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We have used a kinetic analysis to distinguish possible
mechanisms of activation of transcription of the differ-
ent genes in the humanf globin locus. Based onin
situ studies at the single-cell level we have previously
suggested a dynamic mechanism of single genes altern-
ately interacting with the locus control region (LCR)
to activate transcription. However, those steady-state
experiments did not allow a direct measurement of the
dynamics of the mechanism and the presence of loci
with in situ primary transcript signals from two B-like
genesin cis has left open the possibility that multiple
genes in the locus could initiate transcription simul-
taneously. Kinetic assays involving removal of a block
to transcription elongation in conjunction with RNA
FISH show that multiple B gene primary transcript
signalsin cis represent a transition between alternating
transcriptional periods of single genes, supporting a
dynamic interaction mechanism.

Keywords a globinf3 globin/locus control region/single
gene activation/transcription

Introduction

have been put forward to explain the role of the human
[ globin locus control region (LCR) in the developmental
regulation of transcription of th@@ gene cluster (Tuan
et al, 1992; Wijgerdeet al., 1995; Martinet al., 1996;
Dillon et al., 1997).

The B globin system has long been a prototypic system
for the study of transcription in vertebrates (reviewed in
Grosveldet al,, 1993). The locus consists of five active
genes that are activated and silenced at different stages of
erythroid development (Figure 1A). The expression of all
of these genes is dependent on the presence of the LCR
which is located 15 kb upstream of teegene (Grosveld
etal, 1987). Thee gene is expressed first in the embryonic
yolk sac followed by a gradual switch to expression of the
ygenes between weeks 6 and 10 of gestation. Expression of
the y genes predominates during the fetal liver stage. In
the later fetal liver and neonatal stages, there is a second
transition to expression of tHg gene and thg genes are
almost completely silenced during adult life. When the
entire humarB locus is incorporated in transgenic mice
a similar expression pattern is observed, althoughythe
genes are expressed early in the embryo and are switched
off at day 16 of development in the fetal liver (Strouboulis
etal, 1992; Petersoet al., 1993). The analysis of mutated
loci found in patients and the use of singley and 3
genes in transgenic mice have shown that ¢hand y
genes are suppressed autonomously through sequences
directly flanking the genes (Raigd al,, 1990; Dillon and
Grosveld, 1991). However, tieglobin gene when present
in the whole locus is (at least in large part) silenced during
early development in a non-autonomous manner. Bhis
globin gene suppression can be explained by a scanning
mechanism because genes closer to the regulatory

Several models have been proposed for the activation ofsequences would have a natural advantage over distal
gene transcription after chromatin activation of a locus. genes due to proximity. This would also be the case in a
In one model, the genes would simply be accessible to 100ping mechanism; proximal genes would have a higher
binding of transcription factors and be transcribed in a frequency of interaction with the regulatory sequences
stochastic fashion (Groudine and Weintraub, 1982; Martin and thus have a competitive advantage over distal genes
et al, 1996). In such a model the dimensional aspects of (Giglioni et al, 1984; Enveret al, 1990; Hanscombe
the locus would not play an important role. In a second €t al, 1991; Peterson and Stamatoyannopoulos, 1993;
model regulatory sequences could be the entry site of Dillon et al., 1997). However, this would not be the case
(part of) the transcriptional machinery which would scan in an accessibility model and hence an extra parameter
the DNA for genes to be transcribed (Herendegral, was postulated to explain the silencing of the diftgene
1992; Tuaret al,, 1992). Such a model is basically linear in early development, namely a process of interference of
and predicts that the order of the genes relative to the the proximal genes with the distal genes via some topo-
regulator is an important parameter. In a third model it has logical constraint (Martiret al., 1996).

been proposed that gene regulatory elements participate in Recent analysis of primary transcription in single cells
direct chromatin interactions with regulatory elements at a (Wijgerdeet al, 1995, 1996) and the results obtained by
large distance as a prerequisite to transcriptional activationplacing a secon@ globin gene at different positions in
(Ptashne, 1988; Mueller-Stormt al, 1989; Bickel and  the locus (Dillonet al., 1997) support a dynamic looping
Pirotta, 1990; Foley and Engel, 1992; Wijgerde al., mechanism with single genes alternately interacting with
1995; Dillonet al, 1997). Such a looping model is three the LCR. However, the presence of a minority of loci
dimensional and predicts that the relative distance of the which display two gene signai® cis (Wijgerde et al.,
genes from the regulator is important. All these models 1995) could be interpreted as evidence in support of
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A Lcr transcriptional periods of single genes, rather than the co-
il ‘ Ty g initiation of transcription of multiple genes in the locus.
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i - 2 “._ The lifetime of primary transcript in situ
5 o 20 A f b A b hybridization signals
’ ) ’ A key parameter in a kinetic analysis of the transcription
processin vivo using in situ hybridization is the time
required for a signal to decay below the level of detection.
B To enable the detection of short-lived events we probed
M — for the presence of intronic RNA, as these sequences are
— - = = === rapidly cleaved from the primary transcript and degraded.
probes intron2 probes 3' flanking probes . . . a |
\ . | | . We used actinomycin-D to measure the detection lifetime
0 500 1000 1500 2000 bp

of the y and 3 primary transcript signals at days 11.5
(Figure 1C) and 12.5 (not shown), agdand a primary
transcript signals at day 10.5 (Figure 1D) of development.
On both day 11.5 and 12.5 the intron signals of yrend

