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Summary

Gatal is a transcription factor essential for erythropoiesis. tissue specific Cre/loR system and the process of X-
Erythroid cells lacking Gatal undergo apoptosis, while inactivation to generate mice that overexpress Gatal in half
overexpression of Gatal results in a block in erythroid the erythroid cells and are Gatal null in the other half. The
differentiation. However, erythroid cells overexpressing results show that the cells supplying REDS are erythroid
Gatal differentiate normally in vivo when in the presence cells. This study demonstrates the importance of
of wild-type cells. We have proposed a model, whereby a intercellular signalling in regulating Gatal activity and
signal generated by wild-type cells (red cell differentiation that this homotypic signalling between erythroid cells is
signal; REDS) overcomes the intrinsic defect in Gatal- crucial to normal differentiation.

overexpressing erythroid cells. The simplest interpretation

of this model is that wild-type erythroid cells generate

REDS. To substantiate this notion, we have exploited a Key words: Erythropoiesis, Gatal, Homotypic signalling, REDS

Introduction knockout mice die of anaemia at around 11.5 dpc (Fujiwara et

Erythropoiesis in mammals goes through two distinct stages,aé{". 1996). TheGat_algene IS X-Imked_ (Zon et al., 1990) and,
primitve and a definitive stage. In the mouse, primitive®ViNg t0 X-inactivation, female mice heterozygous for a
erythropoiesis begins in the yolk sac at around 7 days pc)g{_nctlonaIGatalgene have two populatlons_ of e_zrythr0|d cells
coitus (dpc) and produces nucleated erythrocytes. Shortly aftéfith respect to Gatal expression, one that is wild type and one
10 dpc, erythropoiesis switches from the primitive to thdhat |s_Gata1nuII. These mice are transiently anaemic during
definitive stage, and at around 12 dpc enucleated erythrocyt@gStation, but recover during the neonatal period, probably
begin to replace nucleated erythrocytes in the circulatioRWing to the in vivo selection of progenitors able to express
(Rifkind et al., 1969; Russell, 1979; Wong et al., 1985). Th@a_ta_l. Mutatlo_ns r_esultlng in reduced I_evels of Gatal also
primary site of definitive erythropoiesis is the foetal liver,inhibit erythroid differentiation (McDevitt et al., 1997
followed by the spleen and bone marrow later in developmerf@kahashi et al., 1997). _ _
(Medvinsky and Dzierzak, 1998; Moore and Metcalf, 1970), Interestingly, overexpression of Gatal in erythroid cells
Definitive erythropoiesis takes place in erythroblastic islanddnhibits erythroid differentiation both in vitro and in vivo
which consist of a central macrophage surrounded by erythrof@Vhyatt et al., 2000; Whyatt et al., 1997). In order to study
precursors located further towards the periphery of the islar@verexpression in vivo, mice were generated that express Gatal
in progressive stages of differentiation (Bessis et al., 1983). from an X-linked transgene under the control of the erythroid-
Gatal belongs to the GATA family of zinc-finger specific B-globin gene promoter and locus control region.
transcription factors (Evans and Felsenfeld, 1989; Patient arldansgenic males display pancellular Gatal overexpression in
McGhee, 2002; Tsai et al., 1989; Yamamoto et al., 1990). It ie erythroid lineage and die of anaemia at around 13.5 dpc,
mainly expressed in haematopoietic cells (erythroid cellspecause of a block in definitive erythroid differentiation
megakaryocytes, eosinophils and mast cells) (Hannon et a{\Vhyatt et al., 2000). Furthermore, Gatal-overexpressing
1991; Martin and Orkin, 1990; Patient and McGhee, 2002¢erythroid colonies grown from single precursors (colony
Romeo et al., 1990; Weiss and Orkin, 1995a) but also in Sertdrming units-erythroid, CFU-Es) fail to differentiate normally
cells of the testis (Ito et al., 1993; Yomogida et al., 1994). Gatalh vitro. By contrast, heterocellular overexpression of Gatal,
recognises a consensus binding motif that is present in ti@ occurs in chimeric mice or in the heterozygous transgenic
regulatory elements of all erythroid-specific genes examinedemales because of X-inactivation, results in live transgenic
including the Gatal gene itself (Ohneda and Yamamoto, mice that are phenotypically normal. Remarkably, all erythroid
2002). Correct regulation of Gatal levels appears crucial farells, both wild type and overexpressing Gatal, contribute
normal primitive and definitive erythropoiesis. Erythroid cellsnormally to the differentiated erythrocyte pool in these
null for Gatal undergo apoptosis at the relatively immaturanimals. This shows that the defect generated by
proerythroblast stage (Pevny et al., 1995; Pevny et al., 199ayerexpression of Gatal is cell-nonautonomous (Whyatt and
Weiss et al.,, 1994; Weiss and Orkin, 1995b) dbatal Grosveld, 2002). The explanation of this phenomenon is a
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Fig. 1.(A) Summary of the different Gatal mutants discussed and their outcome in terms of erythroid differentiation. FL, floxed; OX,
overexpressing; KO, deleted Gatal allele; WT, wild type. The progeny obtained in the crossing described in the presept isardisated
a-f, in accordance with Fig. 3A, Fig. 4C and Fig. 5A. (B) REDS signalling and erythroid differentiation. Heterotypic angbiccretigell
signalling mechanisms. 1 and 2 are different type of cells.

