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We have characterized mRNA expression and transcription of the mouse a- and b-globin loci during
development. S1 nuclease and primary transcript in situ hybridization analyses demonstrate that all seven
murine globin genes (z, a1, a2, ey, bH1, bmaj, and bmin) are transcribed during primitive erythropoiesis,
however transcription of the z, ey, and bH1 genes is restricted to the primitive erythroid lineage.
Transcription of the bmaj and bmin genes in primitive cells is EKLF-dependent demonstrating EKLF activity
in embryonic red cells. Novel kinetic analyses suggest that multigene expression in the b locus occurs via
alternating single-gene transcription whereas coinitiation cannot be ruled out in the a locus. Transcriptional
activation of the individual murine b genes in primitive cells correlates inversely with their distance from the
locus control region, in contrast with the human b locus in which the adult genes are only activated in
definitive erythroid cells. The results suggest that the multigene expression mechanism of alternating
transcription is evolutionarily conserved between mouse and human b globin loci but that the timing of
activation of the adult genes is altered, indicating important fundamental differences in globin gene switching.
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The murine a- and b-globin loci are multigene clusters
located on chromosomes 11 and 7, respectively (Fig. 1).
They are highly homologous to their human counter-
parts in organizational structure and function and repre-
sent paradigms for the study of developmental gene regu-
lation. The a locus consists of three genes (z, a1, and a2)
that are dependent for expression on the major regula-
tory element (aMRE) which appears as an erythroid-spe-
cific DNase I-hypersensitive site ∼26-kb upstream of the
z gene (Gourdon et al. 1995). The murine b locus consists
of four functional genes [ey, bH1, b-major (bmaj), and
b-minor (bmin)] that are controlled by the locus control
region (LCR), a series of five DNase I-hypersensitive sites
in erythroid chromatin located 5–25 kb upstream of the
ey gene (Moon and Ley 1990; Hug et al. 1992; Jimenez et
al. 1992; Fiering et al. 1995). The genes are arranged in
the order of their developmental expression, as are their
human homologs. Embryonic yolk sac-derived erythroid
cells coexpress high levels of both z- and a-globin mRNA
(Leder et al. 1992) and primarily ey and bH1 b-like globin
mRNA with small amounts of bmaj and bmin (Brother-
ton et al. 1979; Chui et al. 1979; Wawrzyniak and Popp
1987; Whitelaw et al. 1990). At 11.5 days of gestation the
major site of erythropoiesis in the developing embryo

switches from the yolk sac to the fetal liver. This switch
in site is coincident with a change to definitive gene
expression in both the a and b clusters leading to pre-
dominant expression of the a1 and a2 genes and the
bmaj and bmin genes. Although the small amount of
bmaj and bmin expression in embryonic cells appears to
be genuine and not caused by maternal contamination
(Wawrzyniak and Popp 1987) it is unclear whether the
embryonic genes are expessed in early fetal liver cells
(Wong et al. 1983; Whitelaw et al. 1990).

The human globin loci have been studied more thor-
oughly, facilitated by the use of transgenic mice. The b
LCR has been shown to be required for the initial acti-
vation of the locus and provides erythroid-specific, high-
level, copy-number-dependent, position-independent ex-
pression to linked genes (Grosveld et al. 1987). Studies
with the a locus have shown that HS-40 is required for
expression of the a-like genes (Bernet et al. 1995) but
transgenic results have suggested that additional se-
quences are required for developmental position-inde-
pendent expression (Higgs et al. 1990; Sharpe et al. 1992;
Gourdon et al. 1994). A detailed model of the mechanism
of developmental regulation of the b-like genes has been
proposed based on the observations of gene competition
for LCR function (Enver et al. 1990; Hanscombe et al.
1991; Peterson and Stamatoyannopoulos 1993; Wijgerde
et al. 1995, 1996; Dillon et al. 1997) and single gene
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activation by the LCR (Wijgerde et al. 1995; Gribnau et
al. 1998). These data argue strongly in favor of a looping
model in which the LCR forms direct, mutually exclu-
sive chromatin interactions with gene-local regulatory
elements to activate transcription of a single gene. Mul-
tiple genes are coexpressed in cis through alternating
transcriptional periods of single genes (Wijgerde et al.
1995; Gribnau et al. 1998) suggesting that LCR–gene in-
teractions are dynamic but also semistable, persisting on
the order of several minutes (Wijgerde et al. 1995; Dillon
et al. 1997).

It has therefore been suggested that two parameters
determine the transcriptional output and hence expres-
sion level of a given gene during development. The first
is the frequency with which the LCR productively con-
tacts a particular gene and the second is the stability of
that interaction. The frequency of LCR–gene contact has
been proposed to be dependent on distance from the LCR
(Dillon et al. 1997). The relative distance between two
competing genes and the LCR has been shown to be im-
portant in controlling both the level and timing of ex-
pression (Enver et al. 1990; Hanscombe et al. 1991; Pe-
terson and Stamatoyannopoulos 1993). Dillon et al.
(1997) measured the effects of distance on the frequency
of LCR–gene interactions by comparing genes of equal
stability at varying positions in the locus in combination
with primary transcript in situ hybridization. Insertion
of a b gene into more LCR-proximal positions resulted in
that gene being transcriptionally activated more often
and at the expense of the equivalent downstream gene in
relation to the difference in distance.

The stability of the LCR–gene interaction has been
proposed to be determined by the transcription factor
environment. Targeted disruption of the erythroid Krup-
pel-like factor (EKLF) has shown that it is required for
transcription of only the adult-type b-globin genes (Nuez
et al. 1995; Perkins et al. 1995). EKLF binds selectively
with high affinity to the CCACCC element present in
the promoters of the mouse and human adult-type b-glo-
bin genes (Donze et al. 1995). Studies with compound
human globin locus transgenic/EKLF knockout mice
have shown that reductions in EKLF expression in het-
erozygous and homozygous knockout mice lead to de-
creased expression of b-globin and reciprocally increased
expression of g-globin mRNA (Wijgerde et al. 1996; Per-

kins et al. 1996). We have shown that these changes are
caused by reductions in the number of transcriptionally
active b genes in the fetal liver population with recipro-
cally increased numbers of active g genes (Wijgerde et al.
1996). These studies have been interpreted to suggest
that reduced EKLF levels lead to a decrease in the stabil-
ity of the LCR–b gene complex. Reduction in the
amount of time that the LCR complexes with the b gene
allows more frequent interaction with the g genes.

