells were cul-
tured at 37°C for 6–7 d (phase I), and the nonadherent cells were washed 
and reseeded in fresh medium with 30% fetal calf serum, 1% deionized 
BSA, 1 U/ml of human recombinant erythropoietin, 10–5 M β mercapto-
ethanol, 10–6 mol/l dexamethasone, 0.3 mg/ml holotransferrin, and 
10 ng/ml of human stem cell factor. Cells were cultured (phase II) for a fur-
ther 4 (CFUe), 6 (proerythroblast), 8 (intermediate erythroblast), or 14 d 
(late erythroblast). Progression of the cells through terminal erythroid differ-
entiation was monitored by May-Grunwald Giemsa (MGG)–stained cyto-
spins. Concerns that the sorting process would disrupt organization within 
nuclei were addressed by returning aliquots of sorted cells to culture, where 
their ability to proceed to terminal erythroid differentiation in a normal 
manner was confi rmed. Lymphoblastoid cell lines were established from 
normal individuals and cultured in RPMI with 10% fetal calf serum. Early 
passages were used. TSA (Sigma-Aldrich), when used, was added at 
1 μM for the last 8 h of culture. Human activated T lymphocytes were ob-
tained from whole blood by culture for 3 d in RPMI/10% fetal calf serum 
in the presence of 2% phytohemagglutinin M (GIBCO BRL) and 20 U/ml 
interleukin-2. Mouse-activated B lymphocytes were obtained from a sus-
pension of spleen cells cultured in the same manner as mononuclear cells, 
but with 50 ng/ml lipopolysaccharide as mitogen. ES cells were cultured 
as described (Smith, 1991; Thomson et al., 1998) and harvested by stan-
dard cytogenetic techniques for two-dimensional FISH. ES cells were pro-
vided by A. Smith (mouse; The Institute for Stem Cell Research, The 
University of Edinburgh, Edinburgh, Scotland) and P. Andrews (human; 
University of Sheffi eld, Sheffi eld, England). Suspensions of mouse inter-
mediate erythroblasts were obtained from adult mouse spleen treated with 
1-acetyl-2-phenylhydrazine for 4 and 5 d (Spivak et al., 1973), under 
license from the Oxford University Local Ethical Review Process.

Flow cytometry
Cells were sorted on a fl uorescence-activated cell sorter (MoFlo; DakoCy-
tomation) to purify populations of cells at specifi c stages of differentiation, 
as described previously (Socolovsky et al., 2001), but based on human 
cell surface markers CD36, CD71, and GPA. The antibodies used were 
anti–CD36-PE (BD Biosciences; days 4 and 6), anti–CD71-FITC (DakoCy-
tomation), anti–GPA-APC (BD Biosciences; days 4 and 6), and anti–GPA-
RPE (DakoCytomation; days 8 and 14).

Probes
Probes used for RNA FISH were either pools of hapten-labeled oligonucle-
otides (Eurogentec) designed from within the human and mouse α- or 
β-globin gene introns (sequences provided by P. Fraser, The Babraham In-
stitute, Cambridge, England), nick-translated plasmids covering the human 
α-globin gene pRA.03 (a cloned 1.3-kb PstI fragment), or the human 
β- globin gene pN1β7 (a cloned 1.8-kb XbaI fragment). The globin DNA 
FISH probes used were cosmid HSGG1 (Daniels et al., 2001) or BAC 
RP11-344L6 (AC007604) for human α-globin; cosmid 202 (a gift from B. 
Morley, Imperial College School of Medicine, London, England) or BAC 
pBeloBac11 (Kaufman et al., 1999) for human β-globin; BAC 14567 (In-
cyte) for mouse α-globin; and BAC 357K20 (Research Genetics) for mouse 
β-globin. Additional human FISH probes used were a subtelomeric clone 
for HSA2p (J. Brown et al., 2001), cosmids 439A6, 419C1, and GG1 
from a 2-MB contig of HSA16p13.3 (Daniels et al., 2001), cosmid 330H2 
(a gift from N. Doggett, Los Alamos National Laboratory, Los Alamos, 
NM), BAC clone dJ1174A5 for NOR (courtesy of M. Rocchi [Universita’ di 
Bari, Bari, Italy] and P. Finelli [University of Milan, Milan, Italy]), and whole 
chromosome paints for HSA11 and HSA16 (Cambio-Biosys).

