HEMATOPOIESIS

'.) Check for updates

Accentuated response to phenylhydrazine and erythropoietin in mice genetically
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The response of mice genetically unable

to up-regulate GATA-1 expression (GATA-
1'% mice) to acute (phenylhydrazine
[PHZ]—-induced anemia) and chronic (in
vivo treatment for 5 days with 10 U eryth-
ropoietin [EPO] per mouse) erythroid
stimuli was investigated. Adult GATA-1  'ow
mice are profoundly thrombocytopenic
(platelet counts [ x 109/L] 82.0 = 28.0 vs
840 = 170.0 of their control littermates,
P < .001) but have a normal hematocrit
(Hct) (approximately .47 proportion of 1.0
[47%]). The spleens of these mutants are
2.5-fold larger than normal and contain
5-fold more megakaryocytic (4A5 ), ery-
throid (TER-119 *), and bipotent (erythroid/

megakaryocytic, TER-119 */4A5%) precur -
sor cells. Both the marrow and the spleen

of these animals contain higher frequen-
cies of burst-forming units—erythroid
(BFU-E)-and colony-forming units—eryth-
roid (CFU-E)—derived colonies (2-fold and
6-fold, respectively) than their normal lit-
termates. The GATA-1 '°% mice recover 2
days faster from the PHZ-induced anemia
than their normal littermates (P < .01). In
response to EPO, the Hct of the GATA-1  low
mice raised to .68 proportion of 1.0 (68%)
vs the .55 proportion of 1.0 (55%) reached
by the controls ( P < .01). Both the GATA-
1'% and the normal mice respond to PHZ
and EPO with similar (2- to 3-fold) in-

creases in size and cellularity of the
spleen (increases are limited mostly to
cells, both progenitor and precursor, of
the erythroid lineage). However, in spite
of the similar relative cellular increases,
the increases of all these cell populations
are significantly higher, in absolute cell
numbers, in the mutant than in the wild-
type mice. In conclusion, the GATA-1 'ow
mutation increases the magnitude of the
response to erythroid stimuli as a conse-
guence of the expansion of the erythroid
progenitor cells in their spleen. (Blood.
2001;97:3040-3050)
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Introduction

GATA-1 is a member of a highly conserved family of transcriptionvhose phenotype is linked to the levels of GATA-1 ectopic
factors whose expression is restricted to the Sertoli cells in tee&pression. Only those cell lines that express the highest levels are
testis and to hemopoietic cellsin the hemopoietic system, erythroid? Similarly, when murine stem cells are transfected with a
expression of GATA-1 is activated at the level of multilineag&ATA-1—containing retrovirus and used to reconstitute hematopoi-
progenitor cells and is maintained in cells maturing toward all thesis in sublethally irradiated mice, the mice engrafted with those
myeloid lineage$:? In most of those lineages, GATA-1 expressiorcells express lower white blood cell counts and higher red blood
decreases with maturation, with the exception of the erythroakll counts than animals reconstituted with normal stem é&glls.
lineage, in which its expression actually increases with progressibarthermore, the GATA-1-transduced stem cell recipients are
toward differentiatiort. The important role of GATA-1 in the partially resistant to induction of anemia by phlebotomy and, when
regulation of erythroid differentiation is strongly suggested by thiaey finally become anemic, recover faster than conffols.
fact that GATA-1 cognate sequences are present in the regulatoryTo directly prove that the levels of GATA-1 expression deter-
regions of all the erythroid genes identified to dabe¢luding the mine erythroid differentiation, genetically modified mice lacking
erythropoietin receptorEpoR?3* and GATA-1 itself>® Further upstream regions have been generated by homologous recombina-
more, mice whose expression of either GATA-ar its partner, tion.! The mutants lacking the first enhancer (DNA hypersensitive
Friend of GATA(Fog).? has been impaired by gene disruption, dieite 1) and the distal promoter are born both thrombocytopénic
prenatally owing to severe anemia. and anemié? In the case of one of these mutants, the GATA-1
How GATA-1 specifically regulates erythroid differentiation(neddHS) mouse, in which the DNA hypersensitive site | has been
has been the subject of intensive investigation and is still uncledrsrupted with a neo cassette, the few animals (fewer than 5%) that
Some evidence has suggested that the levels of GATA-1 expresssanvive recover from their anemia at 3 to 4 weeks of Egehe
are responsible for the establishment of this differentiation prapparent lack of an erythroid phenotype in the few surviving adults
gram. In fact, avian myelomonocytic cell lines that have been intriguing but could be the result of trivial reasons, eg, that only
transfected with GATA-1 differentiate into hemopoietic cellanimals whose red cell precursors express, by in vivo selection,
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higher GATA-1 (or GATA-2) levels and/or whose erythroid progeni- [0 Wild-type 01 GATA-1I™ | UNTREATED
tors are more sensitive to erythropoietin (EPO) survive until &
adulthood. 00 - WILD-TYPE
To clarify the mechanism of erythroid compensation in the adult
GATA-1°" mice, we have characterized their hemopoiesis unde
steady-state conditions (anatomic site of cell production, size an E . ﬂ i
growth factor sensitivity of the progenitor cells, levels of GATA-1 el #
and GATA-2 expression, and apoptosis within the erythroblasi "~ =~ e
compartment, etc) and have measured their response to both act GATA- 14w

(phenylhydrazine [PHZ]-induced anemia) and chronic (prolongec 0 ot
exposure to EPO) erythroid stimulation. The 2 stimuli operate = |in
lI‘ 0 L]

)

6 GATA-1"%
1% f
17 1»

GHT (mg)

4
PHZ

WILD-TYPE

through at least partially different mechanisms: the response t ¢
PHZ is mediated primarily by the glucocorticoid recepgtora o } .
nonspecific receptor involved in the response to stress that stimt | Bl | =
lates erythropoiesis by favoring proliferation over differentiation at UNTREATED  PHZ £PO
the levels of late erythroid progenitotsOn the other hand, EPO Figure 1. General features of the spleens from adult (6 to 12 months of age)
specifically induces production of red cells by promoting commiGATA-1"* and wild-type mice. ~Photographic picture (on the right), weight (top on the
; : : ; left) and total number of cells (TNC, bottom on the left) of spleens from untreated (intact),
ment, proliferation, and_su_rvwal of erythroid cells .Of all tyﬁés' day-3 PHZ-treated, and day-6 EPO-treated wild-type (white bars) and GATA-1°" (gray
The results presented indicate that the GATA-Inice have a bars) mice. The values are reported as the mean (= SD) of replicate measures. The
normal hematocrit thanks to a massive expansion of the eailynber on each bar indicates the number of mice analyzed for that experimental group.
erythroid progenitors (coIony—forming units—erythroid [CFU-E]) jnThe values observed in the GATA-1°" mice are statistically different from those observed in
N . th CO{responding wild-type animals. §P < .05; §§P < .01.
the spleen that compensate for the increased apoptosis observed a
the erythroblast level. Furthermore, because of such an expansion,
they have an accelerated response to both acute and chr@igatological blood parameters

erythroid stimuli, compared with their normal littermates.