Here we present detailed characterization of the devel-
opmental expression and transcriptional regulation of
the murine a- and b-globin loci at the single-cell level.
The results of in situ hybridization and novel kinetic
analyses suggest that transcriptional regulation of the
mouse b genes is mediated by a similar dynamic chro-
matin interaction mechanism as has been proposed for
the human b locus. However, unlike the human locus
transcription of the adult b-like genes occurs in embry-
onic cells and hence is only suppressed partially and not
silenced through competition for the LCR. Similar
analyses of the a-globin locus indicate that a coactiva-
tional mechanism of multiple genes in cis cannot be
ruled out.

Results

Developmental expression

RNA samples were collected from embryonic and fetal
erythroid tissues at different stages of development and
subjected to S1 nuclease protection assay to determine
the expression pattern for the murine a- and b-globin
genes (Fig. 2). Previous studies have suggested that small
amounts of the adult b-like globin genes are expressed in
embryonic cells (Brotherton et al. 1979; Chui et al. 1979;
Wawrzyniak and Popp 1987; Whitelaw et al. 1990).
Quantitative PhosphorImager analysis of S1 assays (Fig.
2A) shows that in 10.5-day embryonic blood the level of
ey is 60% and bH1 34% of total b-like globin (Table 1).
bmaj–bmin (the b S1 probe does not distinguish between
bmaj and bmin) is detected at levels of ∼6%. Expression
of the a genes at 10.5 days is comprised of 46% z and
54% a mRNA (the a S1 probe does not distinguish be-
tween a1 and a2) (Fig. 2B; Table 1). This is in agreement
with previously published results (Whitelaw et al. 1990).

Figure 1. Schematic diagram of the murine
a-globin and b-globin loci. Genes are repre-
sented by solid boxes and vertical arrows
represent DNase I hypersensitive sites of the
aMRE and b-globin LCR.
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At day 11.5 of gestation the main site of erythropoiesis
changes from the embryonic yolk sac to the fetal liver,
which is the site of definitive erythropoiesis. Analysis of
fetal liver RNA at 12.5 days shows that 91% of the b-like
mRNA is bmaj–bmin, and ey and bH1 are still detect-
able at 7% and 2%, respectively. The appearance of
small amounts of bH1 and especially ey mRNA in the
early fetal liver as late as 14.5 days has been suggested to
indicate that expression of these genes is not restricted
to yolk sac-derived cells (Whitelaw et al. 1990). How-
ever, this residual mRNA may also be caused by con-
tamination of fetal livers with circulating embryonic
cells. A definitive conclusion is only possible through
individual cell analyses with cell-type markers and mor-
phological analysis (see below). The levels of a-globin
mRNA in 12.5-day fetal liver cells also shows a switch
from roughly equal z and a expression in the embryonic
cells to 99% a and only 1% z mRNA. z mRNA is unde-
tectable by 14.5 days, suggesting but not proving that z
transcription is restricted to embryonic cells.

Primary transcript in situ hybridization

We have shown previously that coexpression of the hu-
man g- and b-globin genes in transgenic mouse fetal ery-
throid cells containing a single, complete human b-glo-
bin locus (Strouboulis et al. 1992) is achieved through
alternating transcriptional periods of individual genes
(Wijgerde et al. 1995). Primary transcript in situ hybrid-
ization with gene-specific intron probes showed that the
vast majority of loci (88%) had only single gene signals.
Approximately 12% of loci displayed two gene signals in
cis, which we proposed represented a recent switch in
gene activation. To ensure significance in this type of
analysis the hybridization efficiency must be extremely
high to guarantee the detection of nearly all transcrip-
tionally active genes.

We determined the hybridization efficiency of the

mouse z, a, ey, and bH1 globin intron probes by hybrid-
izing them to 10.5-day primitive erythroid cells (Fig.
3A,B; and Table 2). The z probes detect primary tran-
script signals at 96% of the loci. The a-globin intron
probes that recognize the primary transcripts of both
highly homologous a1 and a2-globin genes demonstrate
detectable signals at 89% of the loci (Table 2). Double-
label experiments with both the z- and a-globin probes
shows that a signal (a, z, or both) is detected at >95% of
the loci. If all three a-globin genes are constitutively
transcribed in primitive cells then our hybridization ef-
ficiencies are very high, at least >90%. It is possible that
some of the genes are off at certain times; in this case we
would conclude that our efficiency is even higher.

We performed similar quantitations for the ey and bH1
globin primary transcript probes (Fig. 4B, Table 2). Ap-
proximately 91% of the loci have an ey signal and 63%
have a bH1 signal at 10.5 days. Calculation of the rela-
tive percent of ey versus bH1 primary transcript signals
(59% and 40%, respectively) yields comparable percent-
ages to the relative amount of mRNA as determined by
S1 analysis (60% and 34% of total b-like globin, respec-
tively; Table 1). This close correlation between the rela-
tive percentages of transcriptionally active genes and
mRNA expression suggests that the number of fully ac-
tive genes in the population determines the level of
mRNA expression. This was also found to be the case in
the human b locus in which the results indicated that a
gene is either fully on or off (Wijgerde et al. 1995, 1996;
Dillon et al. 1997).

Globin gene transcription in primitive erythroid cells

Gene competition in the mouse b-globin locus has been
suggested by a naturally occurring deletion of the bmaj
gene and its gene-local regulatory elements (Skow et al.
1983) which leads to increased expression of the bmin
gene in homozygotes (Curcio et al. 1986). In contrast,
targeted disruption of the bmaj gene via insertion of a
selectable marker leads to perinatal lethality with no
increase in bmin expression (Shehee et al. 1993;). In the
a locus, marker gene insertion into the z gene leads to
reductions in the level of a gene expression in the fetal
and adult erythroid cells suggesting that the marker gene
may be competing for activation with the a genes (Leder
et al. 1997).

To investigate the mechanism of coexpression in the

Table 1. Quantitative S1 nuclease protection analysis

10.5
blood

12.5
fetal liver

14.5
fetal liver

16.5
fetal liver

ey 60 7 <1 0
bH1 34 2 <1 0
bmaj–bmin 6 91 99 100
z 46 1 0 0
a1–a2 54 99 100 100

PhosphorImager quantitation of S1 nuclease protection assays
shown in Fig. 2. The numbers represent the percentage of total
b-globin or a-globin mRNA expression for the individual b and
a genes.