signal, that we tentatively termed red cell differentiation signaGatal gene would result in loss of this population. As the
(REDS), that is supplied by wild-type cells and directs GatalGatalgene itself is on the X-chromosome, we have exploited
overexpressing cells to differentiate normally (Whyatt et al.an erythroid specific Cre/l&recombination system and the
2000). However, Gatal-overexpressing CFU-Es isolated fromprocess of X-inactivation to generate such mice. Compound
the heterocellularly overexpressing mice fail to differentiate irransgenic mice expressing the Cre recombinase under the
vitro, even though their differentiation is normal in vivo. Thus,control of the erythroid-specifiB-globin gene promoter and
the defect generated by overexpression of Gatal is intrinsic tocus control region (pEV-Cre), carryingzatalgene flanked
the erythroid cells. This in vitro assay suggests that REDS8y two loxP recombination sites on one X-chromosome and
cannot be mediated by a soluble factor and that cell-cell contacarrying theGatal overexpression transgene on the other X-
is required for REDS signalling. Thus, the erythroblastic islandhromosome were generated. These transgenic females display
structure is an absolutely necessary context for REDS to actwo erythroid populations because of X-inactivation, one
The fact that overexpressing males do not show erythroidopulation overexpressing Gatal and one population that is
differentiation suggests that the source of REDS must be a c@latal null. If the cells supplying REDS are erythroid, which
type that is reduced in numbers or absent in these males. would be consistent with a homotypic mechanism for REDS,
light of the highly organised structure of the erythroblasticGatal-overexpressing cells should no longer differentiate in
island, the most likely source of REDS would be the wild-typesuch compound animals, which leads us to predict that these
erythroid cells in a late stage of differentiation. However, weanimals would die in utero because of anaemia caused by
could not exclude that a cell type other than erythroid ismpaired differentiation. However, if the cells supplying REDS
supplying REDS. are not erythroid, which would be consistent with an
We therefore set out to distinguish whether REDS is #&eterotypic model for REDS, Gatal-overexpressing cells
signalling mechanism involving cells of the same typewould still be able to differentiate in such compound animals.
(erythroid), defined as homotypic signalling, or a mechanisnin this case, these animals would develop with half of the
involving a different cell type other than erythroid, i.e. aerythroid progenitors, probably showing the same phenotype
heterotypic mechanism (Fig. 1) (Whyatt and Grosveld, 2002gas heterozygous Gatal knockout females, which are anaemic
In order to substantiate our model, we decided to ablatéuring gestation but survive normally to term with half of the
the wild-type erythroid cells in heterocellularly Gatal- erythroid progenitors (Fig. 1). In summary, if the compound
overexpressing mice. As mentioned above, the survival of tHiemales show a phenotype worse than heterozygous Gatal
earliest committed erythroid precursors is dependent on Gatkhockout females, the mechanism would be homotypic.
function (Weiss and Orkin, 1995b) and, hence, deletion of thelowever, if the compound females show a phenotype equal to
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heterozygoussatalknockout females, the mechanism would acquisition software used was Viewfinder Lite Version 1.0.125 and

be heterotypic. In this way, we wished to identify the cell typeStudio Lite Version 1.0.124, Pixera Corporation. Image processing
supplying REDS. was done in Adobe Photoshop 5.5.

FACS analysis

Materials and methods FACS analysis was performed in every foetal liver witi@® events

. taken per sample at day of collection and after two days of hanging
Mice . N ) drop culture. Single-cell suspensions were incubated with R-PE-
Gatal X' mice bear a modifie@atal gene flanked byoxP sites  conjugated TER119 antibody and 7-aminoactinomycin-D (7AAD).
(Fig. 2A) (F.L., unpublished). Gatal®% mice overexpress Gatal Cell populations were divided as follows: non-viable (7AAD
from an X-linked transgene (Whyatt et al., 2000). pEV-Cre micegrythroid (TER119), small erythroid (TER1T9FSC™). Ex vivo

express the Cre recombinase under the control of-fiebin gene  differentiation results were compared between the different
promoter and locus control region and this transgene is autosomglenotype/phenotypes.

Gatal YPXX:pEV-Cre (+/-) females were generated and crossed with

Gatal XLY males. Pregnant females were sacrificed at 13.5 and 14\Western blot analysis

dpc, or allowed to go to term, and progeny were analysed. CAG-Crene same number of cells from 13.5 dpc foetal livers at day 0, 1 and
mice express the Cre recombinase ubiquitously and have beeryf hanging drop culture were lysed with 2emmli buffer and these
described previously (Sakai and Miyazaki, 1997). ROSKEE-  whole cell extracts were analysed by western blot. The N6 Gatal rat
reporter mice expreg¥-galactosidase upon IBxrecombination and  monoclonal (sc-265) antibody was purchased from Santa Cruz
have been previously described (Soriano, 1999). Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody against
. N . B23 nucleophosmin was a kind gift from Pui K. Chan (Baylor College
Genotyping and recombination analysis o of Medicine, Houston, TX). Secondary antibodies conjugated to
The head or a tail snip was used in each case for determination of thgrseradish peroxidase were purchased from Dako (DakoCytomation,
genotype. The recombination efficiency was quantified in head andenmark). Enhanced chemoluminescence (ECL) was performed to

foetallliver by Southern blot analysis. The probe.used was the murirtﬁgvemp the blots as described by the manufacturer (Amersham
engrailed 2 sequence located between tHex® site and theGFP Pharmacia).

sequence of the vector (Fig. 2A). The restriction enzyme used was

Ncd. In order to determine recombination efficiency by FACS

analysis in different haematopoietic cell types, pEVCre and CAG-CrResults
mice were crossed with ROSA2&:Z reporter mice. Fluorescein di- . .
[-D-galactopyranoside (FDG) was used as galactosidase substrate Eﬁ{@edlng strategy for. the generation of Gatal
7-aminoactinomycin-D (7AAD) as viability marker. Each cell type COMpound mutant mice and nomenclature

was assessed as follows: TER11@rythroid), CCR3, FSC"dum  To determine whether the REDS signalling mechanism is
(eosinophils), Macl (macrophages), cKit SS&9" (mast cells), homotypic or heterotypic, we generated compound mice that
CD31, FSCUh (megakaryocytes). The antibodies used werehave one erythroid population that is overexpressing Gatal and
phycoerythrin conjugated (R-PE). FSC stands for ‘forward scatteredihe other population that Batalnull. It is feasible to obtain
SSC for 'side scattered”. such mice because th®atal-overexpressing transgene and
Foetal blood analysis the endogenoussatal gene are X-linked and they would