10 4 WILD-TYPE

GATA-1

‘ ° ‘
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Blood was collected from the retro-orbital plexus into EDTA-coated microcapil-

laries (20 to 40uL per sampling). Hematocrit (Hct) and platelet counts were

. determined manually. Reticulocyte counts were done on smears of blood that had

Materials and methods been stained with methylene blue according to standard protocols. At least 1000
red blood cells were counted in each determination.

Mice

Two GATA-1°% (necddHS) micé? (one female and one male of mixed c57/MMunohistochemical analysis

BI/6-SV 129 background) were kindly provided for this study by Dr Ssamples of spleen and bone marrow were routinely fixed in phosphate-
Orkin. The mice were crossed with CD1 mice (Charles River, Calco, Italy)ffered formalin (10%, volfvol), paraffin embedded, and sectioned (2.5 to
to generate, according to standard genetic protocols, a GRFAedlony 3 ,M) for hematoxilin-eosin staining and immunostaining with a GATA-1—
that was kept at the animal facilities of the Istituto Superiore di Saffe specific antibody (N6) (Santa Cruz Biotechnology, CA). In some experi-
mice were all genotyped by polymerase chain reaction (PCR) at birth for thganis, the spleens were quickly frozen in liquid nitrogen, and cryostated
absence of the deleted GATA-1 sequences (negative genotyping) and fordBgtions (3um) were labeled with 4A5 (a gift of Dr S. Burstdf).
presence of the neo cassette (positive genotyping). Littermates wh@$gnunohistochemical staining was performed according to the commercial
genotype contained the GATA-1 region and did not contain the neo casseftgtep alkaline phosphatase developing system (APAAP) (Dako, Carpinte-

were considered to be wild-type and used as negative controls. All thg cA) or with an indirect peroxidase method (Sigma).
experiments were performed with sex- and age-matched mice under

protocols approved by the institutional animal care committee. Flow cytometry analysis

Marrow and spleen cells were suspended in* CGaee, Mg *-free
phosphate-buffered saline (PBS) supplemented with 1% (vol/vol) bovine
Anemia was induced with PHZ (60 mg/kg body weight) (Sigma Chemicaterum albumin, 2 mM EDTA, and 0.1% Nahnd labeled with the

St Louis, MO) injected intraperitoneally for 2 consecutive d&y$On the  erythroid-specific phycoerythrin (PE)-conjugated TER2218Ly-76)

first day after the second PHZ injection, mice were killed by cervicgPharmingen, San Diego, CA) monoclonal antibody and the megakaryocytic-
dislocation, and their bones and spleen removed under sterile conditionsdpecific fluorescein isothiocyanate (FITC)—conjugated 4A5 (approximately
further analysis. Polycythemia was induced with human recombinant ERQug/1 cells) antibody for 30 minutes on ice. The cell fluorescence was
(10/U per mouse, corresponding to 300 U/kg body weight) (Dompanalyzed with the FACScan flow cytometer (Becton Dickinson, San Jose,
Biotech, Milan, Italy) injected subcutaneously for 5 consecutive days. Aft€A). Cells incubated with appropriately labeled isotype controls (Pharmin-
6 days from the first injection, the animals were killed for further analysigien) were used to gate nonspecific fluorescence signal. Mature red cells

In vivo stimulation of erythropoiesis

Table 1. Hematocrit and platelet and white cell counts in the blood of wild-type and GATA-1 low mice along with the total cellularity of the femur and of the spleen

Total nucleated cells (X 108)

Het Platelet counts (X 109L) White cells counts (X109L) Femur Spleen
Wild-type .47 + .03 proportion of 1.0 840.0 = 170.0 (12) 6.2 + 1.3 (6) 22.3 + 1.8 (10) 162.0 + 23.0 (14)
(46.5% * 3.2%) (18)
GATA-1low .49 = .04 proportion of 1.0 82.0 + 28.0 (10) 7.4+ 1.9 (6) 7.6 + 2.1 (6) 560.0 + 62.0 (10)
(48.9% *+ 4.4%) (14)
P > .05 < .001 > .05 <.01 <.01

The numbers in parenthesis (or, in the Hct column, the second set of parentheses) indicate the number of mice analyzed for each experimental point.
Hct indicates hematocrit.
*The numbers in the first set of parentheses indicate conventional units.
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low Figure 2. Staining of cytocentrifuged preparations of
WILD-TYPE GATA-] marrow cells harvested from GATA-1 'o% (right) and
normal (left) littermates. (A) May-Grinwald staining;
25 X magnification. (B) Propidium iodide staining (nega-

%o . 3 » e , tive controls); 25 X magnification. (C) TUNEL staining;
3 ? $ 2 ‘o | 25 X magnification except for the small insert of the
I .