Nick translation labeling of probes
2 μg of BAC, cosmid, or plasmid DNA were labeled, as previously 
 described (Smith and Higgs, 1999).

RNA FISH
RNA FISH was performed essentially as described previously (Gribnau 
et al., 1998), but using 0.02% pepsin. DNP-labeled oligonucleotides 
were detected with rat anti-DNP (MONOSAN), donkey anti–rat Cy3, and 
goat anti–horse Cy3 (Jackson ImmunoResearch Laboratories); digoxigenin 
(DIG)-labeled probes were detected with antibody layers of sheep anti-
DIG FITC (Roche) and rabbit anti–sheep FITC (Vector Laboratories); biotin-
ylated probes were detected with Avidin-Cy3.5 (GE Healthcare). Cells 
were mounted in Vectashield (Vector Laboratories) with 1 μg/ml DAPI 
counterstain. For RNA FISH analysis of sorted cell populations, sorted frac-
tions were put back into culture for 6 h to ensure reestablishment of tran-
scription patterns. In test cultures, this time period proved to be an 
adequate interval for recovery of transcription, but short enough to avoid 
further differentiation.

Two-dimensional DNA FISH
Methanol-acetic acid–fi xed cells were prepared for hybridization with 
100 μg/ml RNase in 2× SSC at 37°C for 30 min, washed in 2×SSC, and 
dehydrated. They were then denatured in 70% formamide/2× SSC solu-
tion at 70°C for 2 min and dehydrated.

Cosmid and BAC probes labeled with DIG were combined with 
Cot-1 DNA and denatured in hybridization mix (50% [vol/vol] formamide, 
10% [wt/vol] dextran sulfate, 1% [vol/vol], Tween 20, and 2× SSC, 
pH 7.0) at 75°C for 5 min, and then preannealed at 37°C for 20 min. 
 Biotinylated whole human chromosome paints (Cambio, Ltd.) were pre-
pared according to the manufacturer. For each slide, 100 ng of cosmid or 
BAC probe in 5 μl was combined with 10 μl denatured chromosome paint 
and applied to the slide. Slides were hybridized overnight at 42°C. After 
hybridization, slides were washed four times in 50% formamide/2× SSC 
at 45°C for 3 min, four times in 2× SSC at 45°C for 3 min, and four times in 
0.1 × SSC at 60°C for 3 min. The slides were blocked in 3% BSA/4× SSC 
at RT for 30 min, after which DIG-labeled and biotinylated probes were 
detected and mounted as in the previous section.

3D DNA FISH
FISH was also performed on cells where the 3D structure was preserved by 
PFA fi xation. Cells were washed and allowed to settle on poly-L-lysine–
treated coverslips for 10 min. The coverslips were fi xed in 4% PFA for 
15 min and permeabilized in 0.2% Triton X-100 in PBS for 12 min, at RT. 
RNA was removed with 100 μg/ml RNase in 2×SSC at 37°C for 1 h, and 
cells were denatured in 3.5 N HCl for 10 min at RT and neutralized in ice-
cold PBS. Probes with Cot-1 DNA were denatured in hybridization mix as 
the previous section at 95°C for 10 min, preannealed at 37°C for 20 min, 
and hybridized to the denatured cells at 42°C for 48 h. Cells were washed 
twice in 2× SSC at 37°C for 30 min, once in 1× SSC at RT for 30 min, 
and blocked in 3% BSA in 4× SSC at RT for 30 min. DIG-labeled probes 
were detected with antibody layers of sheep anti-DIG FITC (Roche), fol-
lowed by rabbit anti-sheep FITC (Vector Laboratories), both at RT for 
30 min. Biotin-labeled probes were detected with antibody layers of avidin 
Cy3.5 (GE Healthcare) and biotinylated anti-avidin (Vector Laboratories). 
Coverslips were washed between layers in SSCT (4× SSC with 0.05% 
Tween 20), rinsed in PBS, and mounted in Vectashield with 1 μg/ml DAPI 
or 200 nM TOPRO3 (Invitrogen) counterstain.

