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Transcription complex stability and
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Distant regulatory sequences affect transcription through long-range chromatin interactions.
Visualization of transcriptional activity of genes that compete for distant elements, using the
globin locus as a model, has revealed the dynamics of chromatin interactions in vivo. Multiple
genes appear to be transcribed alternately rather than at the same time to generate several
messenger RNAs in one cell. The regulator may stably complex with one gene at a time and
switch back and forth between genes in a flip-flop mechanism.

ManNy genes are dependent for expression on the presence of
distant regulatory elements which may be tens of thousands of
base pairs away. The five human B-globin genes are arranged in
the order of their developmental expression (e-Gy-Ay-6-p)' and
all are dependent on the locus control region (LCR) for high-
level, position-independent expression”*. The LCR is located
over 50 kilobases (kb) upstream of the B-globin gene and consists
of five DNaseI-hypersensitive sites (HS)** 7. The most impor-
tant sites in terms of transcriptional activation are HS 2-4 (refs
8, 9 and J. Ellis et al., manuscript submitted), each having a
core region of 200-300 base pairs (bp)'®'*.

Transcriptional competition between genes'*'® is important in
vivo in determining the pattern of globin gene expression during
development'” *° (N. Dillon et al., manuscript submitted). All
of the genes are in polar competition for the activating function
of the LCR at all stages of development, with proximal genes
having an advantage over distal genes, suggesting that the LCR
interacts directly with the gene(s) by a looping mechanism.

The distal B-globin gene is transcriptionally competent at all
stages of development, but its expression is suppressed in
embryonic erythroid cells by the LCR proximal ¢- and y-globin
genes. Expression of the B-gene occurs only after silencing of
the e- and y-genes, presumably by multiple silencing elements
in the sequences immediately flanking the genes®' *. In contrast
to models proposing that different HS regions of the LCR inter-
act with different genes at the same time™, we have proposed
that the LCR HS elements interact to act together or form a
holocomplex which then interacts with proximal transcription-
ally competent genes via looping (ref. 9 and J. Ellis ez al., submit-
ted). The LCR holocomplex model would explain why the
activity of the HS is additive and why each of the genes requires
all of the HS for full expression. Most important, it would
explain the fact that there is balanced competition between the
genes for LCR function. A key question in validating this model
is whether the LCR is limited to activating only a single gene at
a time or, as others suggest, the LCR splits its function® and
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activates several genes simultaneously®2®. We have addressed
this question by in siru hybridization analysis of the erythroid
tissues derived from a transgenic mouse line carrying a single
copy of the complete human B-globin locus. The results show
that the LCR activates only one gene at a time, indicating that
the LCR-globin-gene interaction is monogenic. Furthermore,
these interactions are not static, but dynamic, with transcription
interactions forming, breaking and reforming in a type of flip-
flop mechanism. Finally, the average stability of the LCR-gene
interactions was estimated to be of the order of 15-80 min.

Globin primary transcripts

Analysis of y- and B-globin steady-state messenger RNA levels
during switching in the early stages of transgenic fetal liver
erythropoiesis (11.5-13.5d) show that both are detectable in
total fetal liver RNA”, with y-gene expression decreasing and
B-globin gene expression increasing. Both y- and B-globin poly-
peptides occur in most cells of the transgenic fetal liver™, indi-
cating that commitment to y- or B-gene expression does not
occur before the onset of globin transcription. The detection
of globin mRNA or polypeptides are not reliable indicators of
concurrent transcriptional activity in developing cells owing to
the long half-lives of such molecules. Alternatively, primary
transcripts are both temporally and spatially associated with
the transcriptional event and have short half-lives due to rapid
splicing into mature mRNA. The half-life of the mouse f-major
globin primary transcript has been calculated to be <5 min in
mouse erythroleukaemia cells®. Detection of primary transcripts
in situ is therefore an accurate indicator of ongoing or very recent
transcription. If transcription complexes last longer than the
half-life of the primary transcript, two types of signals may
occur: single-gene transcription signals or multigene signals.
Whereas the explanation for the single-gene signal is obvious,
the multigene signal could result from either of two events,
namely concurrent transcription from two genes or a recent
switch causing a signal overlap between transcription from one

209

N AOCOLE R omde s P bl L ® o e ™ o s s



ARTICLES

FIG. 1 In situ hybridization of transgenic and non-
transgenic mouse fetal liver cells. a—¢, Hybridiza-
tion of homozygous 12.5-day mouse fetal liver cells
(line 72)*" containing two single human B-globin
loci; a shows the red signal only (Texas red, v), b
the green signal only (FITC, B), and ¢ the overlay
of both after laser confocal microscopy. d, e, same
as ¢, but in d cells have first been treated with
RNase; e shows results from a non-transgenic fetal
liver. f, Quanitification of the different types of
transgenic mouse 12.5-day fetal liver cells. Red
(Texas red) represents the vy signal, green (FITC)
the B signal, and yellow the combination of both.
Scoring was by epifluorescence on a minimum of
400 cells per liver sample and at least two livers.
The frequency of occurrence of each cell type is
shown as a percentage.