Blood samples were collected by bleeding dissected foetuses in SB’I? subjected to X-inactivation. Because one of .the X-
of phosphate-buffered saline (PBS). Cell numbers were determinédfOmosomes must pass through the male germline, and
by counting in a hemocytometer. Blood samples were also analysé®mizygosity for theGatal knockout allele and th&atal
in an electronic cell counter (CASY-1, Schéarfe Systems) to determin@verexpressing transgene are both lethal, we made use of a
the proportion of primitive (nucleated) and definitive (enucleated)conditional knockout allele of th@atalgene (Fig. 2A) and an
erythrocytes in blood. erythroid specific Cre recombinase (pEV-Cre) to perform the
Hanging d it experiment. The crossing strategy was designed to obtain the
anging drop cufture ) compound females together with the different genotypes that
Half of the liver from each foetus was collected and placed in 0.5 lmére needed as control to distinguish between homotypic or
of Dulbecco’s modified Eagle’s medium (DMEM) with 20% foeta . - : .
calf serum (FCS). Foetal livers were disaggregated into singIe-ce@ﬁzg{ggép'grzlgdlag!'Cntgaﬂzelzﬁgos:gsrg :trlf];?gycgrglitnhé:tgiprmg

suspension and cells counted. For hanging drop cultuxé8? &ells s . . ;
were resuspended in 2@l hanging drop medium (DMEM Modified gene surrounded by Rxites (') is crossed with

supplemented with 20% FCS, 0.18amercaptoethanol, 104 M a female carrying one overexpressing X-linkésatal
hemin, 5pg/ml penicillin/streptomycin, 2 U/ml erythropoietin, 5 transgene (R¥X) plus the endogenouSatal gene on each
pg/ml insulin) and cultured for 2 days (F.L., unpublished). Anti-chromosome and one autosorpBN-Cretransgene.

mouse Fas antibody (Jo2) was purchased from BD Pharmingen From the progeny, males are scored as wild type when they
(Catalogue number 554254) and used in hanging drop cultures at 2@rry no transgenes or carry only ffev-Cretransgene and we
Hg/ml and 40ug/ml concentrations. refer to them as XY. Females positive only for the floSedal
allele are also considered wild type, and we refer to them as

Histological staining FLX. The heterozygous Gatal-overexpressing females are

Foetal blood and foetal liver single-cell suspension samples from eaghy i /e for theGatal-overexpression transgene and the floxed
foetus were cytocentrifuged, and the preparations were stained wi

neutral benzidine and histological dyes as described (Beug et a.,atal aIIeIe_ and are |nd|cated_ .aSFIX(OX‘ The Gatal- .
1982). Cells cultured in hanging drops in the presence or absence @ferexpressing males are positive for the overexpressing
Jo2 were also collected after 2 days of culture, cytocentrifuged arii@nsgene or positive for both the overexpressingpanéCre
stained. Images were acquired in an Olympus BX40 microscope. Theansgenes and are referred &X Females positive for the
lenses used were Plan 40X/0.65 and Olympus Plan 100X/1.25. THikwxedGatalallele and th@EV-Cretransgene are heterozygous
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Research article

Analysis of the recombination driven by pEV-Cre

Southern blot analysis of foetal liver DNA fron¥®X females
demonstrates that the vast majority of floxed alleles have
undergone recombination (Fig. 2B, lane 3). Although the foetal
liver at this stage of development consists mainly of erythroid
cells, other haematopoietic and non-haematopoietic cells are
present. As we have found that pEV-Cre is also expressed in
other tissues (L.G., unpublished) it is important to assess
recombination activity in other Gatal-dependent cells present
in the foetal liver, as well as in macrophages (the central cells
of the erythroblastic island), to avoid misinterpretation of the
data. First we determined the percentage of erythroid and non-
erythroid haematopoietic cells present in the foetal liver by
sorting cell populations by fluorescence-activated cell sorting
(FACS) on the basis of antigen expression specific for the
different haematopoietic lineages. The results are presented
in Table 1A and demonstrate that eosinophils, mast cells,
megakaryocytes and macrophages represent only a small
fraction of the haematopoietic cells present in the liver, while
the vast majority of cells were classified as erythroid. In order
to assess pEV-Cre transgene encoded recombination activity in
these cells we crossed the pEV-Cre transgene and also the CAG-
Cre (Sakai and Miyazaki, 1997) (as ubiquitous control) with
ROSA26lacZ reporter mice (Soriano, 1999acZ expression
(from the recombined ROSA26 allele) in the different lineages

indicated. (B) DNA samples of 13.5 dpc foetuses were digested withtvas determined by staining with  fluorescein Bed-

Ncd and blotted against tHen2 probe for quantifying
recombination of th&atalfloxed locus. 1, XY wild-type male head
DNA control; 2, XLX female head DNA control; 3,50X female
foetal liver DNA.

Gatatnull females and are indicated as‘®X. Females
positive for the three transgenes, i.e. the X-linkedtal
overexpression transgene, the X-linked flogedallocus, and

galactopyranoside (FDG), which is hydrolysed into a
fluorescent product bg-galactosidase, and analysed by FACS
(Table 1B). From this analysis, we conclude that the pEV-Cre
recombination activity, after subtraction of the background
staining, is present only in 5-20% of the non-erythroid
haematopoietic cells in the foetal liver. The floxed non-
recombined allele present in non-erythroid cells does not show
up in the Southern because the contribution of these cell types

the autosomapEV-Cre transgene, are named as compoundn the foetal liver to the total cell population is very low. As the
females and indicated as‘®x©9X, These compound females recombinedsatalgene is X-linked, only half of the cells would
have one population of Gatal-null erythroid cells that underghave the recombined allele active. Thus, if 20% of the mast cells
apoptosis very early during differentiation and one populatioexpress pEV-Cre through a position effect, only 10% would be
of Gatal-overexpressing erythroid cells (see Fig. 1 for &atalknull. Assuming that all of the cKitSSC9h cells are
summary of the expected outcomes of each genotype in termmast cells (the real number is lower), 2% of the foetal liver cells

of erythroid differentiation).

would be mast cells. This brings us to the estimation that only

Table 1A. Contribution of different haematopoietic cell lineages in the foetal liver

Alive cells (7AAD")

Eosinophils Mast cells Megakaryocytes Macrophages Erythroid cells
(CCR3) (cKit* sSchighy (CD31* FSchigh (Mac1*) (Ter119)
Contribution 1.4+0.3 1.8+0.5 3.5+0.9 1.8+0.3 71.0+4.0

Contribution is the percentage of positive cells of the total events analysed, in at least three foetuses (average+s.d.).

