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Chromatin immunoprecipitaion

We grew yeast cells to A600 ,1 in YEPD or low phosphate-YEPD25 medium and performed
Chr-IP as described elsewhere, using highly speci®c antibodies raised against individual
sites of acetylation and tested in Chr-IP against the relevant histone mutations5,27(N.S. and
M.G., unpublished data). We fragmented DNA in chromatin to ,500 bp by sonication.
We performed immunoprecipitations with the addition of 5 ml of each antiserum speci®c
for each acetyl-lysine to 50 ml of whole-cell extract from 8 ´ 107 cells. We used 1/100 of the
immunoprecipitated DNA for analysis by PCR. We performed PCR in the linear range of
ampli®cation for each primer set and DNA sample, and added 0.8 mCi ml-1 [a-32P]dATP
(speci®c activity of 3,000 Ci mmol-1) to each PCR reaction. We quanti®ed the data using
PhosphorImager and ImageQuant (Molecular Dynamics).

Strains

Histone acetylase/deacetylase mutants WJY110 (Dhda1), WJY139 (Dgcn5), WJY140
(Drpd3), WJY141 (Dhda1Drpd3), WJY142 (Dhda1Dgcn5) and WJY143 (Drpd3Dgcn5)
(J.W. and M.G., unpublished data) are all isogenic to YDS2 (ref. 29). LPY3431 (wild type)
and LPY3430 (esa1-L327S)19 were provided by L. Pillus. RPD3 was deleted in these strains
using the rpd3::LEU2 disruption plasmid pMVL17 to produce strains MVY006 (Drpd3)
and MVY007 (Drpd3esa1-L327S). We con®rmed the disruption by PCR.
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once axons of Lhx3+ motor neurons have bypassed axial muscle
targets they continue to grow along Lhx3- pathways, lending further
support to the notion that the passive deployment activity of motor
axons is quite robust12±16. Indeed, this passive activity combined
with epigenetic interactions raises the possibility that knockouts of
guidance receptors could appear to have all nerves in place, despite
an erosion of speci®city for targets. An ability to extend axons
passively seems incongruous with the highly speci®c path®nding
observed for motor neurons2. Our ®ndings suggest an additional
mechanism that may cooperate with guidance receptors to establish
speci®c motor connections. In principle, the occupancy of a path-
way could increase the relative barrier for inappropriate motor
axons, thus magnifying the actions of guidance receptors and
enhancing the ®delity of path®nding. M

Methods
A 9-kilobase fragment of the upstream region of HB9 (ref. 19) was linked to comple-
mentary DNAs encoding nLacZ, Lhx1 or Lhx3. At the start methionine a lox±neomycin±
lox cassette was inserted such that translation could occur following Cre-mediated DNA
recombination at the lox sites. Promoter constructs were targeted by homologous
recombination into the 39-untranslated region of Isl2.

To generate aggregation chimaeras TgH Isl2HB9:LNL:Lhx3/TgNPro:CRE F1 males were crossed
to superovulated ROSA26 (ref. 26) females. Morula stage embryos were ¯ushed, stripped
of the Zona and aggregated to wild-type morula embryos, transferred into pseudopreg-
nant females and recovered at E13.5 for analysis.

Immunocytochemistry, in situ hybridization and neuronal labelling were performed as
described3,17,19,27.
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GATA-1 is a tissue-speci®c transcription factor that is essential for
the production of red blood cells1,2. Here we show that over-
expression of GATA-1 in erythroid cells inhibits their differentia-
tion, leading to a lethal anaemia. Using chromosome-X-
inactivation of a GATA-1 transgene and chimaeric animals, we
show that this defect is intrinsic to erythroid cells, but never-
theless cell nonautonomous. Usually, cell nonautonomy is
thought to re¯ect aberrant gene function in cells other than
those that exhibit the phenotype3. On the basis of our data, we
propose an alternative mechanism in which a signal originating
from wild-type erythroid cells restores normal differentiation to
cells overexpressing GATA-1 in vivo. The existence of such a
signalling mechanism indicates that previous interpretations of
cell-nonautonomous defects may be erroneous in some cases and
may in fact assign gene function to incorrect cell types.