c B genes, as well a§ and a intron signals at day 10.5,
<100 4 disappear below detection level 7.5 min after the addition
= of actinomycin-D. Interestingly the intron signals of the
3 801 C anda genes do not decrease immediately when compared
> 60 - with the B-like genes. This could indicate a possible
£ 404 —a—y difference between the two loci (see below), but could
g -8B also be due to experimental parameters such as a higher
o 20 - sensitivity of thea-like probes. Unfortunately, actino-
0 mycin-D inhibition is irreversible and hence cannot be
0 1 2 3 4 5 6 7 8 used in reactivation experiments.
time (minutes) We therefore used 5,6-dichlorofte-ribofuranosyl-
benzimidazole (DRB) to reversibly inhibit pol-Il transcrip-
D tional elongation in single-copy hum@rglobin transgenic
mouse (Strouboulist al., 1992) fetal liver cells. Previous
§‘1°°' studies have shown that DRB does not effect initiation of
5 80+ transcription (Fraseet al., 1978; Marshall and Price,
o 1992) but prematurely aborts elongating transcripts ~400—
o 601 . 600 bp from the initiation site (Chodosét al, 1989;
IE 40 _,_i Marshall et al, 1996) by inhibiting the activity of the
£ P-TEFb kinase which phosphorylates the C-terminal
g 20 domain (CTD) of pol Il (Marshalkt al., 1996; Pengt al,
0 — 1998). The effect of DRB treatment on globin gene
0 1 2 3 4 5 6 7 8 transcription in mouse erythroleukemia cells has been
time (minutes) reported previously (Tweeten and Molloy, 1981). The
Fig. 1. Lifetime of the humar and mousex globin primary results demonstrate that DRB causes premature termin-
transcript signals$n situ. (A) Schematic diagrams of the humgn ation without affecting initiation of transcription. We tested
globin locus and mouse globin locus. Black boxes represent genes this in transgenic mouse fetal liver cells usiimg situ
and vertical arrows represent the hypersensitive sites o tiebin hybridization with probes that hybridize at different dis-

LCR and thea globin major regulatory elementtRE). (B) Intron/ . . T .
exon structure of @-like globin gene with localization of probes used tances relative to the site of initiation of ﬂﬁ? gIOb'n

for in situ hybridizations. C) Decay of they and primary transcripts primary transcript (Figures 1B and 2j situ signals with

in situ signals in day 11.5 fetal liver cells treated withug/ml probes that hybridize to intron 1, located in the first 300
actinomycin-D. The perc_entage of remaining intron 2 signals are bases of th¢3 g|0b|n primary transcript, are still visible
shown as a function of timeD( As (C) for the mous€ anda genes in 85% of the erythroid cells after 15 min of DRB

[ 10. ic bl lls. X ;
in day 10.5 embryonic blood cells treatment (Figure 2A and C) when compared with the

untreated control. Probes that hybridize to intron 2, 600—

1200 bases '3of the initiation site (Figure 1B), have
the scanning or the accessibility model of transcription completely disappeared after 7.5 min of DRB treatment
initiation (Martin et al,, 1996). Thus a crucial difference (Figure 2B and C). The fact that intron 1 signals are not
between the looping model and the others is single versusaffected by DRB confirms earlier reports which indicated
multiple gene activation at any moment in a single locus. that the process of transcription initiation is not disturbed
We have therefore used a novel kinetic analysis utilizing and only elongation is affected, resulting in short, prema-
inhibition of transcription elongation and release in con- turely aborted transcripts. Since initiation continues and
junction with RNA fluorescencen situ hybridization the balance betweepand 3 is maintained we conclude
(FISH) to show that multiple3 gene primary transcript  that whichever mechanism (scanning, accessibility or
signalsin cis represent a transition between alternating looping) is responsible for the activation of the genes, it
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Fig. 2. The effect of DRB on transcriptional elongatianvivo.

(A) In situ hybridization with intron-1-specific probes on homozygous
transgenic day 11.5 fetal liver cells treated for 15 min with 100

DRB. y globin signals are shown in red (Texas red), §nglobin

signals are green (FITC)BJ In situ hybridization with intron-2-
specific probes on homozygous transgenic 11.5 day fetal liver cells
treated for 7 min with 10uM DRB. y globin signals are red (Texas
red), andB globin signals are green (FITC)C] Decay ofy and3

intron 1 and intron 2n situ signals plotted as a function of time after
the addition of DRB.

is not disturbed by the addition of DRB. The results also
show that after inhibition of transcription by DRB the
time required to decay the existing globin intron 2
primary transcript signal via splicing, to levels beyond
the limit of detection, is in good agreement with the
actinomycin-D results (Figure 1C). The same is found for
the a-like genes (not shown).

Kinetic analysis of single and double primary
transcript signals

Primary transcriptn situ hybridization with gene-specific
intron probes for humag andp globin in transgenic 11.5
day fetal liver cells containing a single copy of the
complete humaf globin locus show single gene transcrip-
tion signals in ~85% of the human globin loci (Wijgerde
et al, 1995). A small percentage of loci (~15%, e.qg.
Figure 3A, bottom right) contain signals for bogrand 3
globin genesin cis, and it is these signals that make a
distinction between the different mechanisms difficult. If
double signals are due to simultaneous initiation ofythe

in the reappearance of double signals compared with
single gene signals would be indicative of alternating
single gene initiation. This model predicts that double
signals would result from the overlap between decaying
primary transcripts (7.5 min, see above) from a recently
active gene and the nascent transcription of an active gene.