Figure 2. S1 nuclease protection assays. Total RNA from the
indicated developmental timepoints (10.5-day whole embryo
and 12.5-, 14.5-, 16.5-day fetal liver and adult blood) was sub-
jected to S1 nuclease protection assay as described in Materials
and Methods with probes of equal specific activity. (A) b locus
probes ey, bH1, and bm (bmaj and bmin). (B) a locus probes z

and a (a1 and a2). The positions of protected fragments are
indicated on the left.
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mouse a- and b-globin loci and characterize the pattern
of transcriptional regulation we performed primary tran-
script in situ hybridization, on 9.5-, 10.5-, and 11.5-day
peripheral blood. Oligonucleotide probes specific for the
introns of ey, bH1, bmaj, bmin, z, and a were used in
double-label experiments. Primary transcript in situ hy-
bridization shows that embryonic blood cells from days
9.5–11.5 transcribe all four b-like globin genes to varying
degrees (Fig. 4A–C; Table 2). Each of the loci in a single
cell can have a different primary transcript signal or
combination of signals (Table 2) demonstrating that, like
the human b genes, each locus responds independently
to the same trans-acting factor environment. Almost all

loci (91%; Table 2) have signals for the ey gene, which
remains fairly constant in embryonic blood cells
throughout the period from 9.5 to 11.5 days (Fig. 4A).
The ey gene is closest to the LCR and is the most highly
expressed globin gene during embryonic erythropoiesis
(Fig. 2A). The ey and bH1 foci appear frequently in cis
(i.e., double signals on one locus) decreasing from 85% at
9.5 days to 45% at 11.5 days of gestation (Figs. 3B; 4A) as
a result of the decrease in bH1 gene transcription from
95% at 9.5 days to 53% at 11.5 days. Thus, fewer bH1
genes are being transcribed as development proceeds.

Adult b gene transcription is observed in a small per-
centage of the bmaj genes in 9.5-day embryonic blood,
increasing to 25% in 11.5-day blood (Figs. 3C; 4B). Three
percent of the bmin genes had primary transcript signals
at 10.5 days (Fig. 3D) and increased to ∼10% in 11.5-day
blood. The bmaj and bmin foci nearly always appear in
cis with an ey signal in the early primitive cells, but by
11.5 days (blood) ∼20% of the bmaj signals are single
signals (Fig. 4B). These results of b gene transcription in
the mouse globin locus are markedly different from
those of the human transgene locus. The early transcrip-
tion of the adult mouse b genes (bmaj and bmin) is in
contrast to the human locus in which transcription of
the adult b-globin gene is not detected in embryonic
cells but is restricted to fetal-derived erythroid cells.
These results show that the entire murine b-globin locus
is activatable in embryonic erythroid cells.

In situ transcription analysis of the z and a genes in
embryonic cells demonstrates that both genes are tran-
scriptionally active as expected but also reveals a high
percentage of double signals in cis starting at 90% in
9.5-day red cells and decreasing to ∼70% at 11.5-days
(Fig. 4C). The percentage of a genes with a signal remains
fairly constant ∼90% throughout the embryonic period
but the percentage of z gene signals decreases from 99%
of all z genes at 9.5 days to 80% at 11.5 days (blood),
resulting in fewer double signals and more single a gene
signals. As in the b locus the pattern of transcriptional
activity of the genes in the a locus does not remain static
from 9.5 to 11.5 days.

ey, bH1, and z gene transcription is restricted
to primitive erythroid cells

The same probes were used to analyze gene transcription
in fetal liver erythroid cells at 11.5 and 12.5 days of ges-
tation (Fig. 4A–C). Livers were isolated from fetal mice at
the time points indicated and distrupted gently and pre-
pared for in situ hybridization as described in Materials
and Methods. In situ analysis of 11.5- and 12.5-day fetal
liver cells shows that the bmaj and bmin genes are now
the most highly expressed genes, which is in agreement
with the S1 analysis (Fig. 2A). At 11.5 days there is a
small percentage of erythroid cells that continue to tran-
scribe the ey, bH1, and z genes in the fetal liver prepara-
tions (Fig. 4A–C). It varies from one preparation to the
next (average 15%) but by 12.5 days it is reduced to near
zero. In situ analysis in 12.5-day peripheral blood in
which >75% of the cells are nucleated primitive eryth-

Figure 3. Primary transcript in situ hybridization on embry-
onic and fetal erythroid tissues. Double-label in situ hybridiza-
tions were performed with the indicated probe sets on 10.5-day
blood (A–D) and 13.5-day fetal liver cells (E) as described in
Material and Methods. Three separate images are shown for
each hybridization; (left) red signal; (right) green signal; (middle)
overlay of red and green. (A) z in red and a in green. (B) bH1 in
red and ey in green. (C) bmaj in red and ey in green. (D) bmin in
red and ey in green. (E) bmin in red and bmaj in green. The
photos are composites of CCD images that represent a single
focal plane and therefore may not show both loci from an indi-
vidual cell in focus.

Mechanism of transcriptional control in globin loci

GENES & DEVELOPMENT 115



T
ab

le
2.

Q
u

an
ti

ta
ti

on
of

tr
an

sc
ri

pt
io

n
al

ce
ll

ty
pe

s
an

d
pe

rc
en

ta
ge

s
of

lo
ci

w
it

h
tr

an
sc

ri
pt

io
n

si
gn

al
s

fo
r

th
e

in
d

iv
id

u
al

gl
ob

in
ge

n
es

T
ra

n
sc

ri
pt

io
n

al
ce

ll
ty

pe
s

C
el

ls
(%

)

L
oc

i
w

it
h

si
n

gl
e,

do
u

bl
e,

or
n

ot
de

te
ct

ed
si

gn
al

s
(%

)
T

ra
n

sc
ri

pt
io

n
al

ce
ll

ty
pe

s
C

el
ls

(%
)

L
oc

i
w

it
h

si
n

gl
e,

do
u

bl
e,

or
n

ot
de

te
ct

ed
si

gn
al

s
(%

)
T

ra
n

sc
ri

pt
io

n
al

ce
ll

ty
pe

s
C

el
ls

(%
)

%
lo

ci
w

it
h

si
n

gl
e,

do
u

bl
e,

or
n

ot
de

te
ct

ed
si

gn
al

s

C
ey

b
H

1●
ey

C
b

H
1

●
ey

/b
H

1
C●

N
.D

.
●

z
a

C
z

●
a

C
z/

a
C●

N
.D

.
C

b
m

a
j

b
m

in
●

b
m

a
j

C
b

m
in

●
b

m
a

j/
b

m
in

C●
N

.D
.