Table 1B. Analysis of the recombination driven by pEV-Cre in the studied lineages

Alive andlacZ-positive cells (7AAD FDGY)

Eosinophils Mast cells Megakaryocytes Macrophages
FDG unstained 0.8+0.2 0.4+0.3 8.0+0.5 7.0+2.0
Cre negative 1.2+0.6 3.0£1.0 10.0£1.0 6.0+1.0
CAG-Cre* 48.247.0 95.0+1.0 72.0£0.5 80.0£7.0
PEV-Cre* 3.0+1.0 17.0£6.0 4.0+2.0 8.0+1.0

Percentage of alive aralcZ-positive cells of each cell lineage (averagets.d.). At least three foetuses were analysed per group. FDG unstained and Cre-
negative are the negative controls and CAG-Cre is the positive control. Percentage of samples marked with * are vahtesctiftarafithe background.
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A Xy XX Fig. 3.(A) Crossing strategy
o pEV-Cre +/- and phenotype of the different
l Gatal mutant foetuses obtained
at 13.5 dpc. A photograph of
| a b c d e f the foetus and foetal liver is
XY Xm\, XK(JX Xhuxm in(_:luded for each g_enotype.
(pEV-Cre +/-) < X (PEV-Cre +/-) pEV-Cre +/- pEV-Cre +/- Mice a and d are wild type or

Gatal-overexpressing,
respectively, regardless of
expression of the pEV-Cre
transgene (in brackets). a-f are
as in Fig. 1A, Fig. 4C and Fig.
5A. (B) Total cell number in
foetal blood at 14.0 dpc.
Average and s.d. are indicated.
At least three foetuses were
analysed per group.

Foetus inside
yolk sac

Foetus

Foetal liver

type genotypes and Gatal-overexpressing females
are normal while the rest of genotypes are anaemic.
12 7 XKOX mice appear anaemic, though their pallor is
not as severe as irPXY and XXOXOX mice and they
display a greater variance in phenotype (see also
Table 2). Foetal livers from all genotypes, which is
the site of definitive erythropoiesis at this stage, were
not significantly different in size. Mice born from an
identical cross are depicted in Table 3. As expected,
no XOXY males were born (Whyatt et al., 2000).
XKOX females recover from the anaemia observed
during gestation and are born in the expected
numbers for a viable phenotype. To our surprise, one
XKOXOX female out of 60 pups was born alive. Upon
further analysis (including blood analysis, breeding,
karyotyping and DNA-FISH; P. van Schalkwijk and
XY X% xXMx® ™ xPx X% A. Langeveld, unpublished), this female was found
to have recombined theGataloverexpressing
transgene onto an autosomal chromosome. Thus, we
0.2% of the foetal liver cells would @atalnull mast cells. conclude that the genotype of the compound females is lethal
Even lower numbers are obtained for the other cell types. In thduring gestation (Table 3). The compound females die of
erythroid lineage, and as would be expected from the Southeamaemia around 13.5 dpc. This is strong evidence for a
blot analysis (Fig. 2), recombination driven by pEV-Cre washomotypic mechanism for REDS, as the phenotype displayed
complete as was observed with CAG-Cre (data not shown). Way XKOXOX females is more severe than that found fhXOX
therefore consider that the phenotypes observed are causwutl XOX females, and very similar to the phenotype 8KX
by the deletion of Gatal in erythroid cells. Thus, pEV-Cremales.
mediated deletion is appropriate to assess the nature of REDS

Cell Number (x10°)

_ In order to quantitatively measure the anaemic phenotypes,
Observed phenotype of Gatal-mutant mice foetuses were bled into 5 ml of PBS and the numbers of red

In total, 157 mice were analysed at mid-gestation and 60 werells were counted (Fig. 3B). As expected-X°X females
allowed to go to term (Tables 2, 3). Anaemia and death rateave red blood cell counts similar to wild-type foetuséZ\K
were scored at the day of collection. As indicated in Table 2nales are clearly anaemic, having about sevenfold less cells
both wild-type foetuses andFXX©X females were normal in in blood compared with wild-type maleskXX females are
appearance at mid-gestation. As previously described (Whyattso anaemic, though with greater variability than Gatal-
et al., 2000), the majority of male®XY foetuses are anaemic overexpressing males probably owing to the random character
or have died. As expected, a high proportion of tH®X  of the X-inactivation process, which would lead to a gradient
females are anaemic, though the rate of death is no higher thah phenotypes. ¥OXO9X females are severely affected,
among wild-type foetuses. MostRXOX females are anaemic consistently having very low red cell numbers. The low
and/or die similar to what is observed iR”¥ mice (Table 2). variability of the average of red cell counts in foetal blood in
Representative foetuses at 13.5 dpc are shown in Fig. 3A. WildKOXOX females indicates that this value is not affected by a
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Table 2. Distribution of genotypes and phenotype of A
foetuses analysed at 13.5 and 14 dpc
Alive 2 37
Genotype Obtained Expected Normal (%) Anaemic (%) Dead (%) c_czj W 13.5 dpc
2 4
XY a1 39 39 9) 0 (0 2 6 = 29 W 14.0 dpe
XFLX 22 20 19 (86) 1 (5 2 9 [}
XFLXOX 20 20 18  (90) 1 (5 1 (5 2 24
XOxy 35 39 1 (3 21 (60) 13 (37) =
XKOX 23 20 12 (52) 9 (39 2 09 8.
XKOXOX 16 20 1 (6 8 (50) 7 (44) £ 1.5 1
Total 157 2 |
.E m |
Pallor is scored as anaemia and lack of heartbeat is scored as death. 5
A J
° 0.5
2
Table 3. Distribution of genotypes of progeny born alive 0-
Genotype Obtained* Expectéd Expected i Dgg?;"w XYy X' xX'x» 3y X X
é\FfLX ﬁ ig i‘; 13.5dpc 61+I8 5711 48+12 3247 33411 2247
. 70+10 62419 5849 4111 39+10 3244
XFLXOX 14 10 12 14.0 dpe
XOxy 0 0 0 B
XKox 12 10 12
XKOXOX 1 10 0 40 Enucleulclcqi | i 15 Enuclealc}:}] wE
ucleate ——— INucleate:
Total 60 i T . —
220 g
*All animals born were normal. = 2
@) O

TAssuming that XY mice are not born.
*Assuming that RXY and XOX©X mice are not born.