METHODS. 12.5-day fetal livers were disrupted
into PBS and the cells fixed onto a poly-L-lysine
coated slide in 4% formaldehyde/5% acetic acid
for 20 min at room temp.®®. Cells were subse-
quently washed 3 times for 10 min in PBS and
stored in 70% ethanol at —20 °C. Slides were pre-
treated for hybridization by a 0.01% pepsin diges-
tion (5 min, 37 °C) in 0.01 M HCI, followed by a
short wash in water and a 5-min fixation in 3.7%
formaldehyde at room temperature, then washed
in PBS, dehydrated in 70, 90 and 100% ethanol
steps and air-dried. The hybridization mixture was
applied (12 pl per 24 x 24 mm coverslip) and incu-
bated at 37 °C in a moisturized chamber for 12 h.
The hybridization mixture contained 0.5 ng ul™* of
each of three or four oligonucleotides (50 nucleotides long) containing
a DNP, a digoxygenin or a biotin side chain in the middle and on the
5" and the 3’ end of the oligonucleotide (Eurogentec, Belgium) in 25%
formamide, 2x SSC, salmon sperm DNA (200 ng ul™%), 5x Denhardts,
1 mM EDTA and 50 mM sodium phospate, pH 7.0. The oligonucleotide
sequences were derived from the first and second introns of the globin
genes and spaced more than 25 nucleotides apart. The coverslip was
removed by dipping in 2x SSC and the cells were washed three times

gene and the decay of the pre-mRNA (processing) from the
other gene.

We have used in situ hybridization with gene-specific intron
probes to localize human globin primary transcripts in nuclei of
individual embryonic and fetal transgenic erythroid cells. The
signals appear in the nucleus as fluorescent foci at the location
of an actively transcribing gene®™*'. The foci do not appear in
RNase-pretreated cells or in non-globin-expressing transgenic
cells or non-transgenic cells (Fig. 14, e), indicating that the pro-
bes specifically detect an intron-containing RNA molecule (the
primary transcript). Probe penetration is almost complete as
>97% of the active mouse a-globin genes can be detected (not
shown). Heterozygous cells show single foci, whereas homo-
zygous cells show two foci, demonstrating detection of each
locus (not shown). To determine whether the LCR can activate
the y- and B-globin genes simultaneously, we performed in situ
hybridizations with gene-specific intron probes for y- and B-
globin primary transcripts in homozygous day-12 transgenic
mouse fetal liver cells (Fig. 1a— c¢). The cell on the right contains
primary transcript signals for both y- (red) and B-globin (green)
from each chromosome, suggesting that the LCR can activate
both genes simultaneously from a single chromosome, as would
be expected for co-transcription. Alternatively, the double signal
could be due to an overlap between transcription of one gene
and the decay of the pre-mRNA signal from the other gene, as
would be expected for single-gene transcription. However, only
the latter explanation would also fit the type of cell on the left,
which is transcribing only y-globin from one chromosome and
only B-globin from the other. This suggests that the LCR activa-
tion mechanism is mono-gene-specific. Considering that these
nuclei contain the transacting factors required for both y- and
B-globin transcription, co-transcription would be unlikely if the
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in 2x SSC at 37 °C, foliowed by a 5-min wash in 0.1 M Tris, 0.15 M
NaCl, 0.05% Tween 20. Antibody detection of the labels was essentially
as described by Dirks et al.3°, with three or four amplification steps.
Mounting was in DAPI/DABCO:Vectashield (1:1) in glycerol (90%)
and stored at 4°C in the dark. Fluorescence was detected by
epifluorescence/CCD or laser confocal microscopy. RNase treatment
was in 0.1 M Tris, 0.15 M NaCl, 10 ug mI~* RNase A for 5 min at room
temperature.

v and B-only cell (left) were to occur frequently, given the high
probe penetration (>97%). We therefore quantified the different
cell types.