●
1

0
0.

5
0

0.
5

●
0.

4
0.

2
0

0
0.

2
●

1
0

0.
5

0
0.

5
●

●
<1

0
1

0
0

●
●

3
3

0
0

0
●

●
<1

0
1

0
0

C●
●
*

4
0

2
2

0
C●

●
*

13
6.

5
0

6.
5

0
C●

●
*

3
0

1.
5

1.
5

0
C●

C●
37

0
0

37
0

C●
C●

76
0

0
76

0
C●

C●
69

0
0

69
0

C●
C
*

31
15

.5
0

15
.5

0
C●

C
*

4
0

2
2

0
C●

C
*

14
7

0
7

0
●

C
*

3
1.

5
0

1.
5

0
●

C
*

2
1

1
0

0
●

C
*

<1
0.

5
0.

5
0

0
C●

6
0

0
3

3
C●

0.
45

0
0

0.
2

0.
2

C●
8

0
0

4
4

C
C

14
14

0
0

0
C

C
1

0
1

0
0

C
C

2
2

0
0

0
C

3
1.

5
0

0
1.

5
C

0.
15

0
0.

1
0

0.
1

C
2

1
0

0
1

T
ot

al
31

.5
3.

5
59

5
T

ot
al

11
4

85
0.

5
T

ot
al

10
.5

3
81

.5
5.

5
to

ta
l

%
«
y

si
gn

al
s

31
.5

+
0

+
59

+
0

=
91

to
ta

l
%

a
si

gn
al

s
0

+
4

+
85

+
0

=
89

to
ta

l
%

b
m

aj
si

gn
al

s
10

.5
+

0
+

81
.5

+
0

=
92

to
ta

l
%

b
H

1
si

gn
al

s
0

+
3.

5
+

59
+

0
=

63
to

ta
l

%
z

si
gn

al
s

11
+

0
+

85
+

0
=

96
to

ta
l

%
b

m
in

si
gn

al
s

0
+

3
+

81
.5

+
0

=
85

D
ou

bl
e

la
be

l
in

si
tu

h
yb

ri
di

za
ti

on
s

as
sh

ow
n

in
Fi

g.
3

w
er

e
co

u
n

te
d

an
d

th
e

pe
rc

en
ta

ge
s

of
th

e
n

in
e

di
ff

er
en

t
tr

an
sc

ri
pt

io
n

al
ce

ll
ty

pe
s

ar
e

sh
ow

n
.

(C
,

●
)

T
h

e
di

ff
er

en
t

pr
im

ar
y

tr
an

sc
ri

pt
si

gn
al

s
fo

r
th

e
in

di
vi

du
al

gl
ob

in
ge

n
es

as
in

di
ca

te
d

at
th

e
to

p
of

ea
ch

co
lu

m
n

.
T

h
e

si
gn

al
s

pr
es

en
t

on
ea

ch
of

th
e

h
om

ol
og

ou
s

ch
ro

m
os

om
es

ar
e

sh
ow

n
.

(O
ve

rl
ap

pi
n

g
C
,a

n
d

●
).

L
oc

iw
it

h
tw

o
di

ff
er

en
t

pr
im

ar
y

tr
an

sc
ri

pt
s

si
gn

al
s

in
ci

s.
T

h
e

pe
rc

en
ta

ge
s

of
in

di
vi

du
al

lo
ci

w
it

h
si

n
gl

e,
do

u
bl

e
or

n
ot

de
te

ct
ab

le
(N

.D
.)

in
si

tu
si

gn
al

s
co

n
ta

in
ed

w
it

h
in

th
es

e
ce

ll
s

ar
e

sh
ow

n
in

th
e

fo
u

r
co

lu
m

n
s

on
th

e
ri

gh
t.

T
h

e
to

ta
ls

of
th

es
e

co
lu

m
n

s
(s

in
gl

e,
do

u
bl

e,
or

n
ot

de
te

ct
ed

)a
re

sh
ow

n
di

re
ct

ly
be

n
ea

th
th

em
.T

h
e

ap
pr

op
ri

at
e

va
lu

es
w

er
e

su
m

m
ed

u
p

to
ar

ri
ve

at
th

e
to

ta
l

pe
rc

en
t

of
th

e
sp

ec
if

ic
ge

n
e

si
gn

al
s

(b
ot

to
m

tw
o

li
n

es
of

ea
ch

ta
bl

e)
.R

es
u

lt
s

w
er

e
ta

k
en

fr
om

10
.5

-d
ay

em
br

yo
n

ic
bl

oo
d

ce
ll

s
fo

r
ey

,b
H

1,
z,

an
d

a
.

b
m

a
j

an
d

b
m

in
re

su
lt

s
ar

e
fr

om
13

.5
-d

ay
fe

ta
l

li
ve

r
ce

ll
s.

Sh
ow

n
ar

e
th

e
pe

rc
en

ta
ge

s
of

lo
ci

w
it

h
tr

an
sc

ri
pt

io
n

si
gn

al
s

fo
r

th
e

in
di

ca
te

d
ge

n
es

.
*C

el
ls

w
it

h
di

ff
er

en
t

tr
an

sc
ri

pt
io

n
si

gn
al

s
or

co
m

bi
n

at
io

n
s

of
si

gn
al

s
on

ea
ch

lo
cu

s.

Trimborn et al.

116 GENES & DEVELOPMENT



rocytes shows that transcription of the globin genes is
switched off dramatically (not shown). The near com-
plete disappearance of ey, bH1, and z gene signals in the
12.5-day fetal liver preparations (Fig. 4A–C) suggested
that those signals in the 11.5-day fetal liver preparations
arose from contaminating embryonic erythrocytes. In
addition the cells that display foci for the ey, bH1, and z
genes in the 11.5-day fetal liver slides are distinct micro-
scopically from the bulk of fetal liver cells as they dis-
play a high degree of autofluoresence, a characteristic of
embryonic cells.