GATA-1'" mice, which is 40 X to show the prevalent
;‘I perinuclear localization of the DNA breaks in the TUNEL-
positive cells.

r&“

(]

were depleted by hypotonic lysis (0.87% ammonium chloride for 16IgCl,, 1 U RNAse inhibitor, 2.5 U Moloney murine leukemia virus
minutes on ice), and dead cells were excluded by propidium iodide stainireyerse-transcriptase, and 2.6 random hexamers (all from PerkEmer,

(5 pg/mL) (Sigma). Norwalk, CT). The expression @Fglobin and of the total, proximal, and distal
GATA-1 transcripts was analyzed by amplifying reverse-transcribed complemen-
Progenitor cell counts tary DNA (cDNA) (2.5uL) in the presence of the specific sense and antisense

. ) . . rimers (100 nM each) described elsewtféfEhe following primers were used
The frequency of progenitor cells in the light-density (fewer than 0.08 g)r the amplification of GATA-2: sense BGCAA-CACACCACCCGAT-
fractions (0.25 to 1.0< 10° cells per plate) of marrow, isolated from eitherAccs, antisense EAATTTGCACAACAGGTGCCC3. These primers gener-
normal or GATA-1 mice as descrl_be%}, was determined in st_andard ated an expected amplification fragment of 336 base pairs. The reaction was
methylcellulose culture (0.9% wt/vol) in the presence of fetal bovine seru rformed in 10QuL of 10 mM Tris-HCI, pH 8.3, containing Mgg(2 mM)
(30% yol/vol) (Sigma) and of a combination of recombinant growth'factorgﬁl.l.P (200uM each), 0.1uCi [a32P]—;j e oxycy}i dine triphosphate (spe’cific
including rat stem ce_II factor (SC'_:) (100 ng/mL), mouse interleukin 3 (19ctivity 3000 Ci/mmol) (Amersham lItalia, Cologno Monzese, ltaly), and 2 U
ng/mLh) (.bOth from Slgr;ﬁa)[; andfe|th§r human EPhO (j U/mL) (BOEh”EgeAmpliTaq DNA polymerase. Primers specific fiymicroglobulin (50 nM each)
Mannheim, Germany) for ur;t- orming unit-erythroid (BFU-E) growt Olyere added to each amplification after the first 10 cycles as a control for the
mouse granulocyte colony-stimulating factor (G-CSF) and granulocytgmoum of cDNA used in the reacti6hPCR conditions were as follows: 60

macrophage colony-stimulating facto_r (GM,'CSF) (50 ng/mL each) fosreconds at 95°C, 60 seconds at 60°C, and 60 seconds at 72°C. All of the reactions
granulocyte-macrophage colony-forming unit (CFU-GM) growth (G-CSF

and GM-CSF were purchased from Sigria)The growth of CFU-E—
derived colonies was stimulated with EPO alone (2 U/#fJhe cultures  Taple 2. Total number ( x103) of progenitor and precursor cells in the marrow
were incubated at 37°C in a humidified incubator containing 5% i8@ir  of wild-type and GATA-1 % mice

and scored either 3 days (for CFU-E—derived colonies) or 7 days (for
CFU-GM- and BFU-E—derived colonies) following initiation of culture.

Progenitor cells Precursor cells

CFU-GM BFU-E CFU-E TER-119%/4A5" TER-119" 4A5*

RNA isolation and semiquantitative reverse Wild-type 310 410 280 1500 82500 1150
transcriptase PCR analysis GATA-1low 80 180 250 1500 27500 1910

Total RNA was prepared with a commercial guanidine thiocyanate/phenol The values are calculated from those presented in Table 1 and Figure 5 and from
method (Trizol) (Gibco BRL, Paisley, United Kingdom) as described by thtge percentages Qf precurs_or cells calcqlated by fluorescence-act|vated cell sorting
B | hri hei dded and summarized in the text; the calculations take into account that the bone marrow
manufacturer. G yCOg_en (20g) (Boehringer Mannheim) WQS adde otoanalyzed in our experiments corresponds to 10% of all the marrow of a mouse.?’
each sample as a carrier. Total RNA(g) was reverse transcribed at 42°C  cry-GM indicates granulocyte-macrophage colony-forming units; BFU-E, burst-

for 30 minutes in 2QuL of 10 mM Tris-HCI, pH 8.3, containing 5 mM forming units—erythroid; and CFU-E, colony-forming units—erythroid.
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were done by means of a GeneAmp 2400 Perkin-Elmer thermocycler and wesigon, 0.1% sodium citrate) for 2 minutes on ice. The DNA strand breaks that are

analyzed in the linear range of amplification defined by preliminary experimerisaracteristic of apoptotic cells were identified by labeling the fre©F

to be between 20 and 35 cycles for GATA-1 and GATA-2; 32 and 38 cycles foucleotide termini with fluorescein—deoxyuridine triphosphate with the In Situ

the distal and proximal GATA-1 transcripts; 18 and 24 cyclegfgiobin; and  Cell Death Detection Kit (Boehringer Mannheim) as described by the manufac-

20 and 30 cycles foB,-microglobulin. Positive (RNA from adult marrow) and turer. The cells were counterstained with propidium iodide, mounted in glycerol,

negative (mock cDNA) controls were included in each experiment. Aliquots (20d analyzed under a fluorescent microscope (Leica Microscopy System,

wL) were removed from the PCR mixture after amplification, and the amplifiddeidelberg, Germany).

bands separated by electrophoresis on 4% polyacrylamide gel. Gels were dried

by means of a Biorad (Hercules, CA) apparatus and exposed to Hypgmlm'@f’aﬂstical analysis

(Amersham) for 2 hours at-70°C. All procedures were done according to

standard protocof. Statistical analysis was performed by analysis of variance by means of
Origin 3.5 software for Windows (Microcal Software, Northampton, MA).

Purification of erythroblast precursors and terminal deoxy

transferase uridine triphosphate nick end labeling reaction

Erythroid precursors (TER-119cells) were purified from the spleens of Results

wild-type and GATA-1" mice by immunoselection on magnetic beads (Milte

nyi Biotec, Bologna, Italy) coated with the TER-119 antibody as desctfoeite ~ Comparative analysis of the erythroid compartments

cells were either lysed in Trizol for gene expression analysis or cytocentrifugedadult GATA-1 'V and wild-type mice

for the detection of apoptotic cells by terminal deoxy transferase uridine o

triphosphate nich end-labeling (TUNEL). In this last case, the cytospin prepald?© general hemopoietic features of adult (6 to 12 months of age)
tions were fixed with paraformaldehyde (4% volivol in PBS,H.4) for 30 GATA-1'" and wild-type mice are compared in Tablerid Figure
minutes at room temperature and incubated in a permeabilizing solution (0.1%As already reporte;12 the blood of adult GATA-B% mice

