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Insertional mutagenesis of the spi-1 gene is associated with the emergence of malignant proerythroblasts
during Friend virus-induced acute erythroleukemia. To determine the role of spi-1/PU.1 in the genesis of
leukemia, we generated spi-1 transgenic mice. In one founder line the transgene was overexpressed as an
unexpected-size transcript in various mouse tissues. Homozygous transgenic animals gave rise to live-born
offspring, but 50% of the animals developed a multistep erythroleukemia within 1.5 to 6 months of birth
whereas the remainder survived without evidence of disease. At the onset of the disease, mice became severely
anemic. Their hematopoietic tissues were massively invaded with nontumorigenic proerythroblasts that ex-
press a high level of Spi-1 protein. These transgenic proerythroblasts are partially blocked in differentiation
and strictly dependent on erythropoietin for their proliferation both in vivo and in vitro. A complete but
transient regression of the disease was observed after erythrocyte transfusion, suggesting that the constitutive
expression of spi-1 is related to the block of the differentiation of erythroid precursors. At relapse, erythro-
poietin-independent malignant proerythroblasts arose. Growth factor autonomy could be partially explained
by the autocrine secretion of erythropoietin; however, other genetic events appear to be necessary to confer the
full malignant phenotype. These results reveal that overexpression of spi-1 is essential for malignant eryth-

ropoiesis and does not alter other hematopoietic lineages.

The spi-1 gene was first identified as the target for inser-
tional mutagenesis in Friend erythroblastic tumors that devel-
oped in spleen focus-forming virus (SFFV)-infected mice (32,
35, 42). As a result of the SFFV provirus integration, the
normal spi-1 gene is strongly overexpressed. This is probably
due to the transcriptional enhancer elements supplied by the
SFFV long terminal repeat (LTR) (33, 34). Thus, spi-1 may be
considered as a putative oncogene implicated in the malignant
transformation of proerythroblasts.

The spi-1 gene encodes the transcription factor PU.1 (also
called Spi-1), a member of the Ets family (19, 24, 32) physio-
logically expressed in all hematopoietic cell lineages except the
T-cell lineage (48). Spi-1/PU.1 recognizes a purine-rich se-
quence motif around a minimal core consensus, 5'-G/AGAA-
3’, in transcriptional promoters of various genes expressed in
myelomonocytic cell lineages such as the scavenger receptor
(36), the macrophage colony-stimulating factor receptor (64),
the high-affinity FcyRI (43) and FcyRIIIA (14) receptors for
immunoglobulin G, the integrin cell surface receptor CD11b
(40), the c-Fes/c-Fps tyrosine kinase (49), and its own pro-
moter (8). Spi-1/PU.1 binding sites also exist in the enhancer of
the interleukin-4 (IL-4) gene in mast cells (20) and in the
enhancer-promoter of genes expressed during maturation and
differentiation of B-lymphoid cells such as genes encoding the
heavy (39, 50), joining (58), and light (12, 46, 56) chains of
immunoglobulins. In addition, Spi-1/PU.1-responsive elements
have been identified in enhancer regions of viruses exhibiting a
tropism for B cells like Epstein-Barr virus (27) or for macro-
phagic cells like equine infectious anemia virus (7). The phe-
notype of PU.l-negative homozygous embryos is consistent
with these pleiotropic functions. Indeed, disruption of the spi-
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1/PU.1 gene by homologous recombination in mouse embry-
onic stem cells is lethal for homozygous PU.1 mutant progeny.
Embryos present a multilineage defect characterized by defec-
tive development of progenitors in monocytes, granulocytes,
and B- and T-lymphoid lineages and variable impairment of
erythroid maturation (57). Together these data indicate that
Spi-1/PU.1 may participate to the hematopoietic development
as a basal transcriptional regulator.

During the Friend disease, the multistep progression of
SFFV-infected proerythroblasts towards malignancy results
from interactive processes between the viral protein gp55 en-
coded by the SFFV env gene and at least two cellular proteins:
p53 and Spi-1/PU.1 (3). To ascertain the effective role of spi-1
in erythroid cell transformation, various strategies were de-
signed. Infection of murine long-term bone marrow cultures
with a spi-1-transducing retrovirus caused the proliferation of
proerythroblast-like cells that differentiated at a low frequency
into hemoglobinized cells. Transformed cells remained depen-
dent on both erythropoietin (EPO) and an adherent bone
marrow stroma cell layer for growth, allowing the authors to
conclude that spi-1 overexpression was involved in erythroblast
self-renewal (55). Alternatively, antisense oligonucleotides
were used to reduce the spi-1 expression level in Friend tumor
cells (11). Antisense-treated cells presented a reduced prolif-
erative capacity, again suggesting a role for spi-/ in the self-
renewal of transformed erythroblastic cells.

To define the in vivo roles of spi-1, we generated transgenic
mice. Transcription of the spi-1 transgene was driven by the
SFFV LTR which is naturally involved in spi-I deregulation
(35) and contains transcriptional enhancer elements active in
hematopoietic cells (6). In this paper we show that spi-/ trans-
genic mice develop solely erythroleukemia. At the onset of the
disease, we observed a leukemic state characterized by a large
expansion of proerythroblastic cells partially blocked in differ-
entiation and totally dependent on EPO for proliferation.
Erythrocyte transfusions led to a transient regression of the
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disease. At relapse, tumorigenic erythroblastic cells which had
acquired the capability to grow autonomously arose. Thus,
spi-1 transgenic mice develop a multistep erythroleukemia that
resembles Friend virus-induced pathology.