We confirmed that these cells were indeed embryonic
and not fetal derived by three separate experiments. Hy-
bridization of 11.5-day fetal liver slides with probes for
ey, z, and bmaj show that a small percentage of autofluo-
rescent erythroid cells (∼15%) transcribe both the ey and
bH1 genes indicating that their expression is restricted
to a subpopulation of cells in the fetal liver preparations
(Fig. 5A–C). Transcription signals for mouse z and ey in
cells from 11.5-day fetal-liver preparations from a homo-
zygous transgenic line that contains a single copy of the
human b-globin locus, were completely separate from

the cells that had transcription signals for the fetal-re-
stricted human b gene (Wijgerde et al. 1995) (not shown).
Finally, in situ analysis of 11.5-day blood and fetal liver
cells from an EKLF−/− mouse with ey and bmaj probes
showed that the lack of bmaj transcription because of
the EKLF knockout (Nuez et al. 1995; Perkins et al. 1995)

Figure 5. Primary transcript in situ analysis of 11.5-day fetal
liver preparations. Cells were hybridized with (A) z in red and
bmaj in green; (B) ey in green and bmaj in red; (C) z in red and
ey in green. Note the relatively high autofluorescence in cells
transcribing ey and/or z genes compared to the cells transcrib-
ing the bmaj gene.

Figure 4. Quantitation of loci with single or double in situ pri-
mary transcript signals during embryonic and fetal development for
the indicated genes. Double-label in situ hybridizations as shown
in Fig. 3 were quantitated and plotted as the percentage of loci with
single or double signals at the timepoints indicated. (A) ey vs. bH1.
(B) ey vs. bmaj. (C) z vs. a. (D) bmaj vs. bmin. The values represent
the percent of individual loci with detectable single or double sig-
nals and therefore do not include the small percentage of loci with
no detectable signals (see Table 2).
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did not lead to the appearance of ey transcription foci in
the fetal liver cells. This indicates that the ey gene is
silenced and not in competition with the bmaj gene in
fetal cells (data not shown). Interestingly, bmaj tran-
scription foci were not present in the EKLF−/− embryonic
blood cells indicating that transcription of the bmaj gene
is dependent on EKLF activity in primitive cells. We con-
clude from these experiments that the cells with mouse
z and/or ey, and by inference those with bH1 signals, are
embryonically derived erythroid cells and that transcrip-
tion of these genes is restricted to the primitive lineage
and does not occur in true definitive cells.

Globin gene transcription in definitive erythroid cells

Presumably the mouse z, ey, and bH1 genes are autono-
mously silenced during erythroid development as are the
human e (Raich et al. 1990) and z genes (Liebhaber et al.
1996). Definitive cells derived from the fetal liver ex-
press only the a1 and a2 genes from the a locus and the
bmaj and bmin genes from the b locus. As mentioned
previously the a1 and a2 genes are highly homologous
even in their intervening sequences precluding the use of
gene-specific intron probes to distinguish them.

The bmaj and bmin intron sequences are divergent
and gene-specific probes were used to detect primary
transcripts from these genes separately in double-label in
situ hybridizations (Fig. 3E). Quantitation of both bmaj
and bmin signals together shows that signals are de-
tected at 95% of the loci in 13.5-day fetal liver indicating
that the probe efficiency is very high (Table 2). Separate
quantitation shows that 92% of the bmaj alleles and
85% of the bmin alleles have primary transcript signals
(Table 2). Approximately 81% of the loci have bmaj and
bmin signals in cis (double signals), 10% have bmaj
alone and 3% have bmin alone (Table 2). A cell-by-cell
analysis shows that ∼17% of the cells transcribe a differ-
ent combination of genes, whereas the trans-acting fac-
tor environment is the same (Table 2; indicated by *).
The results from fetal liver cells from 12.5–15.5 days
show that the percentage of bmin transcription foci is
declining during development (Fig. 4D), which fits well
with the previously reported changes in levels of b-maj
and b-min proteins during fetal development (Whitney
1977; Alter and Goff 1980; Wawrzyniak and Popp 1987).

Coactivation or alternating single-gene activation

The relatively high percentage of double signals in the
mouse a and b loci suggested that the mechanism of
multigene expression in these loci may be different from
that proposed for the human b locus. In the human b
locus the LCR is thought to flip-flop between genes to
alternately activate transcription. Primary transcript in
situ hybridization analysis of g and b transcription in the
early fetal liver cells showed that 85% of the loci have
single-gene signals (Wijgerde et al. 1995). The fact that
nearly all cells had human g and b mRNA in their cyto-
plasm indicated that alternation must occur and sug-

gested that the small amount of double signals were
caused by a recent switch from g to b or vice versa. The
results from the mouse a and b loci could be interpreted
to indicate that transcription is coinitiated from mul-
tiple globin genes in cis in most cells. However, there are
two indications from the data that contest this conclu-
sion in the case of the b locus. First, a significant pro-
portion of the cells have loci that are responding differ-
ently to the same trans-acting factor environment (38%
at 10.5 days and 17% at 13.5 days, Table 2). Second, there
is a significant proportion of loci with only single-gene
signals (35% at 10.5 days and 14% at 13.5 days, Table 2).
These results suggest the possibility that the individual
genes in the mouse b locus may be alternating, albeit
more often than in the human b locus (Wijgerde et al.
1995).

We therefore designed an experiment to provide fur-
ther evidence of coinitiation or alternating transcription
of multiple genes in the mouse globin loci making use of
the inhibitor of transcriptional elongation DRB (5,6-di-
chloro-1-b-D-ribofuranosyl-benzimidazole). Previous stud-
ies have shown that DRB does not affect initiation of
transcription (Fraser et al. 1978; Marshall and Price 1992)
but prematurely aborts elongating transcripts 400–600
bp from the initiation site (Chodosh et al. 1989; Marshall
et al. 1996) by inhibiting the activity of the P-TEFb ki-
nase, which phosphorylates the carboxy-terminal do-
main (CTD) of Pol II (Marshall et al. 1996). The effect of
DRB treatment on globin gene transcription in mouse
erythroleukemia cells has been reported previously
(Tweeten and Molloy 1981). The results demonstrate
that DRB causes premature termination without affect-
ing initiation of transcription. This was tested in trans-
genic mice by briefly exposing fetal liver cells to DRB
and analyzing initiation using promoter-proximal probes
and elongation using probes to distal regions of the hu-
man g- and b-globin primary transcripts via in situ hy-
bridization (Gribnau et al. 1998). In situ signals with
probes that hybridize to intron 1, located in the first 300
bases of the primary transcript are still visible after 15
min of DRB treatment, whereas probes that hybridize to
intron 2, 600–1200 bases 38 of the initiation site are no
longer visible after 7 min of DRB treatment.