0 5 10 15 pm 0
Wildtype male 13.5 dpc Compound female 13.5 dpc

random X-inactivation process compared with what happens c

XKOX females, demonstrating that the overexpressing cells a

not being rescued at any level.

In order to quantify how the switch from primitive to
definitive erythropoiesis was affected, blood samples wer
monitored for cell size in an electronic cell counter (CASY-1,
Scharfe Systems). The large nucleated cells are most
primitive erythroid cells (also non-erythroid cells and possible
erythroid precursors), while the small enucleated cells ar2 XY
definitive erythrocytes. The ratio of definitive versus primitive | @g@
cell counts was plotted to measure a shift in the balanc ®
amongst the two cell types (Fig. 4A). The ratio is just abow ‘
one at 13.5 dpc and increases to above two at 14.0 dpc in wil .., ‘1

. . . . . 20 um
type animals, which illustrates the cessation of primitive|[—-2 ’_
erythropoiesis in the yolk sac and the beginning of definitived x®y e XX £ o
erythropoiesis in the foetal liver starting around 11 dpc. . ) _ o
XFLXOX females are delayed compared with wild-type animal$ig- 4.(A) CASY analysis: the ratio of definitive versus primitive

with a lower ratio at both 13.5 and 14.0 dpc. The replacemefffyinrocytes in foetal blood was compared at 13.5 and 14.0 dpc. The
S o e e o e percentage of definitive cells in blood in each genotype at 13.5 dpc
of primitive erythrocytes in the circulation is significantly

- and 14.0 dpc is depicted below the graph. Average and s.d. are
X 0 Oy OX
repressed in XY males and XOX females. XOXOXfemales  ingicated. At least three foetuses were analysed per group. (B)

are the most severely affected, displaying in blood at 14.0 dRgASY analysis: example of CASY graphs from wild-type male and

at least two times more primitive cells compared with definitivecompound female at 13.5 dpc. Peaks corresponding to enucleated

erythrocytes, suggesting a major block in definitiveand nucleated cells are indicated. The peak belpm Sorresponds

erythropoiesis. to cell debris. (C) Blood cytospins of each genotype at 13.5 dpc
With the CASY analysis, several other large cell types arghowing primitive nucleated erythrocyte (1), definitive enucleated

detected, but they are not primitive erythroid cells. Thus, tharythrocyte (2) er_ythroid precursor (arrowhead). Pictures were taken

percentage of definitive precursors in blood was determined Gt 10% magnification.

cytospins. A cytospin blood sample from each genotype is

depicted in Fig. 4C. The blood of both wild-type foetuses and

XFLXOX females contain normal representations of primitive(Whyatt et al., 2000), XY male foetuses have proportionally

and definitive erythrocytes in the circulation at 13.5 dpc (irfewer definitive cells, with an additional population (~2% of

agreement with the CASY analysis). As previously reportedhe total) of immature precursors in the circulatiorfOX

5 10 15 pm
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W Alive erythroid
O Alive non-erythroid
[0 Dead erythroid
B Dead non-erythroid

il

XY XFLX XI-’LXO.\' XOXY XKOX XK[‘JXL'}X

M Alive erythroid
[0 Alive non-erythroid
[0 Dead erythroid
M Dead non-erythroid

LALLL

e XKOX f XKOXOX XY XHX Xrl.xmx Xr:xY XK()X XKUX{)X

Fig. 5.(A) Foetal liver cytospins of each genotype at 14.0 dpc. Consecutive differentiation stages are indicated in photograpinge and f
proerythroblast (1), basophilic erythroblast (2), polychromatic erythroblast (3) (which exhibit both basophilia and bersitiliitg) p
orthochromatic erythroblast (4) (which are strongly benzidine positive) and enucleated definitive erythrocyte (5). Picttaksnar&08
magnification. (B,C) FACS analysis of (B)13.5 and (C) 14.0 dpc foetal liver cells at the day of collection. Percentagergthabic:
(TER119/7AAD"), alive non-erythroid (TER11%/AAD"), dead erythroid (TER1187AAD*) and dead non-erythroid (TERTIBAAD™)
cells are depicted. Average and s.d. are indicated. At least three foetuses were analysed per group.

females and XOX©X females have fewer definitive cells than samples in that they contain fewer cells beyond the
wild-type animals and ~4% of circulating cells are immaturgpolychromatic erythroblast stage. SimilarlykOK©OX female
erythroid precursors. The presence of precursors in blood fsetal liver samples contain fewer benzidine-positive cells. In
indicative of a severe anaemia status. The¥Yxmales, XXOX these three genotypes, there is a clear impairment in definitive
and XOXOX females are very anaemic at this stage, irerythropoiesis. The reason for this in th*X male is that

agreement with the data described above. Gatal-overexpressing cells are intrinsically defective, as
_ ) ) o described previously. In the case of tH€X female, the data

Analysis of the foetal liver, the site of definitive suggest that owing to the loss of half of the precurs®asa(k

erythropoiesis, of Gatal mutant mice null cells), the wild-type population has an altered balance

To examine the process of differentiation at the source davouring proliferation versus differentiation in order to
definitive erythroid cells at this stage and confirm the anaemiasicrease the numbers of progenitors to normal levels. In the
cytospins of disaggregated foetal livers were also stained amdse of the X0XOX females, the data show that the Gatal-
analysed. Foetal livers from all genotypes analysed hawaverexpressing cells are not rescued by another cell type. Thus
similar size, suggesting that colonisation of the liver byREDS appears to be blocked, favouring the notion of REDS
erythroid precursors is not affected in any genotype. Arcting through a homotypic signalling mechanism.