GATA-1 expression is required at the relatively immature pro-
erythroblast stage1,2, as GATA-1 null proerythroblasts undergo
apoptosis4 and reduced GATA-1 levels inhibit proerythroblast
differentiation5. However, the role of GATA-1 later in erythroid
differentiation remains obscure. Murine erythroleukaemia (MEL)
cells overexpressing GATA-1 under the control of the erythroid-
speci®c human b-globin locus control region linked to the b-globin
promoter (construct PEV3±GATA-1) fail to activate the expression
of differentiation markers in response to the chemical inducer
dimethyl sulphoxide (DMSO) and do not undergo differentia-
tion-associated proliferative arrest6. Embryonic stem (ES) cell
clones overexpressing GATA-1 also generate erythroid colonies
that are inhibited in terminal differentiation6. Furthermore, over-
expression of an inducible GATA-1 fusion protein (GATA-1±LBD,
containing the tamoxifen-inducible ligand-binding domain of the
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oestrogen receptor) also inhibits erythroid differentiation (R.F. and
D.W., unpublished data). These results may explain our failure to
produce a transgenic line of mice by conventional microinjection of
PEV3±GATA-1, because loss of erythroid differentiation would be
lethal in vivo.

We therefore exploited the process of X-inactivation7, as an X-
linked GATA-1 transgene should be transcriptionally active in 50%
of female erythroid precursors. In males, X-inactivation does not
occur, and all erythroid cells should overexpress GATA-1. Mice can
survive to term when 50% of erythroid precursors fail to differ-
entiate normally, for example in females with one disrupted GATA-
1 allele (which is X-linked); however, roughly 30% of GATA-1 null
heterozygous females die from severe anaemia by 15.5 days post
coitus (d.p.c.). In survivors, anaemia is transient and recovery is
thought to be due to in vivo selection of normal progenitors8,9.

DNA ¯uorescence-in-situ-hybridization (FISH) screening of
male ES cells stably transfected with PEV3±GATA-1 showed loca-
lization of the transgene to the X chromosome in clone G4. The
expected ratio in male to female progeny (38:34) was observed from
100% germline transmitting male chimaeras generated from this
clone, F1 females carrying the transgene and F1 males (except one)

11.5 12.5

Liver
12.5

Blood
13.5

13.5 14.5

wt

tg

tg

wt tg tg

                    Days post coitus
Adult

11.5 12.5 13.5 14.5

wt male 2 14 18 2 56
wt female 2 21 13 1 52
GATA-1 tg male 2 24 13 4 0

23 anaemic 9 anaemic 4 dead
1 dead 4 dead

GATA-1 tg female 3 22 12 3 47

Proerythroblast

Basophilic erythroblast

Polychromatic erythroblast

Orthochromatic erythroblast

Primitive erythrocyte

Definitive erythrocyte

68 ±5 (n=7)
2.1

37 ±7 (n=6)
0.6

68 ±4 (n=5)
2.1

% Enucleated cells
Enucleated: nucleated cells
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c

Figure 1 GATA-1 overexpression in vivo. a, Representative wild-type (wt) males and

transgenics (tg) of either sex, 11.5 d.p.c. to 14.5 d.p.c., yolk sacs intact. b, Genotype and

phenotype of embryos and adults, excluding F1. Death was de®ned by lack of heartbeat,

pallor was scored by anaemia. c, Disaggregated 12.5-d.p.c. fetal liver and 13.5-d.p.c.

blood. Indicated by key is morphology of differentiating erythroid precusors and

erythrocytes. Arrowheads indicate erythroid precusors in male transgenic blood (,3% of

all cells). Percentage of enucleated erythrocytes (.300 events per embryo), number (n) of

independent embryos and standard deviations, and ratio of enucleated to nucleated

erythroid cells are shown below.

tg  
66 ±3
(n=3)

wt

%Erythroid %lacZ+ (of erythroid)

wt male 85 ±2 0.5 ±0.2
(n=5)

BtklacZ/+ female 84 ±3 9.0 ±3.3
(n=7)

GATA-1 tg male 79 ±3 1.3 ±0.3
(n=7)