A dynamic mechanism

Day-12 homozygous transgenic fetal liver cells show all possible
primary transcript signal combinations of y- and B-globin (Fig.
1f): 58% of globin-transcribing nuclei have only pB-globin
transcription on both chromosomes and 9% have only y-globin;
the remaining one third of the erythroid cells contain combina-
tions of y- and B-globin transcription and are therefore involved
in the switching process. However, fewer than half (34%) of the
chromosomes in these switching cells have both y- and B-globin
signals on the same chromosome. The majority have single gene
signals only, suggesting that the LCR interaction is largely
mono-gene-specific. Of particular interest is the fact that in
>90% of the switching cells, the two chromosomes are respond-
ing differently to the same transacting-factor environment. This
suggests a dynamic, continuously changing system in which the
individual loci respond stochastically to changes in the factor
environment.

Flip-flop

Two forms of such a dynamic process can be envisaged. Either
the switch in interaction is progressive from y to 3, or it switches
back and forth between the genes in a kind of flip-flop mecha-
nism. y- and B-globin signals on the same chromosome would
then be indicative of a recent switch producing a (brief) period
of overlap in which the decaying ‘old’ primary transcripts are
detected in the presence of the newly synthesized transcripts.
The length of this overlap period would depend on the half-life
of the primary transcript. The progressive switching mechanism

NATURE - VOL 377 - 21 SEPTEMBER 1995

N AOCOLE R omde s P bl L ® o e ™ o s s



ARTICLES

FIG. 2 Detection of y-globin (Texas red) and §-globin (FITC, green) pre-
cursor mRNA in the nucleus and B-globin mRNA in the cytoplasm (Cy3,
yellow). The fetal liver was obtained from a transgenic 12.5-day embryo
heterozygous for the human B-globin locus. B-globin mRNA was vis-
ualized by indirect immunofluorescence with Cy3 of DNP-labelled oligo-
nucleotides. Cy3 emission is also red but at a different wavelength from
Texas red and was therefore recorded separately and assigned

would predict that heterozygous y-gene-transcribing cells should
not have B-mRNA in their cytoplasm, whereas the flip-flop
mechanism would result in a proportion of y (but not ()
transcribing nuclei, which contain f mRNA in their cytoplasm.

We therefore added a third probe which specificaily recognizes
the human B-globin mRNA (exon probe). Heterozygous 12.5-
day transgenic fetal liver cells were used, needing only a single
chromosome to switch. Figure 2 shows one of many hetero-
zygous cells probed for the y- and B-globin primary transcripts
and cytoplasmic B-globin mRNA. The y transcription signal is
very strong (red in Fig. 2¢) whereas the B-gene signal (green in
Fig. 2b) is absent, indicating that the y gene is currently being
transcribed, but the B gene is not. The cytoplasm, however,
shows an accumulation of p mRNA, indicating previous
transcriptional activity of the B-gene in that cell (Fig. 2¢). In
fact. 40% of the erythroid cells that are transcribing the y gene,
but not the  gene, contain B mRNA. In other words, there is
a substantial number of cells that have transcribed § but
switched back to vy, an observation that strongly supports a
dynamic flip-flop between the genes. Many of the chromosomes
with both y- and B-globin primary transcript signals (Fig. 2)
would therefore be the result of flip-flop rather than co-transcrip-
tion. Thus, the decay time of our signal after a switch becomes
important in determining whether most or all of the overlap we
observe is due to flip-flop. The 15S mouse B-major globin pri-
mary transcript was shown to reach its steady-state level in MEL
cells within 5 min®. This indicates that the half-life of the com-
pletely intact precursor RNA is considerably shorter as it takes
~5 half-lives to reach 97.5% of steady-state level. However, the
target of our in situ experiments is not only the intact 15S globin
primary transcript, but also any other intron-containing RNA
molecules such as partially transcribed, partially spliced and
excised intron RNAs. We therefore measured the half-life of the
intron-containing RNA molecules for mouse -major globin
and human y- and B-globin in day-12 transgenic fetal liver
cells. The results indicate that all three have similar kinetics,
reaching steady-state levels simultaneously (Fig. 3). The half-
life of the intron is 4-5 min, in agreement with Curtis ef al®.
Assuming that we can still detect the in siru signal after 2-3
half-lives (see discussion), it suggests that the overlap period
is 10-15 min.