We treated transgenic 11.5 day homozygous fetal liver
cells with DRB for 15 min to block elongation of globin
primary transcripts (Figure 3). The cells were then released
from the DRB block by washing with phosphate-buffered
saline (PBS), and aliquots of cells were fixed onto slides
at various intervals and prepared farsitu hybridization
as described previously (Wijgeras al., 1995). The cells
were probed with intron 2-specific probes for human
(probes detect botAy and Ay primary transcripts) an@
globin primary transcripts. No transcription signals are
visible at the zero time point immediately after the wash
(Figure 3B). Five minutes after washing out the DRB
(Figure 3C) primary transcript signals are again detectable
in a high proportion of cells and continue to rise to the
level observed before addition of DRB and in the non-
DRB treated controls. Singley ©r B) and double { and
B in cis) gene signals were counted and the averaged
results of four separate experiments from two transgenic
lines, line 72 and line 2 (Strouboulist al, 1992),
are presented in Figure 4. The results show that the
reappearance of double gene signals significantly lags
behind the reappearance of single gene signals in the
population. A lag in the reappearance of double signals
is also consistently observed when the tw@enes are
compared with gene-specific probes for and Ay (data
not shown) and for the genes in the endogenous mouse
B-globin locus (T.Trimborn, J.Gribnau, F.Grosveld,
M.Wijgerde and P.Fraser, submitted).

To determine whether there is an intrinsic bias against
the reappearance of double signals, we counted the
reappearance of two signais,trans(i.e. a signal on each
chromosome) as an internal control. Their reappearance
(Figure 4; loci trans) closely approximates to the single
signal curves. We also calculated a theoretical curve that
would be expected when the two loci are activated
independentlyin trans (not shown). This curve coincides
with the curve found for the appearance of two sigrials
trans We therefore conclude that the two allelic globin
loci behave independently of each other in terms of
transcription (showing a stochastic reappearance of two
signals without a lag), whereas the genes within a locus
on one chromosome do not behave independently (double
signal reappearance is non-random with a lag).

Weak competition versus strong competition

The y genes are being expressed in embryonic cells in
conjunction withe and in the early fetal liver cells in
competition with. This provides a unique opportunity
to investigate the interdependence of genes within a locus
by examining the effects of weak versus strong gene
competition during development independent of a DRB
treatment. Thee gene, which is a weak competitor
(Wijgerde et al., 1995), increases in expression from 9.5

and 3 genes according to the scanning and (on a randomto 11.5 days in the embryonic blood apdene expression
basis) accessibility models, then release of the DRB block decreases reciprocally (Strouboudisal.,, 1992; Table I).
should result in the reappearance of double signals (usingThe e-globin gene is not expressed in the early fetal liver
intron 2 probes) at the same rate as single signals. A lagerythroid cells, buty expression is further decreased due
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Fig. 3. Reversible inhibition of transcription elongation on homozygous 11.5 day transgenic fetal liver cells. (A-D) Primary tramsatupt
hybridizations usingy and 3 intron 2 probesy signals are red (Texas red) aficsignals are green (FITC)A] y and primary transcript signals
prior to DRB treatment.R) y and 3 primary transcript signals after 15 min treatment with 100 DRB. (C) Five minutes after release of the
transcriptional elongation block by washing out DRB. Note most cells show syngité8 transcription signalin cis, while many have more than

one signalin trans (D) Twenty minutes after release from the elongation block, the distribution of loci having sirgl@ and double signalsy(
andp in cis) are back to control levels. Representative cells are shown for each time point.

to strong competition from the highly expressgdyene
(Wijgerdeet al., 1995, 1996). If co-initiation of transcrip-
tion occurs one would predict that the percentage of
Gy-Ay double signals in they-expressing cells would
change very little. In contrast, if alternating transcription
of they genes and the other globin geneso( ) occurs
then addition of a third gene into the competition should
affect the percentage of double signals due to the

—-Y
_'_B
—e—y and B cis

foci normalized

resulting three-way alternation. When the percentage of 0 —_— ~x--loci trans
Gy-Ay double signals is measured in ti@xpressing cells 0 25 5 7.5 10 125 15 17.5 20
during development, it changes from 83% at day 9.5 when time (minutes)

€ expression is low, to 56% at day 11.5 in embryonic _ - . .

blood whene expression is at its maximum (Table I). In F|g. 4. Kinetics _of reappearance of single versus double gene signals.
- p . . Primary transcriptn situ signals fory andp (see Figure 3) were

the fetal liver where the genes are expressed with high  scored after release of the DRB block to transcription elongation in

levels of B expression, the percentage of douBie’y 11.5 day fetal liver cells from lines 72 and 2 (Stroubouiisal., 1992)

signals decreases further to 29% (Table 1). Thus when and plotted versus time. The curves were normalized to their

: : : : _ maximum values and the average of four experiments is shown. All
gene expression is accompanied by relatively low-level experiments show the early reappearance of sipgief signals and a

EXpress?on of the gene_in embfyonic cells or high-level  ¢lear lag in reappearance of doubjead in cis) signals. Cells in
expression of th@ gene in fetal liver cells, the percentage which both homologues display signals for eitlyeor B are plotted as

of Gy_Ay double signals decreases accordingly. This result loci trans showing the independent reappearance of two signals in the
is most easily explained by an alternating single gene same cell

mechanism and is difficult to explain if one assumes that

they genes are co-initiated. 40 or 26 kb upstream of the human and mousgenes,
respectively (Gourdoet al., 1994, 1995). When this site
Transcription initiation of the a-like globin genes is present as part of the humarocus in transgenic mice,