GATA-1 tg BtklacZ/+ female 85 ±2 9.9 ±2.1
(n=9)

tg  
32 ±2
(n=3)

wt

MEL

tg  wt tg  wt

% Trans
GATA-1+

Trans
GATA-1

Endo
GATA-1

Cyclin A2

P
E

V
3

P
E

V
3–

G
AT

A
-1

b
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a

%lacZ Erythroid B-cell Granulocytic Monocytic
staining Large Medium lineage lineage lineage

wt 3 3 1 6 1

BtklacZ/+ male
No. 1 55 19 81 63 92
No. 2 53 16 90 61 91

BtklacZ/+ female
No. 1 20 7 31 33 45
No. 2 23 7 39 27 46
No. 3 24 9 37 25 44

GATA-1 tg
BtklacZ/+ female
No. 1 35 12 48 34 56
No. 2 26 9 37 30 46
No. 2 24 7 35 22 39

Figure 2 GATA-1 transgene is subject to X-inactivation. a, Western blot of nuclear

extracts from 13.5-d.p.c. fetal livers, with anti-GATA-1 antibody N6. DMSO-induced

control (PEV3) and GATA-1 overexpressing (PEV3±GATA-1) MEL cell samples are

included. Positions of myc-tagged transgene-derived GATA-1 (trans GATA-1) and

endogenous GATA-1 (endo GATA-1) are indicated. Cyclin A2 was used as a loading

control. b, RNA FISH on 12.5-d.p.c. disaggregated fetal liver cells. Cells were stained for

GATA-1 (green) and Xist (red). Representative cells are shown. The percentage of

transgene-derived GATA-1 positive cells, number of embryos and standard deviations are

indicated. c, Percentage of erythroid cells and percentage of lacZ+erythroid cells in 13.5-

d.p.c. fetal livers from female GATA-1 transgenic mice mated to BtklacZ males. Number of

embryos and standard deviations are indicated. d, Percentage of lacZ+staining cells in

haematopoietic lineages of 6-week-old mice. Erythroid cells are arbritrarily divided into

large and medium size according to the forward scatter (FSC) value. Note that GATA-1

transgenic BtklacZ/+ female no. 1 which expresses lacZ in a high number of erythroid

precursors also expresses lacZ in a higher than expected number of cells in the B-cell and

monocytic lineages. This re¯ects the normal variance of the binomial distribution of X-

inactivation balance in early pluripotent precursors.
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being non-transgenic. The phenotypically male transgenic animal
contained two X chromosomes (one carrying the transgene) and
one Y chromosome (data not shown). Chimaeras generated from
four other ES cell clones containing autosomal transgene integra-
tions failed to give germline transmission.

We mated transgenic females and examined their progeny.
Transgenic females were indistinguishable from wild-type litter-
mates. Male transgenics were anaemic from 12.5 d.p.c. and dead by
14.5 d.p.c. (Fig. 1a, b). Back-crossing GATA-1 overexpressing
females to FVB males for eight generations gave no viable transgenic
males (excluding the XXY male). At 13.5 d.p.c., the number of
enucleated erythrocytes relative to nucleated erythrocytes was
reduced more than threefold in transgenic males compared with
controls, showing that de®nitive erythropoiesis is inhibited (Fig. 1c).
The fetal liver of transgenic male embryos, the site of de®nitive
erythropoiesis at 13.5 d.p.c., was normal in size and cell number and
contained similar numbers of apoptotic cells (terminal deoxyribo-
nucleotide transferase (TdT)-mediated dUTP nick end labelling
(TUNEL) assay; data not shown) compared with controls; however,
transgenic male fetal livers contained signi®cantly more early
basophilic erythroid precursors and fewer late benzidine-positive
cells (Fig. 1c), con®rming that erythropoiesis is defective in fetal
liver. Unexpectedly, female transgenics displayed no alteration in
the morphology of cells in the fetal liver and had normal numbers of
enucleated erythrocytes at this stage (Fig. 1c). Expression of
putative GATA-1 target genes such as a-globin was unchanged in
female transgenics, as RNA FISH detection of a-globin nascent
transcripts on 13.5-d.p.c. fetal liver cells showed a normal number of
cells transcribing a-globin (72% compared with 73% in controls).
Furthermore, co-staining showed that half of these cells were
positive for transgene-derived GATA-1 transcripts (data not
shown), suggesting that the transgene is sensitive to X-inactivation.