WILD-TYPE GATA-1'ow

Figure 3. Immunohistochemical analysis of spleens ob-
tained from wild-type (left panels) and GATA-1 "o (right
panels) mice. (A) (B) Hematoxilin-eosin staining of paraffin-
embedded sections; 10 X and 40 X magnification. (C) (D)
4A5-specific immunostaining (panel C). GATA-1-specific im-
munostaining (panel D). The black and white arrows identify
representative GATA-1* or GATA-1~ megakaryocytes, respec-
tively, while the small arrows identify representative GATA-1+
erythroblasts. The small insert in the GATA-1°% panel shows
the GATA-1 staining of a splenic section from a representative
heterozygote female, as a control. There is 40 X magnifica-
tion in all cases.
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A . UNTREATED PHZ EPO labeled all the megakaryocytes present in the spleens of normal
Wild-type . . . . .
; mice but only a portion (variable from specimen to specimen) of
E the megakaryocytes in the splenic sections from heterozygote
g, femaleg® (Figure 3D, insert).
E’s The FACS analyses of the erythroid and megakaryocytic

precursor cell content of the spleens from GATA%land normal

mice are compared in Figure 4. The spleens of the GAPAice

contained significantly higher numbers (7- to 20-fdh< .01) of

megakaryocytic (single 4A5, erythroid (single TER-119), and

bipotent (erythroid and megakaryocytic, 4ABER-119")26 precur

sors than the spleens from normal mice (Figure 4).

The higher erythroid cell content of the spleen from the

GATA-1""w mice was also reflected by the levels of expression of

Figure 4. Expression of TER-119 and 4A5 in the light-density cells of the spleen. (A) _ ; : o : H :

(B) Representative flow cytometric analysis for the expression of TER-119 (y-axes) theB glObIn genein this tissue (Flgure 5)' TBG‘JIObm trangcrlpts

and 4A5 (x-axes) in the light-density cells of the spleens from untreated (steady- were detectable after Only 15 cycles of reverse transcrlptase (RT)

state), day-1 PHZ-treated, and day-6 EPO-treated wild-type (panel A, top panels)and  PCR by means of cDNA prepared from GATAQN'iI_spleen, while at

GATA-1'% (panel B, bottom panels) mice. The numbers in the quadrants of each dot least 18 cycles were necessary to begin the detection of these

plot indicate the frequency of cells with the corresponding phenotype. Similar results

were obtained in 3 additional experiments. Each experiment included negative fragments by means of cDNA from normal Spleen- In contrast,

controls represented by PE- and FITC-conjugated isotype-matched irrelevant antibod- ~ GATA-1 ’[ranscripts were amplified with comparable kinetics by

ies, which are not presented because they are identical to those already published.?6 means of cDNA prepared from the spleens of either one of these

animals. The only cells expressing GATA-1 in the GATAY1

contained normal levels of red (Hct) and white cells but containes,(z)Ieens are the erythroid cells (Figure 3). Therefore, the fact that
10-fold fewer platelets than controlB < .001) (Table 1). Further- the spleens from the GATASY mice, in spite of their higher

more, t,he fgw platelets detectable on the blood smears froerpythroid cell content (by morphological, FACS, gpwdjlobin gene
GATA-1""" mice appeared morphologically abnormal and bigger - . .

. expression analysis), expressed levels of GATA-1 similar to those
than normal platelet8 (also in data not shown).

The cellularity of the marrow and spleen from the GATA1 expressed by the spleens from the wild-type animals, suggests that

animals was profoundly different from that of the controls: th%he GA;A'l, eﬁpressmnl per cell ISI |O.WGL.In G,ATAQVI e?llthgrl?
marrow from the mutants contained 3 times fewer cells, where ?StSt an Int Qnorma ones‘.)To clarify t _'S point, TER- G‘ S
their spleen contained 3 times more cells than the correspondifig'e Purified (higher than 95% pure) by immunomagnetic selec-

tissues from the normal littermates (Table 1). The abnormal siZ&n from the spleens of the mutant and normal littermates (Figure
weight, and cellularity of the spleen from the mutants are al&f"): and gene expression was analyzed by RT-PCR (Figure 6C).
evident from the data presented in Figure 1. The GATA-1°% TER-119" cells expressed comparable levels of
May-Grinwald staining of cytospin marrow preparations showe@-globin, GATA-2, and B-microglobulin, but lower levels of
that the tissue from the mutant mouse contains larger-than-norrfTA-1 than their normal counterparts. The purified cells were
red cells and cells with clear morphological signs of apoptosis (sals0 used to determine the percentages of apoptotic cells at the
the picnotic nuclei in the erythroblasts in Figure 2). The highegrythroblast level by TUNEL (Figure 6B). TUNEL-positive nuclei
percentage of apoptotic cells in the GATR*Lmarrow prepara Wwere very rare among normal TER-I18ells (2% or lower) but
tions was confirmed by TUNEL staining (Figure 2C): TUNEL-represented greater than 60% of the cells purified from the
positive cells are 3 times more frequent (18% vs 5% of the celBATA-1'°% spleens.
labeled by propidium iodide) in cytocentrifuged preparations from The frequency of progenitor cells in the spleen and marrow
GATA-1"°" mice than from the normal littermates. By fluorescence-
activated cell sorting (FACS) analysis (not shown), the marrow

1®

04

PE-TER-119
0wl

from the GATA-1°% mice contained slightly higher percentages of Bymicrogl B-globin Gata-1 Gata-Ip Gata-1d
megakaryocytic (1.8% 0.4% vs 0.4%*+ 0.1% 4A5" cells) and A — = =] =] =1
bipotent (1.5%*+ 0.5% vs 0.7%* 0.2% 4A5/TER-119 cells) WILD-TYFE
precursors and similar percentages of erythroid precursor URTREATED W Tmmemm g oy 'R -=. 2
(11% = 2.8% vs 12%+ 3.3% TER-119 cells) than the marrow priz culis M _ee -
from the controls. However, because of the poor cellularity of theg S
marrow from the mutants (Table 1), its overall erythroid precursor GATA 1™
cell content was lower than that of the wild-type marrow (Table 2). UNTREATED | vl - w i gl -

The increased cellularity of the spleen from the GAT&: inice _
is reflected by deep alterations in its whole structural organizatior Pz e -l "'“ -