The DRB analysis above does not exclude the possibility the expression of the genes is suppressed as development
that treatment with the drug could somehow artifactually proceeds (Sharpet al., 1993; Gourdonet al, 1994),

cause a delay in the reappearance of double signais, indicating that additional sequences are required for full
even though this is clearly not the case for the reappearancesxpression.
of double signalsin trans (Figure 4). There is indirect We examined the primary transcription of the mouse

evidence that the-globin genes may be regulated differ- a-like genes in embryonic red cells in which all three
ently from theB3-like genes (Craddoaddt al.,, 1995). Instead  genes are expressed. Primary transciipsitu analysis
of the five hypersensitive regions present in fhglobin shows a high percentage of doulflenda signalsin cis

LCR, only a single hypersensitive site has been identified (80%) versus singlé or a signals (Figure 5A), while the
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lifetime of the signal is similar to that observed for e

signals (Figure 1D) in the presence of actinomycin-D as
well as DRB (data not shown). This could mean that the
genes are co-initiated in many loci or that frequently

Table I. Developmental expression and transcription of the hugnan

genes
100 —
€, y,0r o ~ <7 B
total human ° gy | ~<
RNA =~
60 —
- N
40 e Y
20 / ~ ~
~
0 T T T T T T
95 105 115 115 125 135
% in situ primary y RNA signals % total y RNA
Gy | GylAy | Ar Gy | Ay
day 9.5 blood 83 12 39 61
day 10.5 blood 8 78 14 31 69
day 11.5blood 7 56 37 27 | 73
day 11.5 liver 23 29 48 26 74

The top panel shows the relative expression of humanand genes
during development in transgenic mice (Strouboaslisl., 1994).

Shown below are the percentages of loci with sirfgyeor Ay signals
and double®y-"y primary transcripin situ signals during

development. The bottom right shows the percentag@yafnd“y
mRNA of totaly mMRNA as determined by primer extension (data not
shown). Note that changes in steady-state RNA levels (accumulated
mRNA) lag behind changes in transcription as detected by primary
transcriptin situ hybridization.

alternating initiation takes place. If alternating initiation
occurs well within the lifetime of the signal, a large
proportion of double signalm cis would result. We then
measured the reappearance of single and double signals
after the addition and removal of DRB (Figure 5B-D).
Plotting the reappearance of the signals as a function of
time (Figure 6) shows that the double signals appear at
the same rate as the single signals and that there is no
measurable conversion of single signals into double sig-
nals. On the basis of these data it is tempting to suggest
that thea-like genes are co-initiated, but rapidly alternating
initiation of transcription would give a similar result and
hence cannot be excluded. Importantly, the result shows
that the treatment with DRB does not artificially result in

a lag in the appearance of double signalgis.

100 -

2 80 -

N

© 60 -

£ 60

o

<€ 40 4

'S —a—C

2 20. -v-¢ ,
—e—C and a cis
--x----l0Ci trans

0 25 5 75 10 125 15 17.5 20
time (minutes)

Fig. 6. Kinetics of reappearance of single versus doupnda

primary transcript signaldn situ signals as shown in Figure 5 were
scored after release of the transcriptional elongation block in 10.5 day
embryonic blood cells and normalized to their maximum values for
single € or a) and double { anda in cis) signals. Cells in which

both homologues display signals for eitlieor a are plotted as loci

trans showing the independent reappearance of two signals in the same
cell.

Fig. 5. Reversible inhibition of transcription elongation on day 10.5 blood cells. (A-D) Primary trangtsfitl hybridizations using mousé anda
intron probes{ signals are shown in red (Texas red) angignals in green (FITC).A) { anda signals prior to DRB treatmentBj Fifteen

minutes after treatment with 1M DRB. (C) Five minutes after release of the transcriptional elongation block by washing out DRB. Note that
many loci show doublé- anda-globin transcription signals cis. (D) Twenty minutes after release of elongation block, the distribution of loci
having singleC or a and double signal{(anda in cis) are back to control levels. Representative cells are shown for each time point.
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Discussion

The results obtained previously with primary transchipt
situ analysis suggested that the hunfaglobin genes are
regulated via a dynamic process of alternating initiation
of transcription of the different genes. That proposal
appeared to contradict existing data. It had been known
for many years thag and3 mRNA and proteins are found

in the same cell during the switchover fropto 3, even

in heterozygotes, and this appeared to be confirmed by
single-cell PCR data (Furukavedt al., 1994). These data,
taken together with the primary transcriipt situ results
which revealed the presence of a minority of loci with
double primary transcription signatscis, were interpreted

to mean that they and 3 globin genes within a single
locus were or could be co-initiated (Bresnick and
Felsenfeld, 1994; Furukawet al, 1994; Martinet al.,
1996).

Three models have been proposed to explain transcrip-
tional regulation by distant regulatory sequences. The
accessibility model proposes that after the activation of
the chromatin, the genes bind transcription factors and are
activated in a stochastic fashion (Groudine and Weintraub,
1982; Martinet al., 1996). The scanning model suggests

that regulatory sequences act as a nucleation site for (part;

of) the transcription machinery, which subsequently scans
the DNA for transcriptionally competent genes (Herendeen
et al, 1992; Tuaret al, 1992). Finally the looping model

Transcriptional control mechanisms in vivo

signals, indicating that double signals result from sequen-
tial periods of initiation of single genes. The fact that the
same result is obtained for the hum@rglobin locus in

two different transgenic lines and that it is essentially the
same as observed for the endogenous mufirggobin
locus (T.Trimborn, J.Gribnau, F.Grosveld, M.Wijgerde and
P.Fraser, submitted) shows that the results are not due to
a ‘transgenesis’ artefact. Interestingly, although the human
[B-globin locus in line 72 is integrated in a euchromatic
environment, while in line 2 it is integrated in a heterochro-
matic environment close to the centromere, this appears
to make no difference in terms of mechanism.