MATERIALS AND METHODS

Construction of the LTR-spi-1 minigene. The spi- first exon with its 3’ 600-bp
intronic border (SacI-Pstl fragment) and the second exon included in its 5’
500-bp and 3’ 150-bp intronic borders (PstI-EcoRI fragment) have been sub-
cloned from phages containing the spi-/ genomic locus (34). The 5’ part of the
third exon up to the PstI site and its 5’ 100-bp intronic border (EcoRI-Pst]
fragment) was amplified by PCR from the genomic locus. The minigene was
generated by ligating these three fragments to the 3’ region of the cDNA (985-bp
PstI-EcoRI fragment) containing the 3’ part of the exon 3 and exons 4 and 5 (34).
The LTR fragment (535 bp) was cloned from the SFFV molecular clone of the
polycythemic Lilly and Steeves strain (29) by PCR amplification between a 5’
primer located downstream of the gp55 open reading frame and a 3’ primer
complementary to the first 18 nucleotides of the U5 region of the LTR. The
BamHI and HindIII sites were added during PCR amplification. The final con-
struct resulted from the ligation of the EcoRI-BamHI minigene insert (2.6 kb) to
the BamHI-HindIII SFFV LTR.

Expression of the spi-I minigene. COS-1 cells (2 X 107) were transfected by
electroporation (250 V, 125 wF) with 10 pg of an expression vector (pSGS;
Stratagene) containing either the normal cDNA or the minigene construct down-
stream of the simian virus 40 promoter. Cells were harvested 72 h after trans-
fection and lysed in sodium dodecyl sulfate (SDS)-loading buffer for analysis of
Spi-1 expression by Western blotting (immunoblotting). For electrophoretic mo-
bility shift assays, COS-1 extracts were prepared from cell pellets in a mixture of
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; 1.5 mM; pH 7.9),
NaCl (140 mM), MgCl, (1.5 mM), 0.5% Nonidet P-40, dithiothreitol (1 mM), 1%
aprotinin, paramethylsulfonyl fluoride (100 pg/ml), and leupeptin (10 pg/ml).
Electrophoretic mobility shift assays were performed by using a >?P-labeled
34-bp oligonucleotide containing the simian virus 40 Spi-1/PU.1-responsive ele-
ment as previously described (48).

Production and screening of transgenic mice. Microinjection and oviduct
transfer procedures have been previously described (21). Briefly, fertilized eggs
were recovered from matings between B6D2F1 hybrids and microinjected with
approximately 200 copies of the SFFV LTR-spi-I minigene DNA fragment
purified on agarose gels. Eggs were transferred in oviducts of pseudopregnant
females. Founder transgenic mice were bred to DBA2/J mice. Homozygous
transgenic mice were produced by setting up heterozygous mice intercrosses.

DNAs from potential transgenic mice (10 to 12 days old) were extracted from
tail tips, incubated overnight at 37°C in 1 mM Tris-HCI (pH 7.5)-1 mM EDTA-
0.25 M NaCl containing 0.2% SDS and 100 pg of proteinase K per ml, purified
by repeated extractions with phenol and chloroform, and ethanol precipitated.
DNAs (10 pg) were digested with EcoRI and analyzed on Southern blots by
hybridization with a spi-1 cDNA as previously described (35).

Analysis of transgene expression in tr ic tissues and cell lines. (i) RNA.
Total cellular RNAs were prepared from tissues homogenized in 4 M guanidium
thiocyanate solution by the method of Chomezynski and Sacchi (9). Total RNAs
(20 pg) were fractionated by electrophoresis in agarose-formaldehyde-contain-
ing gels, transferred onto GeneScreen nylon membranes, and hybridized sequen-
tially with various probes labeled with [**P]dCTP by using random-primed la-
beling kit (Amersham, Little Chalfont, United Kingdom). After overnight
hybridization, blots were washed twice with 2X SSC (1X SSCis 0.15 M NaCl plus
0.015 sodium citrate)-0.1% SDS at room temperature and twice for 1 h in 0.1X
SSC-0.1% SDS at 55°C and then exposed for autoradiography. Northern (RNA)
blots were hybridized with cDNA probes representative of Spi-1 (34), SFFV LTR
(described above), EPO receptor (EPO-R) (26), mGATA-1 (60), and B-globin
(2). Finally, a rat glyceraldehyde-3-phosphate dehydrogenase cDNA probe (15)
was used to monitor RNA loading.

(ii) Protein. Tissues or cells were homogenized in radioimmunoprecipitation
assay buffer (NaCl, 150 mM; Tris-HCI, 50 mM; Nonidet P-40, 1%; deoxycholate,
0.5%; SDS, 0.1%). Proteins (25 pg) were resolved by SDS-12% polyacrylamide
gel electrophoresis and electrotransferred onto nitrocellulose (Schleicher &
Schuell). Blots were probed for 1 h with the polyclonal Spi-1 antibodies previ-
ously described (11). Immune complexes were visualized by the enhanced chemi-
luminescence Western blotting detection system (Amersham).