Replication and switching

One possibility to explain the occurrence of multigene signals
when only a single gene is active at any time could be that it is
the result of replication of a locus. Homozygous replicating cells
(in late S, G2 and M) contain four globin loci in the nucleus
and hence a yB co-transcription signal could be the result of the
v gene being transcribed from one of the replicated loci, whereas
B3 could be transcribed from its replicated chromatid. This would
result in the percentage of yf signals being substantially higher
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an artificial yellow. a, Texas red signal (y pre-mRNA); b, FITC green signal
(B pre-mRNA)—this image was digitally enhanced to demonstate the
lack of a B transcript, so some bleed-through from the cytoplasmic Cy3
signal appears as a high background; ¢, Cy3 signal (B mRNA). This is a
single optical section of the cell from the confocal microscope (0.5
microns); d is a composite of a, b and ¢.

in G2 than in G1 cells. We therefore sorted 12.5-day fetal liver
into populations of G1 and G2 cells* and repeated the hybrid-
izations. Analysis of the G1 and G2 cells shows a distribution
and percentage of y[ signals similar to the total population, with
no significant difference between the two purified populations.
We conclude that the switch between genes can take place in
Gl—that is, DNA replication is not required, implying that
the LCR-gene interactions are dynamic rather than static. As
expected®**, no transcription signals are observed when the cells
are in mitosis.

Co-expression and switching

To extend these results, we characterized the transcriptional
status of individual cells at different times of development,
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FIG. 3 Incorporation of *?P into globin intron and mRNA sequences.
12.5-day fetal liver cells from heterozygous line 72 were cultured in the
presence of >2P for the times indicated, essentially as described?. Half-
lives were caiculated by comparing the difference in the rates of
incorporation between intron and exon sequences. The 4-5-min half-
life fits well with the fact that 5 half-lives are required to reach 97.5%
of the steady state level.

METHODS. RNA was prepared for 1.5 x 107 cells per time point and
hybridized to 5 ug immobilized denatured plasmid DNA as described®®.
Results were guantified by phosphorimage analysis. Plasmids contained
mouse B-major intron Il (BamHI/Pstl), human B intron Il (BamHI/Sspl),
human v intron Il (BamHI|/Sacl) and partial human B-globin cDNA; sig-
nals were normalized for relative probe length.
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FIG. 4 Simultaneous detection of ¢ (FITC, green) and y (Texas red)
transcription in 10-day embryonic blood. Cells were obtained from a
line-72 embryo homozygous for the human globin locus?’.

namely day-10 embryonic blood and day-11 fetal liver. During
transgenic embryonic erythropoiesis y- and g-globin expression
occurs simultaneously over a period of at least 3 days (days 8-
10 of gestation) and nearly all cells contain both &- and y-globin
polypeptides®™. We have previously determined the level of
expression of the y- and e-globin genes when present as single
genes linked to the LCR and compared this to the level of expres-
sion when both are linked together to the LCR. That comparison
suggested that the y and € genes are also in competition for the
LCR (P.F., unpublished results), presumably through a looping
mechanism (N. Dillon et al, submitted). The circulating
embryonic erythrocytes are nucleated and transcriptionally
active, and hence were used to determine whether flip-flop could

10-d blood 11-d fetal liver

. 60

also be occurring between the g- and y-globin genes by probing
day-10 embryonic erythrocytes with gene-specific intron probes
for € and y (Fig. 4). The results demonstrate (like y and f in the
fetal liver) a heterogeneity in transcriptional signals, including
chromosomes with overlapped signals (Figs 4 and 5). We con-
clude that the LCR also productively interacts with only one
gene at a time in peripheral embryonic blood cells and that ¢
and y are co-expressed via a flip-flop mechanism. The higher
incidence of overlapped signals on individual chromosomes sug-
gests that the LCR-¢ complex is less stable than those of y and
B with the LCR (see discussion).

The analysis of day-11 fetal liver shows that the switching
process is a continuously changing system, reflected at the level
of the individual cell (Fig. 5). When compared to the day-12
results, there are more yy- and fewer BB-transcribing cells (27
versus 9% and 35 versus 58%); accordingly, significantly more
cells are observed that transcribe y only from locus and vy and
B from the other locus (7 versus <1%). The number of cells
transcribing y only on one chromosome and  only on the other
chromosome is very similar (14 versus 13%). These results indi-
cate that the change in the composition of transcription factors
during the switch is gradual and slowly changes the affinity
between the LCR and the genes towards the adult type LCR/
B-globin gene interaction.