In contrast, in thex locus thet; >, Of the single and
double signals are essentially the same (~3 min) suggesting
that thea genes are either co-initiated or that they alternate
at a frequency which is shorter than the time required to
reach the detection threshold. There is indirect evidence
for competition in the mouser locus which may be
indicative of an alternating transcriptional mechanism.
Insertional mutation of thel gene with a PGK-Neo
cassette results in decreased expression ofitgenes in
definitive erythroid cells when{ would normally be
silenced (Ledeet al, 1997). Although the DRB results
alone do not allow us to make firm conclusions regarding
he mechanism of multipler gene expression they do
show a clear difference compared with thand3 genes
and exclude an artificial lag of reappearing double signals
in cis as a consequence of the DRB treatment.

postulates that the distant regulatory sequences interact Regtriction digestion of sites in tiay and”y promoter

directly with the gene to initiate transcription (Ptashne,
1988; Wijgerde et al, 1995 and references therein).
Both the accessibility and the scanning models allow co-
initiation of multiple genesn cis, whereas the looping
model predicts initiation of only one gene at a time. It
is therefore important in understanding the process of
transcriptional initiationin vivo involving distant regu-
latory sequences to distinguish whether alternating single
or multiple co-initiation takes place.

We have shown that in the presence of DRBvivo,
initiation of transcription is unaffected whereas transcrip-
tional elongation is reversibly blocked. Inhibition studies
with both DRB and actinomycin-D show that the globin
primary transcript signals have a maximum lifetime of
~7 min, confirming that we are detecting actively tran-
scribed genes or genes transcribed within the last 7 min.
By reversibly inhibiting elongation with DRB for 15 min
we have allowed intron 2 primary transcript signals to
decay via splicing and degradation. Removal of the block
theoretically permits the immediate detection of only
actively transcribed genes. Obviously, not all loci cross
the detection threshold simultaneously, introducing a small
but measurable degree of asynchrony to the experiment,
and therefore allowing the possibility of the reappearance
of some double signals in the earliest time point. By
analyzing large populations of cells at various time points
after removal of the elongation block we have been able
to demonstrate a clear and consistent difference in the
amount of time required to detect single versus double
signals. If we compare thig,may (the time required to re-
establish 50% of the maximum number of single or double
foci) for single § or B) and double \ and3) signals, we
find 4 and 8 min, respectively. This shows that on average
double signals take twice as long to reappear as single

regions in isolated K562 nuclei indicated that both pro-
moters were accessible to digestiorcis in ~50% of the

loci (Bresnick and Felsenfeld, 1994). Co-accessibility
of the promoters was inferred to be synonymous with
simultaneous nuclease hypersensitivity of the two gene
promoters. Although these links have not been established
formally, it was suggested that this was an indication of
co-initiation of transcription of the genes. Our DRB
results in conjunction with the developmental transcription
analysis indicate that the twg genes are alternately
transcribed. The high percentage of douBye’y signals

in comparison with the low percentage of doubje
signals suggests that alternations occur at a higher fre-
quency between the twpgenes than between tygenes
and thep gene.

Thus the data presented show that the double signals
in the 3 locus are not generated as predicted by a co-
initiation mechanism, but represent a transition between
alternating transcriptional periods of single genes. A
number of additionalin vivo observations support this
conclusion. A single regulatory region (the LCR) is
required by all of the genes in th@g globin locus for
activation (reviewed in Fraset al, 1998) and the genes
compete with each other for this function (Gigliceti al.,
1984; Behringeret al, 1990; Enveret al, 1990;
Hanscombeet al, 1991; Dillonet al, 1997), with LCR
proximal genes having a competitive advantage over
distal genes (Hanscombet al, 1991; Peterson and
Stamatoyannopoulos, 1993; Dillagt al, 1997). During
the period of switching frony to 3 expression nearly all
erythroid cells have bothand3 mMRNA in the cytoplasm,
yet the overwhelming majority of loci have onilyor 3
transcription signals (Wijgerdet al., 1995). In addition,
individual loci within the same cell can respond differently
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to the samdrans-acting factor environment witly tran- Humany intron1probes:
scription on one homologue an@ on the other. The  5-AGGCACAGGGTCCTTCCTTCCCTCCCTTGTCCTGGTCAC-3
balance of expression between thand B genes can be 5 -TGACAAGAACAGTTTGACAGTCAGAAGGTGCCACAATCCT-

tipped in either direction by mutations in tiyepromoter 5 AGOOTTOTCATAGTAGCCTTGTCCTCOTCTGTGAAATGA-
which prevent norma} gene silencing or alterations in the CCCA-3

level of EKLF, which is required fof gene transcription  5-AGAGCCTACCTTCCCAGGGTTTCTCCTCCAGCATCTTCCA-
(Wijgerde et al, 1996; Tewariet al, 1998). In each CATT-3'

case modulation of t_he expression pf one gene leads tOpymany intron 2 probes:

reciprocal changes in the expression of the other. A 5. GcaAGTTTCTTCACTCCCAACCCCAGATCTTCAAACAGCTCA-
dynamic interaction between the LCR and the genes via cacccee-3

looping explains all of the basic properties. It explains 5-CCTTCTGCCTGCATCTTTTTAACGACCAACTTGTCCTGCCT-
competition, because it predicts that the time taken up by _ CCAGAAG-3