example cytospin for each genotype at 14.0 dpc is shown in Of the three affected genotypeXX X females and RXY

Fig. 5A. Wild-type and X-XOX transgenic female foetal livers males die at around 13.5 dpc. In order to confirm that these
contain erythroid precursors at all stages of differentiation. Agenotypes die from anaemia, we determined the viability and
previously reported (Whyatt et al., 2000)?%¥ male foetal proportion of erythroid cells in the foetal liver compared with
livers contain fewer cells late in the differentiation process, i.ethat seen in wild-type animals. This was assayed by FACS
fewer orthochromatic erythroblasts and enucleated definitivanalysis using the erythroid marker TER119 and, as a marker
cells. XXOX female foetal liver samples differ from wild-type for viability, 7AAD (Fig. 5B,C). The viable TER119-positive
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population makes up ~65-75% of the cells in the foetal liver ¢ 45

13.5 and 14.0 dpc in wild-type foetuses anfd%CX female O Relative to total cell counts
foetuses. At 13.5 dpc, this population is reduced to 50% i 401 m Relative to alive cell counts
XOXY male, XOX female and XOX©X female foetuses (Fig. 35-

5B) and, not surprisingly, the proportion of viable non- s 304

erythroid and dead cells (either erythroid or non-erythroid) ha ®

increased considerably. By 14.0 dpc (Fig. 5C), maf¥x ‘OC: 25+

foetal livers contain less than 40% viable TER119-positive @

cells. At 14.0 dpc, the proportion of viable erythroid cells in E 201

XKOX females remains lower than in wild type and an increas $ 15+

in the proportion of viable non-erythroid cells is observed i

However these foetuses are not as severely affecte®as X 10

male foetuses. In 14.0 dpd‘XXOX females the proportion of 54

viable erythroid cells has been reduced to less than 30% 0

the total foetal liver cell population. In these foetuses, the XY XX XX XY XX XROX

proporgo;oo})f '\r”r?bsl,ethr;ogc-)ﬁrsygt](raﬂtdarije”SroV\:zzs't h: dgllgtr;'so th 6.FACS analysis of foetal liver cells at 14.0 dpc after 2 days of
(aroun 6). Thus, : prog v ' ging drop culture to induce differentiation. Differentiation is

status of the erythroid compartment in these in utero leth@lsimated as the percentage of TERIZAAD/FSCoW of the
genotypes suggests that in fact these mice die of anaemia. 50,000 events measured in total (light-grey bars) and as the

In order to determine the ex vivo differentiation capabilitypercentage of TER118-SCoW of the 7AAD- (alive) cells measured
of erythroid progenitors, hanging drop assays were performeark-grey bars). Average and s.d. are indicated. At least three
In this assay, 14.0 dpc foetal livers were disaggregated foetuses were analysed per group.
single cells and then cultured for 2 days in hanging drops.
After culture, cells were analysed by FACS to measure
differentiation (Whyatt et al., 2000). Differentiation is scored
as the percentage of alive (7AAD negative), erythroid (TER11@ells in terminal differentiation. For this, 13.5 dpc foetal livers
positive) and low forward scattered cells (FB(; i.e. small of wild-type and Gatal-overexpressing foetuses were
cells corresponding to enucleated erythrocytes. Because thellected and cultured in hanging drops. Whole-cell extracts
erythroblastic island is disrupted in this assay REDS signallingf the same number of cells were prepared after 0, 1 and 2
is lost (Whyatt et al., 2000), which means that the REDSedays of culture. The levels of Gatal in these extracts were
dependent cells will not differentiate. Differentiation rates inanalysed by western blot analysis. This shows that the levels
wild-type animals are between 15 and 23% of the total (Fig. &f Gatal decrease in wild-type erythroid cells during
light-grey bars). As expected, mal& foetal liver cells fail ~ differentiation (Fig. 7A). After correction with the loading
to differentiate. X-XOX female foetal liver cells display an control, Gatal levels decrease 17% by day 1 and 78% by day
intermediate phenotype relative to wild-type animals an® compared with day 0. Male Gatal-overexpressing cells have
XOXY males, reflecting that on average half of the erythroidnuch higher levels of Gatal at all stages, resulting in an
cells are wild type (the rest is Gatal overexpressing) (Whyaimpaired differentiation. Day 2 extracts fron?%X and XXy
et al., 2000). Similarly, differentiation rates ofXX female  foetuses are shown in Fig. 7C.
foetal liver cells are comparable with those ¢t+X°X mice, Wild-type foetal liver cells treated with the Fas receptor
as half of these cells are wild type (the rest are Gatal nullqctivator Jo2 show even lower levels of Gatal on day 2 of
XKOXOX female-derived cells differentiated as poorly &X differentiation when compared with the standard cultures (Fig.
males, in agreement with the fact that there are no wild-typéB,C). After correction with nucleophosmin, the loading
cells, i.e. 50% of these cells are Gatal-null and the resbntrol, the reduction on Gatal levels was measured to be 30%.
are overexpressing Gatal. The percentage of differentiatiorhe differentiation profile and the rate of cell death did not
relative to the alive cell counts is depicted in Fig. 6 in dark greghange even at the highest concentration of Jo2 used (L.G.,

bars. unpublished). However the Jo2-treated cells showed a higher
rate of enucleation on day 2 of culture. Cytospins of cultured

Gatal levels decrease during terminal erythroid cells were prepared and more than 400 cells were counted per

differentiation treatment. The percentage of enucleated cells was found to be

The most likely mechanism by which REDS acts, is byl9+5% in the standard cultures andt3% in the Jo2-treated
regulating the levels of Gatal in the differentiating erythroidcultures. Thus, the Fas pathway positively regulates the last
cell. The best candidates as signalling molecules are deadtages of erythroid differentiation in wild-type cells. When
receptors and their ligands, owing to the expression profile th&atal-overexpressing cells from males are treated with Jo2, the
has been described: differentiating erythroid cells expresSatal levels of both endogenous and transgenic protein are
death receptors and, late in maturation, also their ligandsso reduced about 30%, after correction with the loading
(Barcena et al., 1999; Dai et al., 1998; De Maria et al., 1999apntrol. However, they are still higher than the level observed
De Maria et al., 1999b; Josefsen et al., 1999; Maciejewski ét wild-type cells on day 0 (Fig. 7C). As a result, there is no
al., 1995; Oda et al., 2001; Silvestris et al., 2002; Zamai et akescue of the impaired differentiation (data not shown). Thus,
2000). We wanted to assess the kinetics of Gatal protein level® conclude that a decrease of Gatal levels is required for
during ex vivo-induced differentiation, and to study theterminal erythroid differentiation and that a signalling pathway
involvement of a death receptor (Fas) expressed in erythrogimilar to the Fas pathway achieves this reduction.