Cytological and histological examinations. Peripheral blood was drawn from
the retro-orbital sinus in heparinized microhematocrit tubes. Blood was diluted
in culture medium, and smears were prepared in duplicate with a cytospin. Cells
in permanent cultures were adjusted at 10° cells per ml, and 100 .l was used to
prepare cytocentrifuged smears. Smears were stained with May-Griinwald-Gi-
emsa stain or benzidine-hematoxylin. Organs were fixed in Bouin’s solution. Thin
sections (5 mm) of paraffin-embedded tissues were stained with hematoxylin-
eosin.

Flow cytometry analysis. Monocellular cell suspensions were immunolabeled
(30 min at 4°C) with the following fluorescein isothiocyanate-conjugated mono-
clonal antibodies, all purchased from Pharmingen (Clinisciences, Montrouge,
France) and used at a 102 dilution: B220 (clone RA3-6B2), CD4 (L3T4, clone
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RM4-5), CD8 (Ly-2, clone 53-6.7), Mac-1 (CD11b, clone M1/70), Sca-1 (Ly-
6A.2, clone E13 161-7), TER-119 (anti-mouse erythroid cells), and Gr-1 (clone
RB6-8C5). After two washings with phosphate-buffered saline, cells were exam-
ined with a FACsort cytometer (Becton Dickinson). As controls, fluorescein
isothiocyanate-conjugated rat anti-mouse immunoglobulin of matched isotypes
were used.

Derivation of permanent cell lines. Cell suspensions from enlarged spleens (1
X 10° cells per ml) and femoral bone marrow cells (5 X 10° cells per ml) were
seeded in tissue culture flasks in alpha minimal essential medium (GIBCO,
Paisley, United Kingdom) supplemented with 10% fetal calf serum (GIBCO), 2
mM L-glutamine, 100 U of streptomycin and penicillin per ml, and 2 U of
recombinant human EPO (r hu-EPO) per ml. After 3 to 4 days in culture, cells
were transferred into new flasks containing fresh complete medium. When cells
in suspension reached a density of 10° cells per ml, cultures were diluted and
seeded at 10° cells per ml. Thereafter, cultures were passaged (1/20 diluted)
twice a week. To ascertain that cell lines remained EPO dependent, cells were
washed three times in 40 ml of medium before being seeded at 10° cells per ml
in medium without EPO. This assay was repeated once every month. Spleen and
bone marrow cells from mice treated with erythrocyte transfusions were seeded
and grown in culture in the conditions described above, with the exception that
EPO was not added to the medium.

Cell transplantation in nude recipient mice. Cells from enlarged spleens or
bone marrow were dispersed in alpha minimal essential medium containing 2%
fetal calf serum by mechanical shearing. Cells (107) were injected by the subcu-
taneous or intraperitoneal route into 6-week-old female nude mice bred under
sterile conditions (five mice per assay). Mice were regularly examined. Tumor
nodules were usually visible 3 weeks after the graft when the tumor mass reached
a diameter of 0.5 cm.

Proliferation and clonogenic assays. Cells were extensively washed, deprived
of growth factor for 4 h, and seeded at a final concentration of 2 X 10* cells per
100 ml in 96-well plates. r hu-EPO or 48-h conditioned media (CM) from the
tumor cell lines were added at the concentrations indicated in Fig. 5. The Ba/F3
cells (41) transfected with the murine EPO-R cDNA served as controls. After 48
h in culture, cells were pulsed for 4 h with 0.5 mCi of [*H]thymidine. Cells were
harvested onto glass fiber filters, and radioactivity incorporated in DNA was
measured by liquid scintillation counting.

For clonogenic assays, cells were seeded at 500 cells per ml in methylcellulose
medium (1% final concentration) supplemented with 10% fetal calf serum, and,
when indicated, in the presence of 2 U of r hu-EPO or an anti-EPO monospecific
polyclonal antibody (1/500 final dilution) (kindly provided by P. Mayeux [Paris,
France]) per ml. Colonies were counted after 5 to 6 days of growth.

RESULTS

Generation of transgenic mice carrying a spi-I minigene
construct. To construct a minigene encoding the murine Spi-1
protein, the genomic DNA fragments containing exons 1 and 2
and the 5’ part of exon 3 with their respective intronic borders
were joined to the cDNA part encoding exons 4 and 5 (Fig.
1A). This minigene contains its own translational start and stop
codons and polyadenylation signal. It was inserted in the pSGS5
vector and transfected into monkey kidney COS cells to verify
that it was correctly translated. Western blotting of COS ex-
tracts (Fig. 1B) showed that the protein expressed from the
minigene presented properties identical to the protein ex-
pressed from a normal cDNA. Moreover, in a band shift assay,
the minigene product showed a DNA binding activity indistin-
guishable from that of the normal protein (Fig. 1C).

To generate transgenic mice, the minigene was set under the
transcriptional control of an SFFV LTR fragment containing
U3, R, and 20 nucleotides from U5 (Fig. 1A). Transgenic
animals were produced by the injection of a 3.0-kb HindIII-
EcoRI DNA fragment into fertilized oocytes. Potentially trans-
genic mice were screened by Southern blot analysis of tail
DNAs using a spi-1 cDNA probe. Twelve independent founder
animals were obtained and mated to generate homozygous
transgenic lines. A comparison of the intensity of the transgene
bands with that of the endogenous spi-1 gene indicated that
each founder carried one or two copies of the transgene inte-
grated at one or two genomic sites (data not shown).