What makes DRB inhibition of elongation particularly
useful is the fact that it is reversible, allowing elongation
to proceed normally after removal of DRB. We tested this
in day 10.5 embryonic blood cells by first treating cells
with DRB for 15 min and then measured the reappear-
ance of transcription elongation at intervals after wash-
ing out the DRB (Fig. 6). As a measure of recovery of the
cells we recorded the percentage of cells in which both
homologs had reappearing signals, using probes to intron
2 of the mouse ey and bH1 primary transcripts. The re-
sults show that elongation signals reappear on both ho-
mologs in 67% of the cells, 2.5 min after washing out the
DRB (Fig 6I; trans curve). This result illustrates two very
important points. First, that elongation is restored very
rapidly after removal of DRB and second, that the vast
majority of cells that will recover already have elonga-
tion signals on both homologs. This shows that the elon-
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gation signals are not reappearing randomly throughout
the available loci in the population of cells, but instead
are contained in a subset of recovering cells in the early
time points. The late time points show that the percent-
age of cells with trans elongation signals (signals on both

homologs) are equal to untreated control values (82%),
indicating that the cells are fully recovered and not ad-
versely affected by the brief drug treatment.

We reasoned that if coinitiation in cis was occurring in
loci that have double signals, then restoration of elonga-
tion after DRB treatment should result in the simulta-
neous reappearance of the same relative percentages of
single- and double-gene signals. If alternation of tran-
scription is the cause of the double signals, then single
signals should reappear first and be followed by the re-
appearance of double signals after a lag that reflects the
extra time required to produce a second signal in cis.
Reappearing elongation signals were quantitated for z-
and a-globin and ey and bH1 globin genes at the indi-
cated time points. The cells in the untreated panels (Fig.
6A,E) show the normal distribution of single versus
double signals for the ey and bH1 genes and the z and a
genes, respectively. After 15 min of DRB treatment no
primary transcript signals are detectable (Fig. 6B,F). Fig-
ure 6, C and G, shows an early time point after removal
of the DRB block (5 min after wash). Note that the ma-
jority of signals in the case of the b genes are single-gene
signals per locus, whereas for the a genes, most signals
are double signals. A graphical analysis of the quantita-
tion of loci with single- or double-gene signals as a per-
centage of all loci for the b and a genes are shown in
Figure 6, I and J, respectively. In the case of the b genes,
a higher than normal proportion of single signals are pre-
sent in the early time points, whereas the double signals
are underrepresented. As time progresses, the single sig-
nals are converted to double signals (most apparent from
the bH1 curve). The results for the a genes are strikingly
different. The double and single signals reappear at ap-
proximately the same rate and with the same relative
proportions as in control cells. The percentage of double
signals does not significantly change in untreated con-
trol cells during the time course of the experiment (Fig.
7A). Comparison of the reappearance of double signals
for the b and a genes by plotting the percentage of double
signals/total signals, for DRB-treated cells normalized to
control values shows that the double b signals are much
slower to reappear when compared to the double a sig-
nals (Fig. 7B).

The fact that the relative amount of double a versus
single a or z signals is the same as in the untreated cells,
regardless of the number of cells that have recovered,
suggests that a coinitiation mechanism could explain
multigene expression in the mouse a locus. However, a
transcriptional mechanism that involves very frequent
alternations (i.e., alternations occurring every minute)
would give the same result. The results support a mecha-
nism of alternating transcription in the mouse b-globin
locus that is similar to that proposed for the human
b-globin locus (Wijgerde et al. 1995).

Discussion

We have used a combination of S1 nuclease protection
assays on total RNA and primary transcript in situ hy-
bridization in erythroid cells to analyze the gene expres-

Figure 6. Kinetic analysis of reappearance of primary tran-
script signals after DRB inhibition of elongation. Blood cells
from 10.5-day embryos were pulse treated with DRB as de-
scribed in Materials and Methods and hybridized with mouse ey
and bH1 primary transcript probes (A–D), and mouse z and a

globin primary transcript probes (E–H). (A,E) Prior to DRB treat-
ment. (B,F) Cells treated with DRB for 15 min. (C,G) 5 min after
washing out DRB. (D,H) 20 min after washing out DRB. The
percent of single and double signals are presented from the in-
dicated timepoints in I (ey and bH1) and J (z and a). Also shown
is the percentage of cells with signals on both loci (trans curve;
I) which is a measure of the recovery of cells after DRB treat-
ment. All values represent the percentages of total loci or cells,
respectively. The data represent the results of a single experi-
ment was repeated four times in the case of b and three times in
the case of a, yielding essentially the same curve shapes. Some
variability is observed in the position of the curves along the
x-axis, because of the inherent difficulties in obtaining short
time points.
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sion and transcription patterns of the murine a and b
globin genes. The results show that mRNAs from the
embryonic ey, bH1, and z-globin genes are expressed at
high levels in primitive erythroid cells and are still de-
tectable at low levels in the early fetal liver until 12.5–
14.5 days of gestation. Primary transcript in situ hybrid-
ization indicates that the small amount of residual ex-
pression of these genes in early fetal liver preparations is
caused by the presence of a subpopulation of cells that
transcribe both the ey and z genes. These cells display a
high degree of autofluoresence and do not transcribe the
fetal-restricted human b gene indicating that they are
circulating embryonic cells and not true definitive cells
derived from the fetal liver. We conclude from this data
that transcription of the ey, bH1, and z-globin genes is
restricted to the primitive erythroid lineage.

In contrast, the a1, a2, and to a lesser extent the bmaj
and bmin genes are expressed in the primitive lineage
and are the only globin genes expressed in definitive
cells. a1 and a2 mRNA makes up ∼50% of the embry-
onic a globin at 10.5 days, whereas bmaj and bmin ex-
pression is ∼6%. In the case of the b locus where all four
genes are distinguishable, the results show that they are
transcribed at frequencies that are inversely proportional
to their distances from the LCR. These results are remi-
niscent of those of Dillon et al. (1997) in which a marked

b gene was placed at different positions in the human
globin locus and the effect of distance on transcription of
the introduced gene and the other globin genes was mea-
sured. The results showed that altering the distance of a
gene from the LCR had an effect on the frequency of
transcription of that gene. An LCR-proximal gene was
transcribed more often than a distal gene with reciprocal
consequences for the remaining downstream genes in
the locus. Those results suggested that the LCR activates
gene transcription by forming direct chromatin interac-
tions with gene-local regulatory elements and that the
frequency of contact between two or more competing
genes and the LCR is controlled in part by differences in
distance.