Consistent with this interpretation, western blot analysis gave a
higher level of transgene-derived GATA-1 protein in male versus
female transgenic embryos (Fig. 2a). RNA FISH using a GATA-1
probe showed that at 12.5 d.p.c., 66% of transgenic male fetal liver
cells were positive for transgene-derived GATA-1 nascent transcripts
(appearing as a bright nuclear dot), whereas 32% of transgenic
female cells were GATA-1 positive (Fig. 2b). This method did not
detect endogenous GATA-1 transcripts. Co-staining for Xist RNA
showed a single punctate signal in male fetal liver cells, correspond-
ing to transcription from the Xist allele on the active X chromo-
some. Female cells also contained a larger area of accumulated Xist
RNA on the inactive X chromosome (or Barr body)10,11. Apparent
co-localization of Barr body and GATA-1 signals occurred in less
than 5% of double positive cells (Fig. 2b, and data not shown),
con®rming that male transgenics express the transgene pancellu-
larly and females heterocellularly in response to X-inactivation.
Survival of transgenic mice was not dependent on being female per
se, as a transgenic XXY male (where X-inactivation occurs7) was

viable. One might argue that the observed phenotype arises from
the X-chromosomal integration event itself; however, overexpres-
sion of the tamoxifen-inducible GATA-1±LBD in mice inhibited
erythroid differentiation independent of the integration site. GATA-
1±LBD accumulated to lower levels than the protein derived from
PEV3±GATA-1 and consequently induced a milder phenotype
(15% reduction compared with a 60% reduction in the proportion
of differentiated erythroid cells in a CFU-E assay, data not shown).

To examine the relative contribution of GATA-1-overexpressing
cells to the erythroid lineage, we bred transgenic females with males
containing a lacZ gene insertion in the X-inactivation sensitive
Bruton's tyrosine kinase (BtklacZ) locus12. We found the same
number of lacZ+ erythroid cells in the fetal livers of 13.5 d.p.c.
BtklacZ/+and compound BtklacZ+/GATA-1 transgenic females
(Fig. 2c). Adult BtklacZ males or females expressed lacZ in 50% or
25% of large erythroid precursors in the bone marrow, respectively.
Compound BtklacZ+/GATA-1 transgenic females also expressed lacZ
in 25% of large erythroid precursors (Fig. 2d). Thus, there is a
normal representation of cells with an active lacZ gene in the
erythroid compartment of GATA-1-overexpressing females
throughout development. We conclude that there is no selection
for or against GATA-1-overexpressing cells in females. As these
females generate normal numbers of de®nitive erythrocytes, the
GATA-1-overexpressing cells must be differentiating normally in

ba

β

α

C57
bI

6
12

9
O

LA
G4c

h 
no

.8
G4c

h 
no

.11
G4c

h 
no

.11

C57bI6 129OLA G4ch no.8

Figure 3 Cells overexpressing GATA-1 contribute to erythroid lineage in adult chimaeric

mice. a, Triton-acid-urea gel of lysed blood from C57bl6 (host-blastocyst, Hb single),

129OLA (ES cell strain, Hb diffuse) or clone G4-derived chimaeras (G4ch nos 8, 11 and 14).

Indicated are the positions of the a-type (a) and b-type globin (b) chains. b, Morphology

of the blood derived from C57bl6, 129OLA and G4 chimaera no. 8 mice.