To assess transgene expression, total RNAs from different
organs were analyzed by Northern blotting and, if necessary, by
the reverse transcription (RT)-PCR technique. Amplification
of the transgene open reading frame was made between a



VoL. 16, 1996

A SFFV LTR
H B_Sc

Spi-1/PU.1 TRANSGENIC MICE 2455

E
]
NN 222 %%

1.5kb spliced transcript

PCR primers -

<
o 5
- Q
T T
Y
[77] w
v [7¢} [72]
B o & 8
(&) QO

}
‘,

35kDa- .’

TGA
spi-1
Ex.3,4,5

o S AAA

- -
<
o &
= ©
T T8
Q Q
U!U)'n_:
[7: 27, B 7, B
O O O ©o
QO 0O O w

FIG. 1. Structure and expression of the SFFV LTR-spi-1 minigene. (A) Structure of the construct used to generate transgenic mice. The five exons of the spi-1 gene
are indicated as numbered boxes. The black boxes represent the entire exons 1 and 2 and the part of exon 3 issued from the genomic locus. The hatched area is the
c¢DNA fragment containing the other part of exon 3, as well as exons 4 and 5. The grey area is the SFFV LTR. The heavy line beneath the gene map represents the
mRNA expected to be produced from the retroviral promoter. Restriction endonucleases sites used in construction are as follows: B, BamHI; E, EcoRI; H, HindlIII;
P, PstI; and Sc, Sacl. The arrow indicates the transcriptional start. (B) Western blotting analysis of the Spi-1 protein in cell extracts from COS-1 cells transfected with
expression vectors for the spi-1 cDNA (COS Spi-1 cDNA) or the spi-7 minigene (COS Spi-1 TG). The 35-kDa Spi-1 protein is indicated. The multiple bands detected
by antibodies are classically observed and most probably represent different phosphorylated forms of Spi-1. Lane COS, untransfected cell extracts. (C) Binding of the
protein encoded by the minigene to a Spi-1-responsive element. Proteins were from COS Spi-1 TG and COS spi-1 cDNA cells or produced by in vitro translation of
the cDNA (Spi-1 Ret). The PU.1 simian virus 40 oligonucleotide was used in a gel mobility shift assay.

primer overlapping the spi-I stop codon and various primers
localized in the U5 and R regions of the SFFV LTR (Fig. 1A).
This allowed a specific amplification of transgene transcripts
which were distinguishable from endogenous spi-/ mRNA as
well as from contaminating genomic DNA. Among the 12
transgenic lines, transgene expression was detectable in 4 (F13,
F19, G53, and R36). In the F13, F19, and G53 lines, transgene
transcripts could not be seen on Northern blots but were de-
tected after RT-PCR amplification of spleen RNAs at a level
below the endogenous spi-1 expression level (data not shown).
In contrast, two mRNAs migrating at 1.4 and 3 kb were re-
vealed by a spi-1 cDNA probe on Northern blots of various
tissues from 3-week-old asymptomatic transgenic mice from
the R36 line (exemplified by mouse R494 in Fig. 2). The 1.4-kb
mRNA detected only by the spi-1 probe represents most likely
the endogenous spi-1 transcript. The additional 3-kb mRNA,
seen in all organs of transgenic animals, hybridized with both
the spi-1 probe and an SFFV LTR probe (see Fig. 4A), sug-
gesting that it could correspond to the minigene transcripts.
However, because the size was larger than expected, we used
RT-PCR to check whether the transgene was correctly pro-
cessed. Amplification of mRNAs with primers located in the
SFFV LTR US and in exon 3 yielded a 240-bp fragment,
demonstrating that the minigene was correctly spliced (data
not shown). When RT-PCR was performed with the same U5

primer and a primer located on the spi-1 gene stop codon, an
870-bp fragment that included the normal Spi-1 open reading
frame as assessed by sequencing was amplified. The nature of
the additional transcribed sequences is not yet clarified, but
this transcript might result from a read-through of the natural
polyadenylation. Since in Friend erythroleukemia, enhancers
of the SFFV LTR play a crucial role in the transcriptional
deregulation of spi-1, we analyzed the structure of the endog-
enous spi-1 locus in the R36 line. By Southern blotting, the
spi-1 genomic locus appears normal, suggesting that the trans-
gene was not integrated near the endogenous spi-1 locus (data
not shown). Strikingly, the 3.0-kb mRNA was not detected in
all the R36 animals (five of eight mice tested).

Spi-1 transgenic mice develop leukemia. Gross examination
of tissues in the G53 homozygous transgenic mice was unre-
markable during 24 months of observation, and F13 and F19
animals were healthy after 12 months. Consequently, these
animals were not extensively studied.

Heterozygous and homozygous mice from the R36 trans-
genic line had normal development and size, and no mortality
occurred until 6 weeks of age. At a later age, about 50% of the
mice (91 of 187), observed over a 12-month period, developed
a dramatic enlargement of the spleen (1,200 = 300 mg; control,
95 = 10 mg) and the liver (2,300 = 900 mg; control, 950 = 75
mg) associated with severe anemia (hematocrit below 25%).
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FIG. 2. Invivo expression of the transgene. Total RNAs (20 pg) were isolated from the indicated tissues from an asymptomatic transgenic mouse (R494) and from
the spleen (1.3 g) and the liver (3.9 g) from mouse R589 in the ultimate phase of the disease. Friend tumor RNAs were isolated from 745-A Friend cell line (35). RNAs
were hybridized with a spi-1 cDNA probe. As a control of RNA loading, the same filter was rehybridized with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

probe.