Homotypic signalling in the erythroid system 3191

A achieved by exploiting the Cre/lBxsystem and the process of
Day 0 Day 1 Day 2 X-inactivation.
The crossing strategy generated a set of transgenic mice that

m.... Gatal are either wild type, or overexpress Gatal in all erythroid cells
A S SRR Nucleophosmin (XOXY males), or overexpress Gatal in 50% of cellS-gOX
females), or are null for Gatal in 50% of cell§¢X females),
or overexpress Gatal in 50% of cells and are null for Gatal in
o the other 50% (XOXOX females) (Fig. 1A, Fig. 3A). We
showed that recombination was efficient, and Gatal-null male
- Gatal foetuses generated using this CreAmystem are extremely
anaemic by 12.5 dpc and die in utero (D.W. and F.L.,
'.. Nucleophosmin unpublished). Interestingly, "X females display no
reduction in survival, whereas classical Gatal-null
c heterozygous females are clearly affected (Fujiwara et al.,
Day 2 1996). This is expected as th&3X females lose th&atal
gene during differentiation (as the Cre transgene is activated),
WT X"X X"y which presumably results in residual levels of Gatal and a less
severe phenotype. Such a situation is similar to the mice where
o Gatal levels have been reduced by a promoter knockout, males
g § g die and heterozygous females survive normally (Takahashi et
- ® Myc-Gatal al., 1997).
- - - ' Gatal The different genotypes obtained from the breeding were
o essential controls for comparison. The compound female
XKOXOX has lost 50% of the erythroid precursors (Gatal-null
S S W S W% s s Nucleophosmin cells that apoptose), while the remaining population is
overexpressing Gatal. These females are therefore
Fig. 7.Gatal levels decrease during terminal erythroid pancellularly overexpressing Gatal in the remaining erythroid
differentiation. (A) Whole cell extracts from wild-type foetal liver compartment. If a non-erythroid cell type supplied REDS, the
cells, after day 0, 1 and 2 of hanging drop culture were analysed by remaining Gatal overexpressing population (50%) would still
western blotting using antibodies against Gatal with nucleophosmir, s rescued by REDS in the compound female, as happens in
as loading control. Two samples at day 0 are shown and cultures the XFIXOX female. The phenotype of the comi:)ound female

were done in triplicate. (B) Jo2 treatment of wild-type cells. Whole . - -
cell extracts at day 2 after standard (St) culture and culture with JoZWOUId be comparable with that of X females, i.e. transient

1 (20pg/ml) or Jo2 2 (4Qug/ml) were analysed by western bloting ~ @naemia, born normal. Conversely, if erythroid cells supply
using antibodies against Gatal, and nucleophosmin as a loading REDS, the source of the signal is ablated in the compound
control. (C) Jo2 treatment of erythroid cells from Gatal- females and hence, the Gatal-overexpressing erythroid cells

overexpressing foetuses. Whole cell extracts at day 0 and 2 after will not be rescued. The resulting phenotype would be

standard culture and culture with Jo2 1 (@0ml) were analysed by  expected to be more severe than that found<#Xxfemales

western blotting using antibodies against Gatal with nucleophosmirgnd this is what is observed.

asogl loading contr(_)l. Extracts from wild-type?X female and We have found that ¥©X females undergo a transient

X=7Y male foetal liver cells are shown. anaemia, but survive to birth. By contrasf®X ©X females are

anaemic and die by 14.0 dpc, none survive to birth. In addition,

Di . the number of erythrocytes in blood in th&9X©X females
ISCUSSIon was consistently lower than that found iKOX females. The

We have previously demonstrated that overexpression hift from primitive to definitive erythropoiesis was impaired

Gatal in the erythroid lineage inhibits erythroid differentiation,in both XXOXOX and XOX females, though ¥°XOX females

both in vitro (Whyatt et al., 1997) and in vivo (Whyatt appeared to be consistently affected whilé®X females

et al.,, 2000). However, mice overexpressing Gatal in displayed some variability. This variability may be due to

heterocellular manner display a wild-type phenotype, wherebyariation in the X-inactivation balance in th&3 females.

the cells overexpressing Gatal differentiate normally. Thi€onsistent with the inhibition of definitive erythroid

demonstrates that a signal (termed REDS) originating frordifferentiation, XOX©X females had significantly fewer viable

wild-type cells causes Gatal-overexpressing cells to revert &rythroid cells in the foetal liver than didRX females.

a wild-type phenotype. As the erythroblastic island is a close These results demonstrate that the cell type supplying REDS

and hierarchic microenvironment, we propose that wild-typés the normally differentiating erythroid cell. In the compound

erythroid cells would supply REDS, i.e. that a homotypicfemale, the early cells are present (Gatal-overexpressing cells)

signalling model regulates the shift from Gatal-inducedand the only erythroid population missing is the more mature

proliferation to terminal differentiation. Conversely, in a cells. Thus, the signal must be provided by erythroid cells in a

heterotypic signalling model, the cell type supplying REDSate stage of differentiation.