LCR-driven transcription of one gene takes time away 5'QETAT%AF%(C:_T??ACTTTCAAAATCTACCCAGCCCAAATGTTTC'
from another gene. In this model the competitive advantage

of a gene is the result of increased frequency of LCR— Human®y 3 flanking region probes:

gene interactions, which are dependent on distance (seé3’-ZCATATAAAAATAAATGAGGAGCATGCACACACCACAAACA-

; AAACAGGC-3
Dillon et al, 1997). 5'-CAGAACTCCCGTGTACAAGTGTCTTTACTGCTTTTAT-3

_ Looping and direct contact between regulatory regions 5, tTCATTAAGAACCATCCTTGCTACTAGCTGCAATCAATCCA-
is therefore the most simple mechanistic explanation cccccca-3

for the observed results and is supported by previous 5-ATTTCACTTTCTTAGGCATCCACAAGGCTGTGAAAAGCTAA-
experiments with other systems (Dunaway and d2;0 GTGCCAT-3

1989; Mueller-Stormet al, 1989; Bickel and Pirotta, HumanGy3’ flanking region probes:

1990). Itimplies that direct chromatin interactions between 5 aAaAAAAGTGTGGAGTGTGCACATGACACAAACACACATAG-

the LCR and a single gene are required for initiation = CCATGTATAA-3'
of transcription and suggests that continued loading of 5-TGCAGACGCTCCCATGTATAAGTTTCTTTATTGCCTAGTTCT-

T ; TTTATTTG-3'

polymerases or re-initiation of that gene would require , o 7\ xCAAAAAAGTGTGGAGTGGCACATGACACAAACA.
continuous LCR contact (Wijgerdet al, 1995; Milot CACATAG-3'

et al, 1996; Dillonet al, 1997). In the context of this  5-GCAGACGCTCCCATGTATAAGTTCTTTATTGCCTAGTTCTTTT-
mechanism the data suggest that chromatirvivo is ATTT-3'

highly dynamic or diffusible, allowing the LCR-gene oyuseq intron probes:

complex to change rapidly to bring about co-expression g, ~cacAAAAGCATAGTTAGAAGCGCCCACTGAGCGAGTGC-

of multiple genes. CAGGTCC-3
5-AGCCCTTCCTAGGGGCCCAGATGCCGCCTGCCAGGTCCC-3
5'-GCTCCCCTTCCTGGGACCACTATGTCCCTGCCTTGGGCACG-

Materials and methods AGGACCC-3

Mouse intron probes:

Reversible inhibition of transcription elongation with DRB 5-CCTTCTCAGTGGCTTCTCCTCACAACTGCTCTTTGTCACTTC-

Homozygous transgenic mice containing a single integrated copy of the

: ) : TGTCTC-3
complete humai globin locus were bred to obtain embryos. Peripheral _,
blood and fetal livers from the indicated developmental time points were S -é‘;??:é&A;TCTGGTGAGCTCTGGAATGCCAGCCCACCTC-
dissected out in PBS. Fetal livers were gently disrupted by repeated _, '
pipetting. Actinomycin-D was used at a final concentration qfgdml. 5 -?(C::%:\EACC3:,CAAGAGTGATGTTACTATTGCTGTTGCACAAGGG-
DRB (Sigma) was added to cell suspensions to a final concentration of _, i
100 uM and incubated at 37°C for 15 min. Five volumes of ice cold 5 éé%%?ggg TGATGCCTCCAGCCCCAATGGCACCCATGCCT-

PBS were added and the cells were immediately pelleted by centrifugation
for 2 min at 1500 r.p.m. in an Eppendorf centrifuge. Cells were washed  The twoy genes are highly homologous in both intron and exon

twice more with 1.5 ml ice-cold PBS and resuspended in#56f PBS sequence making the use of gene-specific intron probes extremely
at 25°C. Aliquots were taken at the designated intervals and fixed onto gfficult. Transcriptional termination of gene transcription is known to
poly-L-lysine coated slides (Sigma) faw situ hybridization. occur 1-2 kb downstream of the polyadenylation site (Astha., 1997).
We therefore used probes’ (Banking region probes) which hybridize

Probe sequences and in situ hybridization analysis to regions 300-500 bp downstream of the polyadenylation sites of the
The following probes were used for tiire situ hybridization analysis: y genes to detect théy and”y gene primary transcripts separately.

Cells were fixed onto poly-lysine coated slides in 4% formaldehyde/
Humanp intron 1 probes: 5% acetic acid for 18 min at room temperature. The cells were

subsequently washed three times for 5 min in PBS and stored in 70%
ethanol at —20°C. The slides were pretreated for hybridization by a
0.01% pepsin digestion (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. The slides were washed in PBS, dehydrated in 70, 90 and
100% ethanol steps and air dried. The hybridization mixture was applied
(12 pl per 24X 24 mm coverslip) and incubated at 37°C in a humidified
chamber for 12 h. The hybridization mixture contained luhgf each
oligonucleotide probe haptenized with either digoxygenin or biotin side