The frequency of diseased mice was similar in males and fe-
males, and the average survival was 3.6 = 1.5 months.

Spleens, livers, and sometimes kidneys were massively infil-
trated by a predominant population of hyperbasophilic imma-
ture blastic cells with a highly proliferative state reflected by
numerous mitotic manifestations. Rare lymphoid follicules
were seen in the white pulp of spleens, while the livers pre-
sented a typical leukemic infiltration of the hepatic sinusoids
(Fig. 3a to d). Occasionally, intraperitoneal lymph nodes
showed extramedullary hematopoiesis. Thymuses were signif-
icantly reduced in size compared with those in normal litter-
mates.

Hematological studies of severely sick animals revealed a
high number of circulating nucleated cells in peripheral blood.
Absolute numbers of polymorphonuclear cells, lymphocytes,
and monocytes were increased 5- to 10-fold compared with
those in healthy transgenic mice (Table 1). In addition, numer-
ous undifferentiated blasts (5%) and poorly hemoglobinized
erythroblasts (28%) were seen (Table 1 and Fig. 3e to h).
Quantification of CFU-spleen in femoral marrows showed that
their numbers were decreased, while their absolute number in
enlarged spleens was augmented, a phenomenon often re-
ported in murine leukemias (52).

Spi-1 transgenic mice develop erythroleukemia. Because
spi-1 is expressed in all hematopoietic cell lineages except the
T-cell lineage, we tried to identify the nature of the blastic cells
by immunolabeling and flow cytometry analyses. Various
monoclonal antibodies directed against cell surface differenti-
ation markers were used. In enlarged spleens (around 800 mg),
the percentages of cells positive for B220 (B marker), CD4 and
CD8 (T markers), Mac-1 (monocytic marker), Gr-1 (granulo-
cytic marker), and Sca-1 (primitive hematopoietic cell marker)
were reduced compared with those in normal spleens. In ad-
dition, the immunoglobulin heavy-chain and the T-cell recep-
tor B loci were in a germ line configuration on Southern blots,
confirming that the major cell population in these organs was
not of the lymphoid type. In contrast, cells positive for the

erythroid marker Ter-119 were significantly augmented in
number (data not shown).

Bone marrow and spleen cells from six transgenic mice
(R482, R483, R589, R633, R718, and R799) at the ultimate
phase of the disease were examined for their ability to grow in
vitro in response to various hematopoietic growth factors. Cells
were grown in culture conditions that potentiate the growth of
B-lymphoid (IL-7), myelomonocytic (granulocyte colony-stim-
ulating factor plus granulocyte-macrophage colony-stimulating
factor), megakaryocytic (SCF plus TPO), or progenitor cells of
all lineages (pokeweed mitogen-stimulated spleen cell CM).
The requirement for a hematopoietic microenvironment was
also tested by cocultures on the murine MS5 stromal layer,
which supports primitive hematopoiesis (22). None of these
conditions were able to sustain cell growth for more than a
week. In contrast, when cells were cultured with EPO (2 U/ml),
nonadherent continuous cell lines were easily obtained from
each diseased transgenic mouse tested. It is noteworthy that
these cell lines retained their total EPO dependency even after
12 months in culture. Cells in permanent cultures were undif-
ferentiated proerythroblast-like cells (Fig. 3e to h) with a mor-
phology very similar to that of cells invading the organs of
diseased mice. Benzidine staining of cells in culture revealed a
low percentage (below 3%) of hemoglobinized erythroblasts.
In contrast, when spleen or bone marrow cells from six asymp-
tomatic transgenic mice of the same age were cultured in the
presence of 2 U of EPO per ml, no cell lines were derived.

Because cells grew in vitro in response to EPO stimulation,
we checked whether their in vivo proliferation was dependent
on the endogenous EPO level which increased in response to
anemia (25). Four anemic animals (R601, R606, R620, and
R622) with a marked splenomegaly on palpation (spleen
weight over 1 g) were intraperitoneally transfused with isogenic
washed erythrocytes every 3 days in order to maintain the
hematocrit value around 60%. Mice were regularly examined
for spleen size by palpation, and the number of circulating
nucleated blood cells was determined. As soon as day 4 after
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TABLE 1. Cellularity in peripheral blood and CFU-spleen content in bone marrow and spleens of transgenic mice

Mean no. of
CFU-spleen = SD? in:

Mean no. of cells/mm? = SD (%)“

Mean no. of
platelets/mm> = SD

Transgenic

mouse type

Undifferentiated

Spleen

Bone marrow

Lymphocyte Monocyte Erythroblast

blast Polynuclear

Nucleated

590,000 * 5,400 3,000 £ 600 3,700 = 1,600

0

600 + 250 (8)

3,200 = 2,000 (46)

3,200 + 1,400 (47)

6,900 = 3,100

5 wk old

Asymptomatic,
Discased

61,500 + 15,000 3,100 = 1,600 (5) 18,000 + 6,400 (29) 20,300 = 5,100 (33) 6,100 = 3,200 (10) 17,000 + 8,700 (28) 221,000 + 132,000 1,800 + 700 14,400 + 7,600

“ From seven animals. Undifferentiated blasts are immature precursor cells presenting no clear characteristics supporting their identification. Erythroblasts are the sum of basophilic, polychromatophilic, and acidophilic

erythroblasts. Values in asymptomatic mice were identical to those from nontransgenic mice with the same genetic background (data not shown).