The results highlight an important difference in the
pattern of developmental regulation between the mouse
and human b loci. In the mouse locus bmaj and bmin
gene transcription is activated in the primitive lineage,
whereas human b gene transcription is restricted to de-
finitive erythroid cells in transgenics. The human b gene
is thought to be silenced in primitive cells in part
through competition for the LCR by the more LCR-
proximal e and g genes. A competition mechanism could
also be operating in the mouse b-globin locus, which is
suggested by the DRB experiments, and could account
for the observed inverse correlation between percentage
of transcriptionally active genes and distance from the
LCR in primitive cells. One might expect from these
results that if the human b gene in its distal location in
the locus is activatable in primitive erythroid cells then
some transcription should be detected in situ. Clearly
the human b gene is activatable in primitive cells when
placed next to the LCR (Enver et al. 1990; Hanscombe et
al. 1991) or in the position of the e gene (Dillon et al.
1997) but not in its wild-type location (Wijgerde et al.
1995) or when placed just 58 of the d globin gene (Dillon
et al. 1997). These results suggest the possibility that the
distal part of the human locus that contains the d and b
genes is not accessible to LCR activation in primitive
cells. This concept is supported by results from multi-
copy transgenic mice that contain head-to-tail tandemly
integrated copies of a complete 70-kb human globin lo-
cus in which the b gene is juxtaposed on the 38 side by an
LCR (Milot et al. 1996). These mice do not express b
mRNA in the primitive erythroid cells even though the
b gene would be closer to the downstream LCR than the
g genes. It is important to note here that the LCR can
activate the b gene in a 5-kb fragment when it is placed
58 of HS5 (Zafarana et al. 1995) i.e., it works in both
orientations. Taken together with the results presented
in this paper that indicate that the bmaj and bmin genes
are partially suppressed but not silenced by gene compe-
tition in primitive cells, it suggests that the human b
gene is silenced in primitive cells through another
mechanism that may involve epigenetic chromatin
modification (Fig. 8). It has been proposed that the hu-
man b locus may be divided into distinct chromatin sub-
domains (see Collins and Weissman 1984 and references
therein). This idea gains support from experiments with
somatic cell hybrids between primitive transgenic ery-

Figure 7. Percentage of double signals in control cells and re-
appearance of double signals in DRB-treated cells. (A) Double
signals in untreated control cells are plotted as a percent of total
signals for the a genes (z and a) and the b genes (ey and bH1). (B)
The reappearance of double signals in the DRB-treated cells are
plotted as a percent of the control values in A.
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throid cells and MEL cells that show that g gene expres-
sion is retained through several hybrid cell divisions be-
fore eventually switching to b expression (Papayan-
nopoulou et al. 1986; Stanworth et al. 1995; see also
Fraser et al. 1998). The above discussion is not intended
to suggest that competition plays no role in transcrip-
tional regulation of the b-globin genes. Competition is
clearly operating in the human locus when multiple
genes (or domains) are activatable, such as in primitive
cells between e and g and in early definitive cells be-
tween g and b.

The DRB experiments presented here suggest that al-
ternating transcriptional activation of the mouse b genes
is occurring, which may be indicative of gene competi-
tion for the LCR. Thus the results presented can be ex-
plained easily by the direct chromatin interaction
mechanism between the LCR and an individual b gene
that has been proposed for the human b locus. Alterna-
tive explanations would require the postulation of a
number of other parameters. We propose a model in
which the entire mouse b locus is accessible to LCR
activation in primitive cells and that the individual
genes are transcribed at frequencies that are inversely
proportional to their distance from the LCR caused
largely by gene competition (Fig. 8). In definitive cells
the ey and bH1 genes are no longer activatable because of
silencing that may involve chromatin modification al-
lowing the adult genes to be transcribed more frequently.
Thus we propose that switching in the mouse locus in-
volves shutting off the embryonic genes. In contrast, the
switch to definitive erythropoiesis in the human trans-
gene b locus involves ‘opening up’ of the adult d–b do-
main through chromatin modification, making it acces-
sible to activation by the LCR in competition with the g
genes.

The DRB results with the mouse a locus are more
difficult to interpret but are clearly different from those
of the b locus. The results of targeted disruption of the z
and a1 genes by insertion of a PGK–Neo cassette (Leder
et al. 1997) are strongly indicative of gene competition
for the aMRE. Insertion into the z gene had a more pro-
found effect on a1 and a2 gene expression than did in-
sertion into the a1 gene, clearly indicating that relative
position of the PGK–Neo cassette with respect to the

aMRE is important. It has been firmly established that
insertion of an activatable promoter (or gene) between a
regulatory element and its normal target promoter leads
to decreased activation of the downstream gene (Kim et
al. 1992; Fiering et al. 1995; Hug et al. 1996; Pham et al.
1996; Dillon et al. 1997) indicating that gene order and/
or relative distance from the regulatory element are key
parameters in determining the competitive ability of a
gene. We cannot conclude that the mouse a genes are
alternately transcribed or coinitiated from our results,
however the accumulated data suggest that they may be
alternating frequently in a competitive mechanism for
interaction with the aMRE. Obviously experiments that
are able to show a direct interaction between the LCR or
aMRE and an individual gene will allow firm conclu-
sions regarding this type of mechanism.

Materials and methods

Preparation of RNA and S1 nuclease protection assay

RNA was prepared from 10.5-day embryos, 12.5- and 14.5-day
fetal liver, and adult blood and subjected to S1 nuclease assay as
described previously (Weaver and Weissman 1979). The ey,
bH1, and adult b probes used were those described by Linden-
baum and Grosveld (1990). The mouse a and z probes were a
300-bp BamHI fragment from plasmid GSE 1454 and a 300-bp
ApaI–AvaII fragment subcloned from cosmid cML1 (Kielman et
al. 1994), respectively. S1 nuclease-protected bands were quan-
titated with a PhosphorImager (Molecular Dynamics).