5'-CTGTCTCCACATGCCCAGTTTCTATGGTCTCCTTAAACCTG-
TCTTGTAA-3
5'-GGGTGGGAAAATAGACCAAAGGCAGAGAGAGTCAGTGCC-
TATCAGAAAC-3’
5'-AGGGCAGTAACGGCAGACTCTCCTCAGGAGTCAGGT-3
5'-ATAACAGCATCAGGAGGGACAGATCCCCAAAGGACTCA-3

Humanp intron 2 probes:

5'-TTCCACACTGATGCAATCATTCGTCGTTTCCCATTCTAACT- chains in the middle and on thé &nd 3 ends of the oligonucleotide
GTACCCT-3 (Eurogentec, Belgium) in 25% formamidex2SSC, 200ug/ml salmon

5'-CTGATTTGGTCAATATGTGTACACAATTAAAACATTACACT- sperm DNA, 5 Denhardt’s, 1 mM EDTA and 50 mM sodium phosphate
TTAACCCA-3’ pH 7.0. The coverslip was removed by dipping ik ZSC and the cells

5'-GGTAGCTGGATTGTAGCTGCTATAGCAATATGAAACCTCTT- were washed three times for 10 min iXx2SSC at 37°C, followed by a
ACATCAGT3' 5 min wash in 0.1 M Tris, 0.15 M NaCl, 0.05% Tween 20 at room
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temperature. Antibody detection of the labels was essentially as describedGrosveld,F., Blom van Assendelft,G., Greaves,D. and Kolias,G. (1987)

by Dirks et al. (1993), with three or four amplification steps. Mounting Position independent high-level expression of the hurfiaglobin

was in DAPI/DABCO:Vectashield (1:1) in glycerol (90%) and stored at gene.Cell, 51, 975-985.

4°C in the dark. Fluorescence was detected by epifluorescence micro-Grosveld,F., Dillon and Higgs,D. (1993) The regulation of human globin

scopy and photographs recorded with an CCD camera. gene expression. In Higgs,D.R. and Weatherall,D.J. (eBkljiere’s
The graphical results represent the average of three separate experi- Clinical Haematology: The HaemoglobinopathieBalliere Tindall,

ments. In all cases>1000 cells were counted per data point using a London, UK, vol. 6/No. 1, pp. 31-66.

dictaphone to record the results. Groudine,M. and Weintraub,H. (1982) Propagation of globin DNAase

I-hypersensitive sites in absence of factors required for induction: a
possible mechanism for determinatia®ell, 30, 131-139.

Acknowledgements Hanscombe,O., Whyatt,D., Fraser,P., Yannoutsos,N., Greaves,D.,
Dillon,N. and Grosveld,F. (1991) Importance of globin gene order for
correct developmental expressidbenes Dey.5, 1387-1394.

Herendeen,D.R., Kassavetis,G.A. and Geiduschek E.P. (1992) A
transcriptional enhancer whose function imposes a requirement that
proteins track along DNAScience 256, 1298-1303.

Leder,A., Daugherty,C., Whitney,B. and Leder,P. (1997) Modse

References and a-globin genes: embryonic survivadi-thalassemia and genetic

background effectBlood, 90, 1275-1282.

Ashe,H., Monks,J., Wijgerde,M., Fraser,P. and Proudfoot,N. (1997) Marshall,N.F. and Price,D.H. (1992) Control of formation of two distinct
Intergenic transcription and transinduction of the hunfiglobin classes of RNA polymerase Il elongation complexésl. Cell. Biol,
locus.Genes Dey 11, 2494-2509. 12, 2078-2090.

Behringer,R.R., Ryan,T.M., Palmiter,R.D., Brinster,R.L. and Townes, Marshall,N.F., Peng,J., Xie,Z. and Price,D.H. (1996) Control of RNA
T.M. (1990) Human gamma- to beta-globin gene switching in polymerase |l elongation potential by a novel carboxyl-terminal

We wish to thank Dr M.Antoniou for advice on DRB and actinomycin-
D, Drs T.McMorrow and S.Philipsen for helpful discussions and L.Braam
for animal care. J.G. was supported by the Jeantet Foundation and E.M.
by the MRC Canada. This work was supported by the NWO Netherlands.

transgenic miceGenes Dey.4, 380-389. domain kinaseJ. Biol. Chem, 271, 27176-27183.
Bickel,S. and Pirotta,V. (1990) Self association of twsophilazeste Martin,D.l., Fiering,S. and Groudine,M. (1996) Regulation of beta-
protein is responsible for transvection effe&dMBO J, 9, 2959-2967. globin gene expression: straightening out the lo€usr. Opin. Genet.
Bresnick,E.H. and Felsenfeld,G. (1994) Dual promoter activation by the  Dev, 6, 488—495.
human-globin locus control regiorProc. Natl Acad. Sci. USA91, Milot,E. et al. (1996) Heterochromatin effects on the frequency and
1314-1317. duration of LCR-mediated gene transcripti@ell, 87, 105-114.
Chodosh,L.A., Fire,A., Samuels,M. and Sharp P.A. (1989) 5,6-Dichloro- Mueller-Storm,H.P., Sogo,J.M. and Schaffner,W. (1989) An enhancer
1-betap-ribofuranosylbenzimidazole inhibits transcription elongation stimulates transcriptiom trans when attached to the promoter via a
by RNA polymerase lin vitro. J. Biol. Chem. 264, 2250-2257. protein bridge Cell, 58, 767-777.