® Bone marrow, one femur. Values were determined by the mean number of day 9 spleen colonies obtained from 10 irradiated recipients injected with cells from one donor and are the means from three donors.
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transfusion, spleens became hardly palpable and peripheral
nucleated cell counts returned to control values.

In addition, we checked whether cells in large spleens from
moribund animals or from permanent cultures were tumori-
genic by subcutaneous or intraperitoneal grafts in nude recip-
ient mice. None of the transplantation assays were successful
(12 diseased mice tested).

To definitively ascertain the lineage origin of the trans-
formed cells, we examined the expression of several molecular
markers. GATA-1 is a transcriptional factor (45) implicated in
the regulation of erythroid genes such as those for the EPO-R
and B-globin (44, 63). Enlarged spleens and cell lines expressed
GATA-1, EPO-R, and B-globin transcripts (R590 mouse in
Fig. 4A). However, since GATA-1 and EPO-R are also ex-
pressed in megakaryocytic cells (51), we looked for the pres-
ence of transcripts of two specific markers of megakaryocyto-
poiesis: the platelet factor 4 and the platelet integrin a-subunit
IIb. No expression could be detected. Thus, the coexpression
of GATA-1, EPO-R, and B-globin strongly argued for the
erythroid nature of the cells proliferating in diseased trans-
genic mice. Moreover, the expression levels of these three
genes in the spleen, liver, and kidney of the same animal was
correlated with the level of transgene expression (R590 in Fig.
4A), suggesting that GATA-1, EPO-R, and B-globin genes and
the spi-1 transgene are coexpressed in a cell population that
invaded first the spleen and gradually the liver and kidney.

Overall, these results show that spi-I transgenic mice de-
velop an erythroleukemia characterized by a dramatic prolif-
eration of nontumorigenic, immortalized erythroblastic cells
partially blocked in differentiation that remain strictly EPO
dependent for proliferation.

Malignant erythroleukemic cells arise in hypertransfused
transgenic mice. Despite continuous erythrocyte transfusions,
all treated animals relapsed after 12 to 25 days. Their spleen
and liver volumes quickly increased, and again their blood was
massively invaded by blastic cells. All died 3 to 4 weeks after
the beginning of treatment. To determine whether tumorigenic
cells had arisen, spleen and bone marrow cells from seven
transfused mice were injected subcutaneously and intraperito-
neally into nude recipients and grown in liquid cultures. Five
weeks after in vivo graft, all recipients exhibited large subcu-
taneous tumors (2 cm across) at the injection site, as well as a
massively infiltrated omentum. Spleens and livers from tumor-
bearing nude mice were not macroscopically altered. Genomic
analysis of cells taken from either subcutaneous tumors or
infiltrated omentum revealed the presence of the spi-1 trans-
gene, demonstrating that cells in tumors were of donor origin
(data not shown). All tumors were serially transplantable into
nude recipients. When tested for their ability to proliferate in
vitro, spleen and bone marrow cells from primary donors grew
as nonadherent permanent cell lines. In contrast to cells iso-
lated during the initial hepatosplenomegaly, their in vitro es-
tablishment was not dependent upon EPO or any other growth
factors. Morphologically, these cells were undistinguishable
from the EPO-dependent cells (Fig. 3e to h), with the excep-
tion that benzidine-positive cells were not seen. In addition,
molecular analysis of the expression of erythroid markers con-
firmed their erythroid nature (R601 in Fig. 4A).

Furthermore, spleen and bone marrow cells taken from mice
on day 4 (R683), day 6 (R749), or day 21 (R744) after the
beginning of the hypertransfusion treatment, when no relapse
had yet occurred (normal spleen size), failed to produce tu-
mors in vivo and to grow without EPO in vitro. These data
indicate that the late splenic enlargement is due to the emer-
gence of a population of immature erythroid cells which differ
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FIG. 4. Expression of the spi-I transgene and erythroid markers in tissues from transgenic diseased mice. (A) Northern analysis of spi-1 transgenic tissues and cell
lines. Mouse R590 was sacrificed during the progression of the disease when it presented a spleen of 1.3 g, a liver of 1.7 g, and apparently normal kidneys. R590 BM
cell EPO+ and Sp cell EPO+ are EPO-dependent cell lines established from this mouse. R601 was a diseased animal that relapsed after erythrocyte transfusions
(spleen, 1.8 g; liver, 3.8 g). R601 BM cell EPO— and Sp cell EPO— are EPO-independent cell lines established from this mouse. N Spleen, RNAs from a normal mouse.
Filters of total RNAs (20 pg) were hybridized sequentially with the indicated murine probes. (B) Western blot of Spi-1 protein in tissues from R590 and R601 as
compared with endogenous Spi-1 expression in the spleen of a normal mouse (N Spleen). COS Spi-1, cell extracts from COS-1 cells transfected with a spi-1 cDNA
expression vector; COS, untransfected cell extracts. (C) Northern blot of spi-1 transgene expression in the tumor, omentum, spleen, and liver from a nude mouse grafted
with spleen cells from mouse R601. Total RNAs (20 pg) were hybridized successively with the spi-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA

probes.

from cells proliferating during the early splenomegaly by their
EPO independence and their tumoral nature.