Forward scatter

C
ou

nt
s

0 1,000

Day 0 Day 1 Day 2

wt

tg

tg

1:1
wt + tg

% Dead cells (of erythroid)

Day 0 Day 1 Day 2

wt 9 ±2 18 ±2 15 ±6
(n=9)

GATA-1 tg male 11 ±3 37 ±4 42 ±7
(n=5)

GATA-1 tg male 13 ±7 27 ±3 29 ±3
(n=4)

b

a

Figure 4 GATA-1 overexpressing CFU-Es fail to differentiate and undergo apoptosis

in vitro. a, Representative histogram plots of FSC (indicating relative cell size) of viable

erythroid cells from CFU-E assays performed on disaggregated fetal liver cells of 13.5-

d.p.c. embryos. Cells harvested before (day 0), and after 24 h (day 1) and 48 h (day 2) of

culture. Shown is the curve obtained by mixing transgenic male and wild-type samples in

a 1:1 ratio after different periods of culture. b, Percentage of dead erythroid cells in same

samples shown in a. Owing to a background of dead cells with a FSC of less than 327

(using our instrument settings), present in all CFU-E samples, cells with a FSC of less than

327 were excluded from this analysis.

© 2000 Macmillan Magazines Ltd



letters to nature

522 NATURE | VOL 406 | 3 AUGUST 2000 | www.nature.com

vivo. To con®rm that GATA-1-overexpressing cells contribute to the
adult erythrocyte pool, chimaeric animals were generated with
clone G4 cells (which are male and express the GATA-1 transgene
pancellularly). These cells contributed up to 50% of the erythro-
cytes, as assayed by globin chain isoform analysis (Fig. 3a) and
con®rmed by glucose phosphate isomerase analysis (data not
shown). These cells were morphologically normal (Fig. 3b).
Furthermore, analysis of the blood of female transgenic mice
showed no effect on other blood cell parameters, including red
cell number, cell volume and haemoglobin content (data not
shown).

To determine which differentiation stage is affected in the
transgenic males, we carried out burst-forming unit-erythroid
(BFU-E, re¯ecting early committed erythroid progenitors) and
colony-forming unit-erythroid (CFU-E, re¯ecting a later stage in
erythroid differentiation) assays. The same number of colonies in
BFU-E and CFU-E assays were formed from both wild-type and
transgenic 12.5-d.p.c. and 13.5-d.p.c. fetal livers (data not shown).
CFU-E colonies develop from single cells13 and do not require
accessory cells to form14, so the effect of GATA-1 overexpression on
female transgenic precursors when no longer in close contact with
non-overexpressing cells could be addressed. In male transgenic
CFU-E colonies, the production of small late differentiated ery-
throid cells is inhibited (Fig. 4a), and after 24 h about 40% of
erythroid cells were dead, compared with 20% in wild-type cultures
(Fig. 4b). Female transgenic CFU-E cultures had an intermediate
phenotype (Fig. 4a, b), identical to that found when wild-type and
male transgenic cells were mixed before or after culture at a 1:1 ratio.
This shows that female GATA-1-overexpressing erythroid precur-
sors are intrinsically defective and behave identically to transgenic
male erythroid precursors when removed from the fetal liver.

Gene function is `cell autonomous' when a cell displays a
phenotype that corresponds to its genotype, regardless of the
genotype of surrounding cells. Gene function is de®ned as `cell
nonautonomous' when a cell exhibits a phenotype that does not
correspond to its genotype15. In mosaics (that is, female transgenics
and male chimaeras), the phenotype of GATA-1 transgenic cells is
wild type. The function of the GATA-1 transgene is therefore cell

nonautonomous. The conventional interpretation would be that
erythroid cells overexpressing GATA-1 are normal and that the
GATA-1 transgene causes a defect in a non-erythroid cell normally
supporting erythropoiesis. If so, then all erythroid precursors in
female transgenics would behave identically in vivo and in vitro;
however, this is not the case (Fig. 4). Thus, the conventional
interpretation of cell nonautonomy is incorrect.