Craddock,C.F., Was,P., Sharpe,J.A., Ayyub,H., Wood,W.G. and Peng,J., Zhu,Y., Milton,J.T. and Price,D.H. (1998) Identification of
Higgs,D.R. (1995) Contrasting effects of alpha and beta globin multiple cyclin subunits of human P-TEFGenes Dey 12, 755-762.
regulatory elements on chromatin structure may be related to their Peterson,K. and Stamatoyanopoulos,G. (1993) Role of order in

different chromosomal environmenMBO J, 14, 1718-1726. developmental control of human gamma and beta globin gene
Dillon,N. and Grosveld,F. (1991) The humarglobin gene is silenced expressionMol. Cell. Biol., 13, 4836-4483.

independently from the other genes in tReglobin locus. Nature Peterson,K., Clegg,C.H., Huxley,C., Josephson,B.M., Haughen,H.S.,

350 252-254. Furukawa,T. and Stamatoyannopoulos,G. (1993) Transgenic mice
Dillon,N., Trimborn,T., Strouboulis,J., Fraser,P. and Grosveld,F. (1997) containing a 248kb YAC carrying the hum#nglobin locus display

The effect of distance on long range chromatin interactidvisl. proper developmental control of human globin gefeec. Natl Acad.

Cell,, 1, 131-138. Sci. USA 90, 7593-7597.

Dirks,R., van de Rijke,F., Fujishita,S., van der Ploeg,M. and Raap,A. Ptashne,M. (1988) How eukaryotic transcriptional activators work.
(1993) Methodologies for specific intron and exon RNA localisation Nature 335 683—-685.
in cultured cells by haptenized cells and fluorochromized probes.  Raich, N., Enver,T., Nakamoto,B., Josephson,B., Papayannopoulou.T.

Cell Sci, 104, 1187-1197. and Stamatoyannopoulos (1990) Autonomous developmental control
Dunaway,M. and Dige,P. (1989) Transactivation of tikenopusRNA of human embryonic switching in transgenic micgcience 250,
gene promoter by its enhancétature 341, 657-659. 1147-1149.

Enver,T., Raich,N., Ebens,A.J., Papayannopoulou,T., Constantini,F. and Sharpe,J.A., Wells,D.J., Whitelaw,E., Was,P., Higgs,D.R. and
Stamatoyannopoulos,G. (1990) Developmental regulation of human  Wood,W.G. (1993) Analysis of the human alpha-globin gene cluster
fetal-to-adult globin gene switching in transgenic mibkature 344, in transgenic miceProc. Natl Acad. SciUSA 90, 11262-11266.
309-313. Strouboulis. J., Dillon,N. and Grosveld,F. (1992) Developmental

Foley,K.P. and Engel,J.D. (1992) Individual stage selector element regulation of a complete 70-kb humdiglobin locus in transgenic
mutations lead to reciprocal changes in beta- vs. epsilon-globin gene  mice.Genes Dey 6, 1857-1864.
transcription: genetic confirmation of promoter competition during Tewari,R., Gillemans,N., Wijgerde,M., Nuez,B., von Lindern,M.,

globin gene switchingGenes Devy.6,730-744. Grosveld,F. and Philipsen,S. (1998) Erythroid Kruppel-like factor
Fraser,N.W., Sehgal,P.B. and Darnell,J.E. (1978) DRB-induced premature  (EKLF) is active in primitive and definitive erythroid cells and is

termination of late adenovirus transcriptiddature 272, 590-593. required for the function of HS3 of the B-globin locus control
Fraser,P., Gribnau,J. and Trimborn,T. (1998) Mechanisms of region.EMBO J, 17, 2334-2341.

developmental regulation in globin locCurr. Opin. Hematol. 3, Tuan,D., Kong,S. and Hu,K. (1992) Transcription of the hypersensitive

139-144. site HS:2 enhancer in erythroid celRroc. Natl Acad. Sci. USA89,

Furukawa,T.,  Zitnik,G., Leppig,K., Papayannopoulou,T. and 11219-11223.
Stamatoyannopoulos,G. (1994) Co-expression of gamma and betaTweeten,K.A. and Molloy,G.R. (1981) Induction of premature

globin mRNA in cells containing a single human beta globin locus: termination of transcription of the mougg globin gene by DRB.
results from studies using single-cell reverse transcription polymerase  Nucleic Acids Res9, 3307-3319.
chain reactionBlood, 83, 1412-1419. Wijgerde,M., Grosveld,F. and Fraser,P. (1995) Transcription complex
Giglioni,B., Casini,C., Mantovani,R., Merli,S., Comi,P., Ottolenghi,S., stability and chromatin dynamicslature 377, 209-213.
Saglio,G., Camaschella,C. and Mazza,U. (1984) A molecular study Wijgerde,M., Gribnau,J., Trimborn,T., Nuez,B., Philipsen,S., Grosveld,F.
of a family with Greek hereditary persistance of haemoglobin gnd and Fraser,P. (1996) The role of EKLF in hum@rglobin gene
thalassaemigEMBO J, 11, 2641-2645. competition.Genes Dey.10, 2894-2902.
Gourdon,G., Sharpe,J.A., Wells,D., Wood,W.G. and Higgs,D.R. (1994)
Analysis of a 70 kb segment of DNA containing the human zeta and Received May 21, 1998; revised July 24, 1998;
alpha-globin genes linked to their regulatory element (HS-40) in accepted August 10, 1998

transgenic miceNucleic Acids Res22, 4139-4147.
Gourdon,G., Sharpe,J.A., Higgs,D.R. and Wood,W.G. (1995) The mouse
alpha-globin locus regulatory elemenBlood, 86, 766—775.

6027