(Figure 3A,B): the interfollicular space of the red pulp was filled _ o ) _ _

. . ._Figure 5. Semiquantitative RT-PCR analysis of the expression of B2-microglobu -
with abnormally large and dysplastic megakaryocytes recogng?fas control), of B-globin, and of the total (GATA-1), proximal (GATA-1p), and
by the 4A5 antibody (Figure 3B,C). The spleens’ red pulp angktal (GATA-1d) GATA-1 transcripts in the spleens of untreated or day-1
subcapsulary space was filled with lymphocyte-sized cells resefiiz-treated Witl)d-typi anld GAT_A-dl_ '°Wd f;ice- _Eaclh pmiuct Wan snaiyze? f?r

; : ; : creasing numbers of cycles as indicated by a triangle on the top of the panels. In
b“n_g_ |mm€_:1ture_§rythr0|d cells _(Fl_gure 3A’B) th_at could not bénarticular, the products were analyzed after 18, 21, 24, and 27 cycles for B,-
posmvely identified as erythr()ld in these sections because tE\%roglobulin; 15, 18, 21, and 24 cycles for B-globin; 20, 24, 26, and 30 cycles for the
TER-119 antibody reacted poorly in immunohistochemistry (datetal GATA-1 transcripts; and 20, 25, 30, and 35 cycles for the GATA-1p and GATA-1d
not ShOWﬂ). The anti—-GATA-1 antibody labeled all of the erythroiot_ranscripts. The failure of the amplification of transcripts originating from the distal (or
. . . L testis) GATA-1 promoter2® with the use of cDNA prepared from the GATA-1'°% spleens
like blasts but failed to recognize the megakaryocytes within thgpresents an indirect control of the genotype of the mutant mice analyzed in this

spleens of the GATA!?" animals (Figure 3D). Interestingly, it study. Similar results were obtained in 3 additional experiments.
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Figure 6. Apoptosis and gene expression of TER-

119* cells. (A) Forward-light scatter (FL1-H) vs PE-TER- WILD-TYPE GATA-] low
119 staining of single TER-119* cells purified from
wild-type and GATA-1'" mice by immunomagnetic ad-
sorption. The purity of the TER-119" cells was 97% and A
95%, respectively. (B) Propidium iodide (top) and pro-
pidium iodide-TUNEL double staining (bottom) of the
TER-1197 cells purified in panel A (25 X magnification
except for the small quadrants in the bottom panel, which

are 40 X magnification to show the details of the apopto-

tic nuclei). (C) Semiquantitative RT-PCR analysis of the
expression of Bp-microglobulin (as control), B-globin,
GATA-1, and GATA-2 in the TER-119" cells purified from

the spleens of wild-type (left) and GATA-1'" (right) mice.
Each product was analyzed for increasing numbers of
cycles as indicated by a triangle on the top of the panels.

In particular, the products were analyzed after 18, 21, 24, FL1-H
and 27 cycles for B,-microglobulin; 15, 18, 21, and 24
cycles for B-globin; and 20, 24, 26, and 30 cycles for the B
total GATA-1 and GATA-2 transcripts.
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Negative
control
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from normal and GATA-P% mice is compared in Figure. The Response of the GATA-1 '*" mice to in vivo
tissues of the GATA-/2¥ mice displayed frequencies of myelomeno stimulation of erythropoiesis

cytic progenitors (CFU-GM) similar to those found in the corre-
sponding tissues from their normal counterparts. In contrast, the{)€ "ed cell recovery after PHZ treatment of normal and GATA-
contained 2-fold more early (BFU-ER < .05) and 5- to 7-fold 1'% animals is compared in Flg.ure 8t 5 days after the PHZ
more late (CFU-EP < .001) erythroid progenitor cells than thelreatment, the Hct of GATAI2¥ mice had exceeded .5 proportion
normal tissues. of 1.0 (50%) (higher than the prebleeding level) while the
To clarify the reason for the higher erythroid progenitor celvild-type mice had mostly, but not completely, recovered from
content in the tissues from the GATA®1 mice, we compared the their anemid’ (Figure 8A). Furthermore, at day 2 of recovery from
effect of increasing EPO concentrations on the growth of erythroffie anemia, reticulocytes represented greater than 80% of the total
colonies from the mutant or normal marrow and spleen cells [&d cells in the blood from the GATA®Y mice, as compared with
semisolid cultures (Figure 7C). The EPO growth/response cunviggver than 30% found in blood from the corresponding controls
for BFU-E— and CFU-E—derived colonies obtained in cultures d¢Figure 8B). In the blood of the mutant mice, the percentages of
GATA-1'w and wild-type spleen cells were identical. In both casesgticulocytes remained significantly higher than in the blood of the
50% of maximal colony growth was sustained by a concentrati@ontrols until day 5 after PHZ treatment (Figure 8B).
of 0.1 U/mL EPO, and maximal colony formation was observed Although the relative increases in size (by 2-fold) and cellular-
with 0.4 EPO U/mL. ity (by 3.5-fold) of the spleens from the GATA?¥ and wild-type
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Figure 7. Frequency of progenitor cells in the spleen and marrow from normal and GATA-1 low mice. (A) (B) Frequency of progenitor cells (BFU-E, dark bars; CFU-E,

dotted bars; and CFU-GM, white bars) in the spleen (panel A) and the bone marrow (panel B) of untreated (steady-state), day-1 PHZ-treated, and day-6 EPO-treated wild-type
and GATA-1'°% mice. The results are presented as the mean ( = SD) of 4 separate experiments. Four wild-type and 4 GATA-1'°" mice were analyzed for each experimental
point (4 untreated, 4 EPO-treated, and 4 PHZ-treated animals for a total of 12 wild-type and 12 GATA-1'°" mice). (C) EPO concentration/response curve on the growth of
CFU-E—derived (bottom) and BFU-E—derived (top) colonies in serum-deprived cultures of light-density spleen cells from wild-type (closed circles) and GATA-1'°% (open
triangles) mice. The results are presented as a percentage of the maximal colony growth and are the mean ( = SD) of 4 separate experiments. Maximal colony efficiency
(100%) was as follows: wild-type BFU-E = 68 = 22; wild-type CFU-E = 110 * 30; GATA-1" BFU-E = 166 + 30; GATA-1°% CFU-E = 750 = 175. Identical EPO
concentration/response curves were observed in cultures of marrow cells (not shown).