Perhaps the mutant erythroid cells produce a negative factor
inhibiting differentiation, and this is diluted in mosaics. To be cell
nonautonomous, however, expression of such a negative signalling
factor would have to be the only defect in the cells overexpressing
GATA-1. Considering the biochemical effects of GATA-1 over-
expression in erythroid cells6,16,17, this is unlikely. As GATA-1-over-
expressing erythroid cells are intrinsically defective, they must be
responding to a signal reversing these defects in mosaics. We
therefore propose that wild-type cells produce a positive factor
activating the differentiation of GATA-1 overexpressing cells. We
tentatively name this activity `red cell differentiation signal' or
REDS. The cells producing REDS must be absent or reduced in
transgenic males. De®nitive erythropoiesis occurs in erythroblastic
islands18. These contain a central macrophage surrounded by
erythroid cells at all stages of maturation, with immature cells
close to the macrophage and mature cells near the edge of the
island18,19 (Fig. 5). The obvious candidate source of REDS is mature
erythroid cells, as this is the only cell population clearly reduced in
the transgenic males. Merely allowing wild-type fetal liver cells to
contact cells overexpressing GATA-1 by mixing them in liquid
culture does not restore differentiation to the latter (data not
shown), indicating that disruption of the structure of the erythro-
blastic island also disrupts REDS activity. We suggest that mature
erythroid cells on the periphery of the island are the source of REDS.
In mosaics, late erythroid cells overexpressing GATA-1 are juxta-
posed with REDS-producing wild-type mature cells in the same
erythroblastic island and/or the neighbouring island. This over-
comes the defects induced by high GATA-1 levels and allows the
®nal stages of erythroid maturation to proceed. In male transgenic
mice there is no such juxtaposition. Death ligands expressed by
mature erythroid cells can induce the degradation of GATA-1
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Polychromatic erythroblast

Orthochromatic erythroblast

Erythrocyte

Pyknotic nucleus

Macrophage

REDS

GATA-1 activity
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Figure 5 A simpli®ed model of the erythroblastic island. The position of the central

macrophage and the arrangement of the erythroid precursors (as indicated by the key)

within the macrophage's cytoplasmic extensions are shown. The processes of pyknosis,

enucleation and phagocytosis of expelled pyknotic nuclei are represented. Arrows indicate

the putative signal REDS, being produced by late differentiated erythroid cells. Graph

indicates the proposed process of GATA-1 regulation late in the differentiation process.
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(ref. 20). It is therefore possible that death ligands are a component
of REDS. In support of this, death ligands partially reverse the effect
of GATA-1 overexpression in vitro (data not shown).

There is one precedent for a signalling mechanism similar to the
one that we propose. Caenorhabditis elegans larvae null for the IGF
receptor homologue DAF-2 enter a state of diapause rather than
developing into adulthood; however, DAF-2 null mosaic animals
can become adult with all cells differentiating into adult tissues15.
Signi®cantly, an adult phenotype is not associated with an obligatory
requirement for DAF-2 activity in a particular cell. Consequently,
secondary signals may operate to ensure that all cells adopt the same
developmental fate15. Furthermore, our observations have impor-
tant implications in interpreting other cell-nonautonomous defects.
For example, loss of the retinoblastoma protein results in a cell-
nonautonomous inhibition of erythropoiesis. In accordance with
the conventional interpretation of cell nonautonomy, it was con-
cluded that retinoblastoma protein null erythroid cells are normal
and that retinoblastoma protein function is required in stromal cells
supporting erythropoiesis21,22. This conclusion may be incorrect, as
transplantation studies suggest that retinoblastoma protein is
required in erythroid cells23. This discrepancy remains unexplained;
however, one resolution may be that the effect of retinoblastoma
protein loss in erythroid cells is reversed by a signal supplied by wild-
type cells, similar to the one that restores the normal differentiation
of erythroid cells overexpressing GATA-1. M

Methods
Plasmids, probes and primers

Plasmids PEV3±GATA-1 and PEV3 have been described24. Details of the cloning steps to
produce the puromycin resistant version of PEV3±GATA-1 are available on request.
Integration of PEV3±GATA-1 in ES cells and mice was screened by Southern blot using a
1-kilobase (kb) internal probe corresponding to the 59 end of the GATA-1 minigene. DNA
FISH and RNA FISH was performed using a FITC-labelled 4.3-kb fragment spanning exon
2 to exon 6 of the GATA-1 gene, a Texas-Red labelled 21-kb human b-globin LCR probe
and a Texas-Red labelled 6.5-kb fragment corresponding to the Xist RNA (a gift from
N. Brockdorff). Embryos were sexed by PCR using primers speci®c for the Zfy gene25.