would be a non-erythroid cell type (Fig. 1B). To determine These experiments do not address the identity of REDS

which model is appropriate, we ablated the wild-type erythroidtself. At present, the best candidates are the death receptor

lineage in heterocellularly Gatal-overexpressing mice byamily of signalling molecules. Differentiating erythroid cells

deleting theGatal gene in the erythroid lineage. This was express death receptors and mature erythroid cells express their

3 ~ ~
S Y R
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ligands (Barcena et al., 1999; Dai et al., 1998; De Maria et al., role of Fas/FasL system in the regulation of erythropoi€sisd 93, 796-
1999a; De Maria et al.,, 1999b; Josefsen et al.,, 1999;803. S ,
Maciejewski et al., 1995; Oda et al., 2001; Silvestris et al.'?ee%?]g‘i'i R. geuner A, Eramo, A, Domenichell, C. Bonc, D
2002; Zamai et f'il., .200'0)' Death receptors ath'Vate CaSp.aseé. (1999b). Negative regulation of erythropoiesis by caspase-mediated
and caspase activation is thought to be required for terminalcleavage of GATA-1Nature 401, 489-493.
erythroid differentiation (Kolbus et al., 2002; Zermati et al.,Evans, T. and Felsenfeld, G(1989). The erythroid-specific transcription
2001). It has been demonstrated that death receptor activati rﬁavcv;"r;E:}’lef‘oc‘vi"g f'ggeF[ pg’&i'r?i:f‘fe”ssv 212'825- . and Orkin. S. H
Can,mduce the caspase-dependen_t degrad,atlon of Gat,al 996)’. Ar’rested de’:veloprinent of émb’ryonic’ red cell precursors in mouse
Maria et al., 1999.b)- Furthermore, in zebra_lfls_h, expression of embryos lacking transcription factor GATA-Broc. Natl. Acad. Sci. USA
a dominant-negative form of a haematopoietic death receptor93, 12355-12358.
dysregulates erythroid cell production (Long et al., 2000)Hannon, R., Evans, T, Felsenfeld, G. and Gould, H1991). Structure and
Thus. death receptor-mediated activation of Gatal degradatio romoter activity of the gene for the erythroid transcription factor GATA-1.

! roc. Natl. Acad. Sci. US88, 3004-3008.
may be a Componen.t Of.RED_S As we haye demonstrated thaf £, Toki, T., Ishihara, H., Ohtani, H., Gu, L., Yokoyama, M., Engel, J.
REDS is a homotypic signalling mechanism that takes placeD. and Yamamoto, M. (1993). Erythroid transcription factor GATA-1 is
between erythroid cells, identification of the signalling abundantly transcribed in mouse testiature 362, 466-468.

molecules involved is focussed on molecules expressed H§Sefsen. D., Myklebust, J. H., Lynch, D. H., Stokke, T., Blomhoff, H. K.
differentiating erythroid cells and Smeland, E. B(1999). Fas ligand promotes cell survival of immature

. human bone marrow CD34+CD38- hematopoietic progenitor cells by
We induced one of the known death receptor pathways andsuppressing apoptos&xp. Hematol27, 1451-1459.

showed that these can act at the last stages of differentiationisibus, A., Pilat, S., Husak, Z., Deiner, E. M., Stengl, G., Beug, H. and
erythroid cells. At present, we do not know which of the Bacca}rml, M. (2002). ‘Ra‘f—l antagonizes erythroid differentiation by
%h . d % REDS. Althouah ervthroid cells can restraining caspase activatiah.Exp. Med196, 1347-1353.

p_a ways IS USQ y : UQ Yy . ,' Long, Q., Huang, H., Shafizadeh, E., Liu, N. and Lin, §2000). Stimulation

d|ﬁerent|ate_ €X VIVO U_nder th(‘?‘ appropriate conditions, they are of erythropoiesis by inhibiting a new hematopoietic death receptor in

arranged differently in hanging drops when compared with transgenic zebrafisiNat. Cell Biol.2, 549-552.

erythroblastic islands. The ex vivo differentiation of wild-type 'V'aC'?JEWSk'v J., Selleri, g-[') Qﬂdﬁfsonr S. and Yoflngy _N-cj$19d9f))- _F?Sf
P _ H H H antgen expression on + human marrow cells IS Inauce! Yy Interreron

cells is |mpro'ved by the Jo2-mediated induction of FasR, as amma and tumor necrosis factor alpha and potentiates cytokine-mediated

shown by an increase in the number of enucleated cells. Gatakematopoietic suppression in vitBlood 85, 3183-3190.

levels decrease during differentiation and these levels decreagatin, D. I. and Orkin, S. H. (1990). Transcriptional activation and DNA

even more in FasR-activated cells. We therefore conclude thatbinding by the erythroid factor GF-1/NF-E1/Eryfdenes Dew, 1886-1898.

terminal differentiation of erythroid cells is enhanced by Joi"%De(‘fgé;\’)" 2';kf’]';i;’lf;‘sv"’v‘gfvanl-Jt'gt-i’oiug;’gzai%?:_%leHrT'] ::tdgg;‘g”té %eting
mimicking the action of REDS, that occurs in the ,

e 8 - reveals the dependence of erythroid cell maturation on the level of
erythroblastic island in vivo. However, when the levels of transcription factor GATA-1Proc. Natl. Acad. Sci. US®4, 6781-6785.

Gatal are very high, the Jo2 treatment ex vivo cannot providéedvinsky, A. L. and Dzierzak, E. A.(1998). Development of the definitive
a sufficient decrease in the levels of Gatal to rescue hematopoietic hierarchy in the mougeev. Comp. ImmunoR2, 289-301.

. p ore, M. A. and Metcalf, D.(1970). Ontogeny of the haemopoietic system:
Overexpressing cells, while the REDS pathway can rescue t olk sac origin of in vivo and in vitro colony forming cells in the developing

same cells in the erythroblastic island (iX females). mouse embrycBr. J. Haematol18, 279-296.
Hence, we conclude that the required decrease of Gatal levels, A., Nishio, M. and Sawada, K(2001). Stem cell factor regulation of
in vivo is achieved by a pathway similar to that of FasR. Fas-mediated apoptosis of human erythroid precursor geldematother.

Stem Cell Resl0, 595-600.
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