mice were similar, the spleens of the PHZ-treated mutants werarrow and spleen from the mutants as well as from the wild-type
significantly @ < .01) bigger and contained more cells than theimice (Figure 7A,B). Particularly high was the frequency reached
PHZ-treated controls (Figure 1). At day 1 from the PHZ treatmerity the CFU-E in the hemopoietic tissues of the GATA%Imice
the spleens from both GATAYY and wild-type animals were (greater than 600 and 1300 colonies peP afarrow and spleen
engulfed with erythroblasts expressing GATA-1 by immunostaircells, respectively).
ing (Figure 7). The sinusoid spaces were markedly enlarged owing In vivo administration of EPO (10 U per mouse for 5 days)
to the presence of red cells in the process of being lysed localhduced a statistically significant rise in the Hct of both the mutant
after having been damaged by PHZ (Figure 9). The presence of thigl the normal mice (Figure 10A). The peak of the Hct increase
massive red cell lysis was also evident by the dark red color wfas reached 6 days after the first EPO injection. In the case of the
these spleens in gross morphological examination (Figure 1). mutant mice, the Hct increased sooner (the first statistically
At day 1, the PHZ treatment increased the frequency aifferent Hct value was observed at day 4 instead of day 6); more
erythroid (TER-119), megakaryocytic (4A5), and bipotent (TER- (up to .67= .05 proportion of 1.0 [67%:- 4.9%] as compared with
119"/4A5") precursors, not only in the spleens of the wild-type57 = .03 proportion of 1.0 [56.5% 3.4%],P < .001); and for a
mice as reporteéf but also in the spleens of the mutant animaltonger period of time (until day 14 instead of day 12) than the Hct
(Figure 4). The spleens of the GATA21 mice contained 2 to 3 increases observed in their normal littermates (Figure 10A).
times @ < .001) more erythroid/megakaryocytic precursors than The changes in Hct values were reflected by symmetrical
the spleens from the wild-type mice although, in comparison withcreases in the percentage of circulating reticulocytes that were
the corresponding baseline levels, the increases observed in dle® higher in the blood of the mutants than in the blood of normal
spleens of the normal mice were 2- to 3-fold higher than thoseice. At day 6 of the EPO treatment, reticulocytes represented up
observed in the GATAIM" mice (Figure 4). to 40% of the circulating red cells in the GATA1 mice and only
The increases of the erythroid precursors in the spleens of PHZD% of the red blood cells in the wild-type mice (Figure 10B).
treated animals were paralleled by increases in the expression ofThe cellular compartments in the marrow and spleen of some of
B-globin and GATA-1, as determined by the kinetics of the RT-PCEie animals treated with EPO were analyzed on day 6 of the
amplification by means of cDNA prepared from the spleens tfeatment (ie, when the highest Hct and reticulocyte increases had
PHZ-treated GATA-2* and wild-type animals (Figure 5). been observed). The spleens of both the mutant and the normal
At day 1 of PHZ treatment, the frequency of late erythroignice became enormously enlarged after EPO treatment and
(CFU-E) progenitor cells, but not those of early erythroid (BFU-Edeached a weight of 786 50 mg in the GATA-®* mice and
or myelomonocytic (CFU-GM) progenitors, increased in th865+ 38 mg in the wild-type animals (Figure 1). The total
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>

(Figure 7). No changes were detected after EPO treatment in the
PHZ frequencies of myeloid progenitor cells (Figure 7).
% That the frequency of early (BFU-E) erythroid progenitors
increased after EPO stimulation but not after PHZ stimulation
i\\\§><§ (Figure 7) while the percentage of bipotent (erythroid/megakaryo-
cytic) precursor cells increased after PHZ stimulation but de-
creased after EPO stimulation (Figure 3) supports the notion that at
least partially different mechanisms are responsible for the ery-
throid stimulation exerted by EPO and PHZ.
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. ; . | : Discussion
1 3 6 9 12
B We show that the phenotype of the GATAR*Imutants that survive
100, PHZ until adulthood involves not only, as report®€¢®accumulation of
~ \ i § dysplastic megakaryocytes arrested at terminal stages of differentia-
& 80 I tion but also (1) massive expansion of erythroid progenitors
E (BFU-E and CFU-E) (Figure 7A,B) and bipotent (erythroid/
> 60+ 8§ megakaryocytic) precursors (Figure 4) and (2) the transition of the
8 major hemopoietic site from the marrow to the spleen (Tables 2, 3).
S 40- \ Because of their lower levels of GATA-1 expression, the GATA-
O E/E E * 1low erythroblasts should have an increased apoptotic??athis
= 20- \ suggests to us that the progenitor cell expansion is the reason the
E / ] Hct levels in the adult mutants are normal and have an accelerated
0. ] . = : N response t_o_both_acute_(PHZ treatment)_(Fig_ure 8)_ and chronic
1 3 6 9 12 (EPO administration) (Figure 10) erythroid stimulation. In fact,
DAYS normal adult mice produce a constant number (64) of reticulocytes

. . . for every CFU-E, most of which (90%) egress and mature into red

Figure 8. Hematocrit and reticulocyte counts after PHZ treatment of normal and . . . .