Acquisition of growth factor autonomy by tumor cells. We
first investigated whether the switch from EPO dependency to
growth autonomy resulted from an autocrine production of
EPO. CM from three tumoral cell lines (R601, R606, and
R622) were prepared (48-h CM from exponentially growing
cells), and their ability to sustain the growth of EPO-depen-
dent cell lines (R589, R633, R718, and R799) was tested. As
shown in Fig. 5A, supernatant from the R622 tumor induced
proliferation of the four EPO-dependent cell lines in a dose-
dependent manner. Similar results were obtained with R601
CM, while R606 CM was poorly effective (data not shown). To
ascertain that the proliferative activity was due to an autocrine
secretion of EPO, CM were tested on both the Ba/F3 cells
expressing the EPO-R after transfection (Ba/F3-EPO-R, re-
sponsive to both EPO and IL-3) and parental Ba/F3 cells
(responsive only to IL-3) (41). None of the CM were able to
sustain Ba/F3 cell growth, eliminating the possibility that cells
were producing IL-3 (data not shown). In contrast, CM from
the R601 and R622 tumors induced Ba/F3-EPO-R cells to
proliferate (Fig. 5B). In addition, when EPO-neutralizing an-
tibodies were added to the CM, the proliferative activity was
totally abolished (data not shown). From the dose-response
curves of the Ba/F3-EPO-R cells to recombinant EPO, the
EPO concentration in R601 and R622 CM might be estimated

to 15 and 25 mU/ml, respectively (Fig. 5B). To understand
whether EPO secretion was a mechanism involved in the au-
tonomous growth of the tumor cells, clonogenic assays were
performed in the presence of EPO-neutralizing antibodies.
Addition of antibodies at a concentration that neutralized 10 U
of EPO per ml reduced but did not totally inhibit the tumor
cell growth (Fig. 5C). These data clearly indicate that two of
three tumors secrete enough EPO to be detectable on biolog-
ical assays. However, this autocrine mechanism does not fully
account for the autonomous cell growth, suggesting that other
additional genetic events must have occurred to explain the full
malignant phenotype.

Since alterations or loss of the p53 function is often involved
in tumorigenicity of Friend erythroleukemic cells, the structure
of the p53 gene in spi-I transgenic tumorigenic cells was ana-
lyzed by Southern and Northern strategies that reveal p53
mutations in 95% of the Friend tumors (4, 37, 38). No abnor-
malities were seen. Immunoprecipitations of radiolabeled p53
from cell line extracts with monoclonal antibodies (Oncogene
Science) which recognize preferentially the wild-type (PAb246)
or mutant (PAb240) conformation of the protein were uncon-
clusive since similar patterns were seen whether cells were
derived from the early or late phase of the disease.

Transgene expression in hyperplasic tissues and cell lines.
Transcription of the transgene was analyzed on Northern blots
hybridized with either the spi-1 cDNA probe or an SFFV LTR
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probe. The levels of the 3.0-kb mRNA were 10- to 20-fold
increased in enlarged spleens from diseased mice (R589 in Fig.
2; R590 and R601 in Fig. 4A), in EPO-dependent or EPO-
independent cell lines (EPO+ or EPO— in Fig. 4A), and in
tumors (Nu R601 in Fig. 4C) compared with the level in the
spleen of an asymptomatic mouse (R494 in Fig. 2). However,
we could not determine whether the spi-1 transgene expression
level in proerythroblasts from an asymptomatic mouse was
elevated since we cannot obtain enough RNA from fluores-
cence-activated cell sorter-sorted proerythroblasts (Ter-1197)
from an individual animal. It is noteworthy that no transgene
mRNA was detected in the spleens or the livers of tumor-
bearing nude mice, indicating that these malignant cells had
poor metastatic properties. The transgene overexpression was
correlated to the synthesis of an abundant Spi-1 protein, easily
detected by Western blotting (Fig. 4B). Among the different
mice studied during the early and late stages of the leukemia
(10 animals), the highest Spi-1 protein level was seen in hy-
perplasic spleens, while expression of the protein was related
to the degree of leukemic infiltration in the liver or the kidney.

In addition, we tested transgenic tissues and cell lines for
retrovirus gene expression by RNA hybridization with probes
specific for ecotropic or dually tropic env genes. All were found
negative (data not shown), indicating that the hepatospleno-
megaly was not due to in vivo generation of replication-com-
petent retroviruses.

DISCUSSION

This work was undertaken to study the role of spi-1 in the
malignant transformation of hematopoietic cells. Our data es-
tablish that spi-1 acts as an oncogene in vivo and demonstrate
its key role in the development of erythroid tumors by blocking
the differentiation of erythroblasts.

A spi-1 minigene driven by the SFFV LTR was constructed
to obtain transgenic mice. Of 12 founders, spi-I transgene
expression was detectable in offsprings of 4 lines (R36, G53,
F13, and F19). Fifty percent of animals from the R36 line
developed a pathological erythropoiesis when aged 6 weeks to
6 months. In tissues, tumors, and cell lines derived from leu-
kemic R36 mice, the transgene was expressed at a level higher
than was the spi-I gene in Friend erythroleukemic cells,
strengthening the idea that the overexpression of spi-1 is in-
volved in the development of an erythroproliferative syn-
drome. In the three other transgenic lines, transgene expres-
sion was detected to a level lower than that of the endogenous
spi-1 gene and no pathological disorders developed. The rea-
sons for the differences in the transgene expression levels be-
tween the R36 and other transgenic mice lines are unclear.
They might be related either to sequences surrounding the
transgene integration site or to alterations in the transgene
promoter-enhancer as a consequence of integration. The sim-
plest hypothesis involves a linkage of the transgene to a con-