Discussion

We have demonstrated the dynamic nature of the interactions
between the human B-globin genes and the B-globin LCR
throughout development and shown that the LCR-gene inter-
actions are highly stable. Our data can all be explained by a
mechanism in which the LCR activates only a single gene in the
locus at any given time. The LCR, although made up of a series
of hypersensitive sites, could act as a functional unit or holocom-
plex that activates multiple genes from the same chromosome
via a stochastic mechanism of dynamic rather than static inter-
actions (Fig. 6). Although a low level of co-transcription cannot
be excluded such a mechanism cannot account for our observa-
tions. Dillon et al. (manuscript submitted) have used steady-
state measurements of the transcriptional output from mutated
loci to demonstrate that the genes compete in a polar manner
for the activating function of the LCR. They find that the relative
distance of the genes from the LCR affects competition and
conclude that the genes are activated by direct interaction with
the LCR. Thus two studies, which use entirely different
approaches, provide strong evidence of direct interaction
between the LCR and single genes by a dynamic looping mecha-
nism of transcriptional activation. It does not show whether
some process spreading in a linear fashion along the chromatin
is involved in the first activation of the locus. The balance of,
v- versus B-gene transcription would gradually change during a

12-d fetal liver

FIG. 5 Bar diagram of the percen-
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FIG. 6 A model of the interactions of the locus control region (LCR) with
the different globin genes through a stochastic looping mechanism. The
LCR is indicated as a squiggly line to indicate that the different regions
that are hypersensitive to DNase | of the LCR could act together or even
form a holocomplex to establish an interaction of the LCR with one of
the genes.

switching period as the factor composition changes in the
population.

Flip-flop time and complex stability

By scoring the different transcriptional chromosome types in the
erythroid nuclei (Fig. 5), it is possible to estimate the flip-flop
time, or the average time required for the LCR-gene interaction
to change from y to B (or vice versa), based on the half-life of
the intron-containing RNAs and the percentages of different
transcriptional states. The half-life determines the decay rate of
the signal and thus the overlap time, that is, the length of time
both y- and B-signals are detectable on the same chromosome
after a change in LCR-gene interaction. As the cell population
is random (so the chromosomes are not synchronized in terms
of the y-to-p switch), the percentage of chromosomes showing
a double signal at any particular instant indicates the fraction
of the total time in which a chromosome is in the overlapped
statc. By extrapolation, we can determine the average length of
time that a gene is transcribed—that is, the time between flip-
flop events. For example, the frequency of overlapped B signals
in the population at 12 days is 13% of the total number of f
signals. Therefore, on average, 13% of the time in which an
individual chromosome transcribes the  gene it will be over-
lapped by a vy signal. The overlap time can be estimated as 10-
15 min on the basis of the intron half-life of 4-5 min and the
fact that we can barely detect the precursor RNA when we use
one (instead of three or four) oligonucleotides (M.W., unpub-
lished results). As 13% of the 8 signal is overlap, the total B gene
transcription time would be ~80 min. (As overlap occurs at the
beginning and end of a transcription period, the time in overlap

1s 2% 10-15 min. The total transcription time is therefore 100/
13 X 12 min minus one overlap of 12 min.) Correspondingly, the
percentage of overlapped 7y signals is 42%, making the average
LCR /y gene time between flip-flops ~16 min. When the results
are compared for g, vy and B from days 10-12, several trends
become apparent. First, at 10 days, the & signal is overlapped
with a y signal 75% of the time, which suggests that the lifetime
of the e-LCR complex is short (about 4 min) and flip-flop occurs
more readily. The y signal is present more often than ¢ at 10
days and is overlapped only 29% of the time, suggesting that
the y-LCR complex is more stable, with ~30 min between flip-
flops. The average stability of the y-LCR complex decreases
from 10 to 12 days from 30 to 16 min, whereas B increases from
45 to 80 min from 11 to 12 days. Clearly the time between flip-
flops decreases for y but increases for B. Obviously interaction
could consist of rapid associations and dissociations of the LCR
with a given gene, rather than one stable association. Whatever
the mechanism, our data suggest that the continuous presence
of the regulatory elements at a gene are required for multiple
rounds of initiation of transcription of that gene, rather than
being dispensable after the activation of transcription.

In summary, our technique has enabled us to analyse single
genes in single cells and allows us to make the conclusion that
v- and f-globin genes are transcribed alternately rather than
concurrently. The ability to visualize specifically the transcrip-
tional activity of individual genes in the nucleus provides a pow-
erful tool for studying developmental transcriptional regulation
and chromatin dynamics and should provide a more accurate
picture of transcriptional regulation compared with conven-
tional in situ analysis. O
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