GATA-1™* animals. (A) (B) Hematocrit (panel A) and reticulocyte counts (in cellsin _the blood where they circulate with a half-ll_fe of ATO to 50

percentage of total red cells) (panel B) in the blood of wild-type (closed circles) and  days. Since the Hct and the percentages of circulating reticulocytes

GATA-1""" (open triangles) mice during recovery from anemia induced by PHZ (2 in the GATA-1°% mice were normal (Table 1 Figures 8 10) but

consecutive injections as indicated by the arrows). The day of the second PHZ their CFU-E d bipotent I ' t ' t

injection was considered to be day 0. The results are presented as the mean ( = SD) elr - an Ipotent precursor ce . compartments were

of the values observed in 18 wild-type and 12 GATA-19% mice. Values are statistically ~ €Xpanded (Tables 2, 3), the number of their erythroblasts actually

different. *P < .05. §P < .0L. maturing into reticulocytes had to be lower than normal. In
agreement with this conclusion, the proportion of GATA¥1
erythroblasts that stained positive for apoptosis was found to be

. . hi(g;her than normal (60% vs 2%) (Figure 6B).
nucleated cells per organ increased accordingly, and up t In apparent contrast with these data, Shivdasani ‘8teaid

2.8+ 0.3 1C° cells were detected per spleen in the GATAL1 McDevitt et al® had reported that the liver from the GATAL

mice. The immunohistochemistry revealed massive spleen 'nf'ltri%'tuses (when the mutants are anemic) contained normal numbers

tlgn of GATA-1* erthrobIasts at all stages Qf maturatlon tha6f progenitor cells. Since these authors have not reported the
disrupted all the architecture of the organ both in the wild-type angmher of progenitor cells in the adult tissues (when the mutants
in the GATA-1°" mice (Figure 9). After EPO treatment, the Spleenfjaye 4 normal Het), it is not possible to assess whether the different
of the GATA-1°" mice still contained a relatively high number of ogts obtained are due to the slightly different genetic background
GATA-1~ megakaryocytes dispersed among the vast areas Comﬂﬂixed C57 BI/6-SV 129 vs mixed C57 BI/6-SV 129 plus CD 1) of
ing maturing erythroid cells (Figure 9). the mice used in the 2 sets of studies or an ontogenetic switch in the
The results of the histologic analysis were confirmed by FAC&ntrol of the erythroid differentiation program.
analysis (Figure 3). At day 6 post-EPO treatment, the frequency of The high perinatal mortality rate of the GATA®1 mutants had
single TER-119 cells increased up to 59.0% in the normal spleegyggested that the normal Hct in the adults was due to natural
and to 65% in the spleen of the GATA*1 mice (P < .01). The gglection of those few animals whose erythroid cells either were
percentage of single 4A5and of double TER-1194A5" cells  more responsive to EP®or expressed higher levels of GATA-1
decreased after EPO stimulation both in the mutant and in t{& other members of the GATA family). In fact, in the case of
wild-type mice (Figure 3), although when total spleen cellularity ifargeted deletions of GATA-3 the GATA-1! erythroblasts
taken into account, their total numbers either increased or remainggbable of differentiating in vitro from the embryonic stem cells
constant (Table 3). express 50-fold higher-than-normal levels of GATA-2, a factor
In contrast with the PHZ treatment, which increased thghose functions are at least partially redundant with GATA-1.
frequency of only CFU-E, EPO induced a significant rise in thBurthermore, ectopic expression of GATA-3 rescues the GATA-
frequency of both early (BFU-E) and late (CFU-E) erythroidin! mutation32 However, the EPO concentration/response curves
progenitor cells in the marrow and spleen from the mutant and tbé the mutant BFU-E and CFU-E, both from the marrow (not
normal mice (Figure 7). Once again, in absolute numbers, tehown) and the spleen (Figure 7C), were normal, and highly
increases in the erythroid progenitors in the mutant mice wepeairrified erythroblasts isolated from the GATAYL spleens ex
statistically higher than those observed in the wild-type migeressed very low GATA-1 levels while their level of expression of
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WILD_TYPE GATA_] low Figure 9. Immunohistochemical analysis of spleens ob-

tained from day-1 PHZ-treated (top panels) or day-6
EPO-treated (bottom panels) wild-type and GATA-1 low
mice, as indicated. Hematoxilin-eosin staining and anti—
GATA-1-specific immunostaining are presented in the left
@ and right panels, respectively (40 X magnification).

GATA-2 was comparable to that expressed by their counterpdine size of the BFU-E compartment that compensated for the
isolated from normal spleens (Figure 6). decreased CFU-E/erythroblast survival consequential to the Stat5 de-
It is known that the physiological functions of certain genes atetion, maintaining the CFU-E numbers within the normal raffge.
not always unveiled by ablation/overexpression studies in genetic The compensatory mechanism underlying the normal Hct of the
mouse models because the phenotype could be masked bGATA-1°% mice was found to be very similar to that of the
homeostatic compensatory lo&bThis was the case, for example,Stat5a’~Statsb/~ mice. In fact, the normal Hct observed in the
of the Stat5a/~Stat5l/~ mice3435Since the Jak2/Stat5 pathway isadult GATA-1°% mice was also associated with increased fregquen
the major EPO signaling pathwé§Stat5 ablation should result, ascies of early (BFU-E, 2-fold) and late (CFU-E, 7-fold) erythroid
in the case of Jak2 deletidA3® in fatal anemia. In contrast, progenitors (Figure 7A,B) and of bipotent (greater than 20-fold)
Stat5a’~Stat5b/~ mice are viable and have normal Hct lev#8.  precursors (Figure 4) in their spleen. However, differences were
careful analysis of their phenotype revealed, however, that, as is tieserved between the compensatory mechanisms of the GATA-1
case in the GATA-2" mice S the Stat5a/~Stat5b’/~ fetuses are and the Stat5d-Stat5b’/~ mutation in terms of types of cells
anemic but the mice recover from the anemia after Bfi.this involved and magnitude of expansion. In fact, in the Stat5a
case, normal levels of Hct were achieved by a 2-fold expansion 8fat5b/~ mutants, 2-fold BFU-E expansion was sufficient to
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erythroid progenitor cellét However, the frequency of megakaryo

Pl cytic progenitors was normal in the tissues of the mut.ant mice

704 § (32.5+ 7.5 vs 26.0+ 6.5 per 10 cells). Furthermore, their mar
K%§ row and spleen contained high numbers of immature megakaryo-

>
=
w
)

§ cytes interspersed with the erythroid cells (Figure 2, 3; also results
not shown). Since megakaryocytes are responsible for binding and
degrading TPO in vivd? their high numbers make it unlikely that
\f TPO could accumulate in the mutant tissues at levels above normal.
% Other growth factors, produced as a consequence of the thrombocy-
topenia, might prime erythroid cells to be more sensitive to EPO.
However, as mentioned earlier, the EPO concentration/response
curves of the mutant erythroid progenitors were normal (Figure 7C).
Alternatively, the compensatory mechanism of the GATA-1
mutation in adult mice could be intrinsic to the mutation itself. In
fact, it has been shown that GATA-2 expression favors proliferation