Western blotting

Nuclear extracts were prepared as described26. Each sample (5 mg) was subject to
electrophoresis through a 10% SDS polyacrylamide gel, transferred onto nitrocellulose
and probed with anti-GATA-1 antibody N6 (Santa Cruz) or anti-cyclin A2 antibody C-19
(Santa Cruz) and an appropriate secondary antibody before detection using chemilumi-
nesence.

ES cells

The puromycin resistant version of PEV3±GATA-1 was linearized with Pvu1 and
electroporated into 129OLA-derived ES cells as described27 and individual clones selected in
1 mg ml-1 puromycin.

Mice

Chimaeric mice were generated by injecting ES cell clones generated as above into C57bl6
blastocysts. Chimeras were then bred with wild-type FVB males and screened by coat
colour for germ-line transmission. Transgenic females were then mated to FVB males or
BtklacZ males and sacri®ced during gestation or allowed to go to term.

Blood and fetal liver cell analysis

Blood and/or disaggregated fetal livers were collected from embryos or adults and
prepared on slides by cytocentrifugation. Slides were stained with neutral benzidine and a
modi®ed Giemsa-like stain.

Haemoglobin analysis

Globin chain representation in chimaeric animals was analysed as described22.

DNA and RNA FISH

DNA FISH was done as described28. RNA FISH was performed on disaggregated fetal liver
cells as described29.

CFU-E assay

CFU-E assays were done as described30. Fetal livers were disaggregated into single cells by
passage through a 100-mm mesh and plated at a density of 3 ´ 105 cells per ml in
methylcellulose containing 1 unit ml-1 Epo. Colonies were grown for times indicated and
then collected and washed with PBS to remove residual methylcellulose before staining.

FACS analysis

Single-cell suspensions of bone marrow, fetal livers and cultured cells were prepared as
above, stained and analysed by FACS as described14 with 5 ´ 104 events taken per sample.
We used the following antibodies and stains: R-PE-conjugated TER119 antibody (Phar-
mingen), 7-aminoactinomycin-D (7AAD, Molecular Probes BV), ¯uoroscein-di-b-D-
galactopyranoside (FDG, Molecular Probes BV), biotin-conjugated ER-MP20 antibody,
cychrome-conjugated CD45R/B220 (Pharmingen) and Tricolor-streptavidin secondary
antibody (Calatag Laboratories). Cell populations were divided as follows: non-viable
(7AAD+), erythroid (TER119+), large erythroid (TER119+/FSChigh), medium-sized ery-
throid (TER119+/FSCmedium), B-cell lineage (B220+/ER-MP20-/TER-), granulocytic (ER-
MP20+/TER119-) and monocytic (ER-MP20high/TER119-).
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Lineage choice is of great interest in developmental biology. In the
immune system, the ab and gd lineages of T lymphocytes diverge
during the course of the b-, g- and d-chain rearrangement of
T-cell receptor (TCR) genes that takes place within the same
precursor cell and which results in the formation of the gdTCR
or pre-TCR proteins1±3. The pre-TCR consists of the TCRb chain
covalently linked to the pre-TCRa protein, which is present in
immature but not in mature T cells which instead express the
TCRa chain4,5. Animals de®cient in pre-TCRa have few ab line-
age cells but an increased number of gd T cells. These gd T cells
exhibit more extensive TCRb rearrangement than gd T cells from
wild-type mice6,7. These observations are consistent with the idea
that different signals emanating from the gdTCR and pre-TCR
instruct lineage commitment8. Here we show, by using confocal
microscopy and biochemistry to analyse the initiation of signal-
ling, that the pre-TCR but not the gdTCR colocalizes with the
p56lck Src kinase into glycolipid-enriched membrane domains
(rafts) apparently without any need for ligation. This results in
the phosphorylation of CD3e and Zap-70 signal transducing
molecules. The results indicate clear differences between pre-
TCR and gdTCR signalling.