Immunofl uorescence
Cells were washed and allowed to settle on poly-L-lysine–treated coverslips 
for 10 min. Cells were fi xed in 2% PFA for 15 min and permeabilized in 
0.2% Triton X-100 in PBS for 12 min at RT. Nonspecifi c sites were blocked 
using 5% normal goat serum/5% fetal calf serum in PBS at RT for 30 min. 
Antibodies were prepared in blocking solution at the following concentrations: 
rabbit anti-PML (sc-5621; Santa Cruz Biotechnologies, Inc.) 1:100; rabbit 
anti–upstream binding factor (serum 6’2; a gift from M.Valdivia, Universi-
dad de Cádiz, Cádiz, Spain), 1:1,000; mouse anti-SC35 (Sigma-Aldrich) 
1:500. The secondary antibodies used were goat anti–mouse Cy5 
(Jackson ImmunoResearch Laboratories) and horse anti–mouse Texas red 
(Vector Laboratories). Coverslips were mounted in Vectashield with DAPI, 
as in the previous section.

Immuno-FISH
Immunofl uorescence was fi rst performed essentially as described in the 
previous section, with the exception that cells were fi xed in 4% PFA and 
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permeabilized in 1% Triton X-100. After immunofl uorescence, cells were 
postfi xed in 4% PFA for 15 min at RT, followed by RNA removal by RNase 
in 100 μg/ml 2× SSC (Sigma-Aldrich) at 37°C for 1 h. Cells were dena-
tured in 3.5 N HCl at RT for 20 min and neutralized with three brief 
washes in ice-cold PBS. Probes were prepared as described in the 3D 
DNA FISH section. Hybridization was performed overnight at 37°C. 
Washes and detection of DNA probes were performed as described in the 
3D DNA FISH section.

Immuno RNA FISH
Immuno RNA FISH was adapted from Chaumeil et al. (2004). Cells were 
fi xed in 3.7% PFA in PBS at 37°C for 10 min, permeabilized in 0.5% Triton 
X-100 in PBS on ice for 6 min, and blocked in 1% BSA at RT for 15 min. 
Primary and secondary antibodies were prepared in blocking solution, as 
described in the Immunofl uorescence section. After protein detection, the 
slides were postfi xed in 3.7% PFA in PBS at RT for 10 min. Slides were 
washed in PBS, rinsed in 2× SSC, and hybridized with probes, as de-
scribed in RNA FISH. Detection of probes is also as described in the RNA 
FISH section.

Image analysis
MGG-stained cytospins were imaged on a microscope (BX60; Olympus) 
with a Q Imaging camera and OpenLab (Improvision) software. The chro-
mosome territory images were taken on a BX60 microscope with a PSI 
MacProbe v4.3 image analysis package (Applied Imaging) and a Sensys 
charge-coupled device camera (Photometrics). All other fl uorescent prepa-
rations were analyzed with a confocal microscope (Radiance 2000; Bio-
Rad Laboratories) system on a microscope (BX51; Olympus). All images 
were taken through a 100× objective (UplanF1; Olympus), numerical ap-
erture 1.3, using Lasersharp software (Bio-Rad Laboratories). Z stack im-
ages were acquired at 0.2-μm intervals. Contrast-stretch and gamma 
adjustments were made using Photoshop (Adobe) only for display in 
 fi gures. Distance measurements between associating FISH signals used 
 LaserPix software (Bio-Rad Laboratories). Estimations of nuclear volume 
were made by applying the volume formula for an oblate ellipsoid to maxi-
mal radii obtained from confocal Z stacks of nuclei. Volume density of the 
speckles was calculated using stacks of images that cover the entire volume 
of the nuclei. In each plane, we measured the area covered by the speckles 
and the area of the nuclei. The volume density of the speckles was calcu-
lated as the sum of speckle areas divided by the sum of the nuclear areas 
for each nucleus. This was repeated for 10 lymphoblast and 10 intermedi-
ate erythroblast nuclei.
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