60

501 §>§/

404 —A— Gata-1loW
—@— Wild-type
T T

2 4 6 8 10 12 14

HEMATOCRIT (%)
7H
\
F

B EPO over differentiation in experimental mod&42and is suppressed,

- 507 R either directly or indirectly, by GATA-1 itse® It has been,

2 § therefore, suggested that the ratio between the levels of GATA-2

; 40+ § and GATA-1 expression determines whether a progenitor cell will

[ \§ proliferate (high GATA-2) or differentiate (high GATA-L)Accord

5 304 \ * ing to this model, the lower-than-normal levels of GATA-1

le) % expression in the GATA! cells would allow the erythroid

5 20 e I progenitors to express GATA-2 for a longer period of time,

S /L\ favoring their proliferation over differentiation. Eventually, be-

= 10- cause of the long GATA-1 messenger RNA and protein half-life,

E / progenitor cells would accumulate enough GATA-1 to suppress
0 S GATA-2 expression and to begin erythroid differentiation.

It remains to be explained why the phenotype of the adult

DAYS mutants involves the transition of the major hemopoietic site from
the marrow to the spleen. Similar increases in the percentage of

Figure 10. Hematocrit and reticulocyte counts in wild-type and GATA-1 low mice erythroid cells were observed in the marrow and spleen from the
during the EPO-induced polycythemia.  (A) (B) Hematocrit (panel A) and reticulo- | . . .
cyte counts (in percentage of total red cells) (panel B) in the blood of wild-type (closed GATA-1°" mice (Flgure 7 and results in the teXt)' HQWGVGI’,
circles) and GATA-19% (open triangles) mice. Polycythemia was induced with 5 because the marrow from the mutants had poor cellularity (Table
consecutive EPO intraperitoneal injections, as indicated by the arrows. The day of the 1), it contained absolute numbers of erythroid progenitor and
first EPO injection was considered to be day 0. The results are presented as the mean P . .
( + SD) of the values observed in 12 wild-type and 8 GATA-1'°% mice. Values are pI'ECl.,lrSOI' cells _SIm”ar '[O, if _nOt lqwer than‘ normal (T_able 2)' Itis
statistically different. *P < .05. §P < .01 possible that this transition is pleiotropic to the mutation itself and
is linked to the different accessory cell populations present in the

marrow and spleen and how they respond to growth factors
sustain normal Hct while, in the GATALY mutants, the expansion released by the megakaryocytes. The marrow, but to a much lesser

required was higher (2- to 20-fold depending on the cell type) ar?d‘tem the spleen, cqntalns flbrob_la_sts, endothe_llal cells, and
involved mainly the CFU-E compartment. The lower magnitude &steoblasts, all of which are exquisitely responsive to growth
the expansion that compensates for the StatRtatsh’~ muta factors, such as platelet-derived growth factor, released by the
tion compared with that observed in the GATR*Imice indicates megakarchytes. Thergfore, stromal cells within the GATA-1
that erythropoiesis is affected with more severity by the GAT-1 Marrow might be continuously stimulated, and their consequent
than by the Stat5d Stat5b’~ mutation. Furthermore, the 2 proliferation might reduce, over time, the space available for the
mutations were, at least partially, compensated for by diﬁeren?mODO'et'c (_:ek\]lls,h_forﬁlng thher_n to migrate |n_the ?pleen. Ir;
mechanisms, restricted to the BFU-E compartment in one case gement with this hypothesis, marrow sections from adult

T . . )
involving cells from BFU-E down to the bipotent cell precursor inGATA 1% mice show gross accumulation of collagen fibers and a

the other. i Table 3. Total number ( x103) of progenitor and precursor cells in the spleen
That the GATA-1°" mice have an accelerated response to bofwid-type and GATA-L ' mice

acute (Figure 8) and chronic (Figure 10) erythroid stimulation

suggests that the mechanism that compensates for their erythroid

defect does not saturate either the signaling pathway related to the

response to stress (PHZ anemia) or the EPO pathway. It is unlikel{/d-vpe

Progenitor cells Precursor cells

CFU-GM BFU-E CFU-E TER-1197/4A5* TER-119" 4A5*

o L - Untreated 182 110 178 1280 3500 600
then, that it involves control elements extrinsic to the erythroid " o
differentiation progran®® and it could be either extrinsic or LMz 243 097 1130 13900 49500 7600
HETE progrant, - Day-6 EPO 472 3500 1590 2200 442000 6700
intrinsic to the GATA-1 mutation itself. GATA-Llow

One possible extrinsic mechanism could result from the factynyeated 275 762 4200 37 500 84200 48700
that the chronic thrombocytopenia stimulates growth factor producopay-1pHz 617 4179 30450 273 000 756 000 201 000
tion in vivo. Although the serum from the GATAPY mice contains  Day-6EPO 980 20700 17000 22 500 1625000 45 000

normal levels of EPO and SCF (data not shown), thrombocytopenia ) .

. .. . . The values are calculated from those presented in Table 1 and Figure 3.
StlmUIa_tes_thrombopme“n (TPO) pI’OdUCtI@nWhICh h?.S been PHZ indicates phenylhydrazine; EPO, erythropoietin. For explanation of other
shown in vivo to increase the number of megakaryocytic as well asoreviations, see footnote to Table 2.
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myelofibrosis-like morphology. We are currently investigatinghat treatment with EPO may correct, at least in part, the erythroid
whether the phenotype of the adult GATR*Lmutants involves defectin some of these patients.
development of myelofibrosis and how the mutation is eventually
responsible for this disease.

The data presented here might have some clinical reIevanceAﬁknOWIedgmentS
fact, 2 GATA-1 mutations have been recently described in humapg thank Dr Stuart Orkin for providing the GATA?Y mouse
that result in partially defective protein function and thrombocytamodel, for continuous support, and for critical reading of the
penia associated with either dyserythropoietic anéoicthalasse manuscript; Professor Giuliano D’Agnolo for encouragement;
mia*®> The fact that the GATA!2" mice respond better than theLuca Marsili for assistance with the breeding program; and

normal mice to erythroid stimulation (Figures 8 and 10) suggedtéargaret Oppenheimer for editorial assistance.
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