The analysis by confocal microscopy of pre-TCRa (pTa) dis-
tribution in the plasma membrane of pre-TCR expressing thymo-
cytes revealed a punctate staining pattern in contrast to the more
diffuse and uniform distribution of CD25 (Fig. 1Aa±c). Peripheral
ab T cells and gd thymocytes also exhibited a more uniform
receptor staining (Fig. 1Ad±g). Quantitation of colocalization of
pTa and TCRb chains on the surface of thymocytes revealed a
strong positive correlation9 (correlation coef®cient 0.95) and there-
fore the almost complete colocalization of the long pTa isoform
with the TCRb chain in patches of the cell membrane from
immature thymocytes (Fig. 1Ba±e). The patchy distribution of
the pre-TCR was reminiscent of the distribution on the cell surface
of the abTCR after ligand binding10, which is caused by crosslinking
of the abTCR and subsequent localization into glycolipid-enriched
membrane domains (rafts)11±14. These rafts contain GPI-linked
proteins, Src-like tyrosine kinases and other proteins targeted to
rafts through saturated acyl chains15±18. As the patchy distribution of
the pre-TCR could conceivably be due to localization into rafts, we
tested whether the pre-TCR, in the absence of any deliberate
ligation, would colocalize with raft components in the membrane

of a SCID thymocyte-derived cell line (SCIET.27) that had been
transfected with a productive TCRb gene and expressed the pre-
TCR on the cell surface (SCB.29)4. Co-staining with GM1-binding
cholera toxin B (CTxB) and pTa antibodies revealed the same
clustered distribution of the pre-TCR as observed with thymocytes
and colocalization with GM1 (Fig. 2Aa±d). A similar colocalization
was also observed with thymocytes (data not shown). These results
suggested that a putative pre-TCR ligand on thymic stroma was not
essential for the patchy staining and colocalization with GM1.

The pre-TCR clustering was signi®cantly reduced after choles-
terol depletion with methyl-b-cyclodextrin (MbCD) (Fig. 2Ae, f),
indicating the requirement for an intact lipid con®guration. This
suggests that the observed staining pattern was not caused by
antibody crosslinking, because lateral mobility of transmembrane
proteins is not inhibited by cholesterol depletion19. We also trans-
fected the SCIET.27 cell line with a vector encoding a
(Vb8.2Db1Jb2.6Cb2) TCRb chain±enhanced green ¯uorescent
(eGFP) fusion protein and found a clustered distribution of the
tagged pre-TCR by confocal microscopy. No such clustering
occurred with GFP protein alone (Fig. 2Ba±d). This further ruled
out a requirement for pre-TCR crosslinking. (The large area
of intracellular staining in Fig. 2Bc may represent internalized
receptors).

To assess whether expression of a gdTCR would yield a similarly
patchy staining, we transfected Vg1Jg1Cg4 and Vd7.1Jd1Cd genes
into the same pro-T cell line SCIET.27. Even though the gdTCR was
expressed at similar levels, the staining was much more homoge-
nous (Fig. 2Be, f).

Genetic evidence implicates p56lck as an essential component in
pre-TCR function20. We therefore tested whether the pre-TCR
would colocalize with p56lck in roughly the same way that it
colocalizes with the abTCR after crosslinking21±23. We found that

Figure 1 Analysis of the pre-TCR in the cell membrane of thymocytes. A, Punctate pattern

of pTa chains on the surface of CD4-8- thymocytes. Co-staining of CD4-8- thymocytes

with FITC-conjugated PC-61 (anti-CD25) monoclonal antibody (a) and biotinylated 2F5

(anti-pTa) monoclonal antibody revealed by streptavidin±TR (b), with phase contrast

image (c). Staining of gd thymocytes with biotin-labelled GL-3 monoclonal antibody

revealed by streptavidin±FITC (d, e). Staining of lymph nodes cells with FITC-conjugated

H57-597 monoclonal antibody (f, g). Scale bar, 2 mm. B, Quantitative colocalization

analysis of TCRb and full-length pTa chains on the surface of CD4-8- thymocytes. Cells

were stained with FITC-conjugated H57-597 (anti-TCRb) and biotin-labelled 2F5 (anti-

pTa) monclonal antibodies revealed by streptavidin±TR. Spatial distribution of TCRb (a)

and pTa (b) stainings and corresponding SPIMAC 2D histogram (e). Areas outside the

selected region in the 2D histogram represent the background; the pixels comprised in the

region appear in black in the TCRb (c) and pTa (d) images and correspond to the green

and red dots in a and b.
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