Primary transcript in situ hybridization

Primary transcript in situ hybridization to detect transcrip-
tional activity of the mouse b-globin genes in 9.5-, 10.5-, and
11.5- blood; and 11.5-, 12.5-, and 13.5-day fetal liver cells was
performed as described by Wijgerde et al. (1995). Embryonic
blood cells were collected in PBS, fetal liver cells were disrupted
in PBS (by pipetting up and down several times) and spotted on
poly-L-lysine coated slides. Slides were placed in fixative (4%
formaldehyde, 5% acetic acid in saline) for 20 min at room
temperature then washed three times in PBS at room tempera-
ture and stored in 70% ethanol at −20°C. Slides were pretreated
for hybridization by rinsing in Tris/saline (0.1M Tris at pH 7 and
0.85% saline) and incubated in 0.01% pepsin, and 10 mM HCl at

Figure 8. Models of developmental switch-
ing in the mouse and human b globin loci.
Schematic diagrams of the mouse (left) and
human (right) b globin loci are shown dur-
ing embryonic (top) and early fetal (bottom)
erythropoiesis. Vertical arrows denote DN-
ase I hypersensitive sites of the LCRs. The
curved arrows signify an interaction be-
tween the LCR and an individual globin
gene. The relative thickness, of the arrows
represents the percent of transcriptionally
active genes in the population of erythroid
cells. Open boxes represent activatable

genes. Closed boxes represent genes that are silenced or in an inaccessible chromatin conformation (or both). Gray boxes (g genes, fetal
liver) reflect the possibility that the g genes in some early fetal liver cells may be silenced (i.e., cells committed to b transcription;
Wijgerde et al. 1996).
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37°C for 5 min. The slides were rinsed briefly in H2O and fixed
again for 5 min in 3.7% formaldehyde in PBS at room tempera-
ture. After a PBS wash slides were dehydrated in ethanol (70%,
90%, and 100%, respectively, 3 min each). Slides were hybrid-
ized in 25% formamide, 2×SSC, 1 mM EDTA, 5× Denhardt’s, 50
mM NaH2PO4/NaHPO4 (pH 7.0) and 200 ng of sheared salmon
sperm DNA using 1–5 ng/µl of the appropriate oligonucleotide
probes at 37°C overnight. After hybridization slides were
washed in PBS for 30 min at 37°C and rinsed briefly in TST
(Tris/saline with 0.05% TWEEN 20). The slides were then in-
cubated in Tris/saline containing 1% blocking reagent (TSB)
(Boehringer) for 30 min at room temperature. The slides were
incubated subsequently with TSB containing the appropriate
primary antibody (or Avidin D Texas red for biotinylated oligos)
for 30 min at room temperature and washed two times for 5 min
in TST. The previous steps were repeated with fluorescently
labeled secondary (biotinylated goat anti-avidin D for biotinyl-
ated oligos) and tertiary antibodies. After the final washing step
the slides were dehydrated (70%, 90%, and 100% ethanol), air-
dried, and mounted witha 1:1 mixture of 1% DABCO, 0.4 µM

DAPI (Sigma), 90% glycerol, 0.02% sodium azide, 10 mM Tris
(pH 8.0) with Vectashield (Vector labs).

Quantitation of primary transcript signals was done by count-
ing at least 400 cells for each timepoint using an epiflourescence
microscope (Leitz). The figures presented were created with a
CCD camera (Hamamatzu).

Oligonucleotide probes

Antisense oligonucleotide probes that recognize the intronic
sequences of the respective globin gene primary transcripts
were labeled with digoxygenin, dinitrophenol, or biotin haptens
at both ends and in the middle as indicated. ey 1–4 (digoxy-
genin): CTCAGAATTCTTGATTTCCCTAGCTCTTTGTAC-
CTAAAAAACAATTCTTCAGCCATTCACTGTCACCCTT-
ACTGGGACCAATTAATTAACTTTGACAGCACTCTCTT-
CATATTACTCTCCATATAAATCCATGATAAATTTTATC-
ACGGTTGTCTTGCAAGACTTTTCTTCAACATCAATAA-
ATAGGACCGCGCAAAA. bH1 1–4 (biotin): CAAAACCCT-
ATAGAAACCCTGGAAATTTCTGCCATGCATAAGGATA-
ATTTTGGACCCATGGACTCTAACATCTGTCAAGGCAT-
TGCCAATCACAGTCTCAAAATGCTGGGCGCTCACTCA-
AATCTGCACCCAAATCATTGTTGCCCACAAGCATAGA-
TGTATTAATTTATAAAAACATACTCCTTTTTAAAAAAG-
ATCCA. bmaj 2–4 (dinitrophenol): GAACTCTTGTCAACAC-
TCCACACACAGTCATGGAGACTGCTCCCTAGAATATG-
GGAAGTAAATAACCAGAGCTTAATTAATTTAGTAAAA-
TGCAACTGGAGACAAATTATTATAAGAATCCTATGTC-
AAACAGAATTTATATGTAAAATA. bmin 1–4 (biotin): TAT-
GAAGTAGAGCAACAATACAAGATGCTGAAGGCCGAT-
TTCAAATGGAAACTGTGGAAAGGATCAGAGAATCATT-
TATCTTTTTGTCCTCAGAGTAAGAAAAAAAGAATTAT-
TCTATGACACACAAAATTTAGCCACAAAATATACTCT-
GGTAAAATGGCAGCTGGGTTCTACTGGTCAATTTTGA-
TAAGAATTATTCT. z1–5 (biotin): CCTTCTCAGTGGCTT-
CTCCTCACTAACTGCTCTTTGTCACTTCTGTTCATGG-
AAGACTCTGGTGAGCTCTGTGAATGCCAGCCCACCTC-
CTTTAGTAACAACCCCAAGAGTGATGTTACTATTTGC-
TGTTGCACAAGGGTCTACAAAGGGGATTTGATGCCTC-
CAGCCTCCAATGGCACCCATGCCTGCGCTCG. a1–3(di-
goxygenin): TCACAGAAAAGCATAGTTAGAAGCTGCCCAC-
TGAGCGAGTGCCAGGTCCATTAGCCCTTCCTAGGGGT-
CCCAGATGCCGCCTGCCAGGTCCCTGCTCCCCTTCCTG-
GGACCACTATGTTCCCTGCCTTGGGCACGAGGACCCT.

Reversible inhibition of elongation with DRB

Blood was collected from 10.5 day embryos in PBS and diluted
to ∼106 cells/ml. Half of the cells were treated with 100 µM DRB
(5,6 dichloro-1-b-D-ribofuranosyl-benzimidazole, Sigma) for 15
min at 37°C, the other half were used as untreated controls. The
cells were then diluted with several volumes of ice-cold PBS,
spun at 200g, and washed two more times with ice-cold PBS and
resuspended in PBS at ∼106 cells/ml at 25°C. Aliquots were
removed at 0, 2.5, 5, 7.5, 10, and 20 min after washing, spotted
onto poly-L-lysine slides (Sigma) and prepared for in situ hybrid-
ization as described.
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