FIG. 5. Proliferative effects of CM prepared from tumor cell lines and clo-
nogenic assays. (A) Proliferative response of the EPO-dependent cell lines to
CM from tumor R622. Results are the means from triplicate wells from which
background incorporation levels were subtracted. (B) Dose-response of the
BaF3/EPO-R cells to r hu-EPO or CM from the tumor cell lines. One milliliter
of CM was incubated with a polyclonal anti-EPO antibody (1/500 final dilution)
for 30 min at 4°C before being used for proliferation assays at a final concen-
tration of 50% (50%+AbEPO). Results are means from triplicate wells minus
background level (BaF3/R-EPO cells without growth factors). (C) Cloning effi-
ciency of R601 and R622 tumor cells grown in methylcellulose medium without
growth factor (No EPO), with 2 U of r hu-EPO per ml (+EPO), or with
anti-EPO antibodies (Ab EPO). The EPO-dependent R633 cell line was used as
an internal control. Results are means * standard deviations (triplicate cultures).



VoL. 16, 1996

stitutively activated transcription control sequence in the R36
line. Another intriguing feature is that all homozygous R36
animals did not express the transgene. Indeed, when spleens
from eight randomly selected R36 mice, less than 50 days old,
were screened for transgene expression, only five were found
positive by Northern analysis. Since this frequency is close to
that of mice developing leukemia, we may assume that spi-1
overexpression plays a direct role in the outgrowth of erythro-
leukemic cells. In agreement with this presumption is the fact
that no transgene transcripts were seen in any tissues from
mice that remained asymptomatic for more than 8 months
(eight animals analyzed). No obvious explanation of why the
transgene is not expressed in all animals of transgenic offspring
is available as yet. One possibility stems from the observation
that the transcriptional activity of the SFFV LTR is repressed
during embryonic life. Indeed, we were unable to detect trans-
gene expression in embryo bodies, fetal livers, and placentas
analyzed on days 16 and 18 of gestation (data not shown).
Thus, relaxation of this repression may not occur in all animals.
More work is needed to fully understand this phenomenon.

Diseased transgenic mice exhibited simultaneously splenic
hyperplasia and anemia. The erythroblastic nature of the cells
responsible for the spleen enlargement was ascertained by
immunological, cytological, biological, and molecular studies.
We show that, in vivo, the proliferative disorder remains under
a tight control of the endogenous level of EPO, as demon-
strated by the rapid regression of splenomegaly associated with
a total disappearance of circulating erythroblasts following
erythrocyte transfusions. This in vivo observation was further
strengthened by our in vitro data showing that permanent
erythroblastic cell lines could be grown only when EPO was
added to the culture medium. These data strongly suggest that
overexpression of the Spi-1 protein impairs the differentiation
of erythroid precursor cells which remain strictly dependent on
EPO for their self-renewal. However, although permanent
EPO-dependent cell lines were easily established from hema-
topoietic tissues of diseased mice, these immortalized cells
(either taken directly from animals or from established cul-
tures) were unable to produce tumor nodules when grafted
into nude recipient mice.

In contrast, erythroid tumorigenic cells were readily isolated
from mice treated by erythrocyte transfusions. This suggests
that erythroleukemia development in spi-1 transgenic mice in-
volves multiple-step processes. The progression to full malig-
nancy may depend on the occurrence of other genetic alter-
ations, among which activation of cellular proto-oncogenes,
loss of tumor suppressor genes, or autocrine mechanisms are
the most common (5). Such secondary events often lead to the
outgrowth of clonal or oligoclonal tumor cells. In the absence
of genetic markers, such as T-cell receptor or immunoglobulin
gene rearrangements in lymphomas, we could not assess the
clonal status of the malignant cells. When supernatants from
the autonomous cell lines were tested for autocrine production
of growth factors, we found that two of three tumors produced
an activity that induced the proliferation of the EPO-depen-
dent lines. Moreover, since the proliferative activity was totally
abolished by an anti-EPO neutralizing antibody, we conclude
that these cells produce biologically active EPO. This mecha-
nism is reminiscent of rare events occurring during erythroleu-
kemogenesis in humans (31) or erythroleukemia in mice in-
fected with the replication-competent Friend murine leukemia
virus (59). However, clonogenic assays performed in the pres-
ence of an anti-EPO neutralizing antibody showed that the
EPO secretion could only partially explain the autonomous
growth of these tumorigenic cells, since their growth was not
inhibited by the antibody. Because the cells grow in tight col-
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onies, it is conceivable that the lack of complete inhibition
reflects the failure of the antibody to penetrate into the interior
of the colony. It could also be a result of either intracrine EPO
production or other genetic alterations. An attractive candi-
date in this system is mutation of p53 since, in Friend eryth-
roleukemic cells, overexpression of spi-I and genetic alter-
ations of p53 are simultaneously observed (3). However no
gross alterations of p53 could be seen in the three tumors
examined, and further investigations involving RT-PCR and
sequence analysis are required to exclude the possibility that
point mutations had occurred in these tumor cells.

The erythroleukemic process that develops in spi-I trans-
genic mice has striking similarities to the SFFV-induced eryth-
roleukemias. As previously demonstrated, Friend erythroleu-
kemias progress as multistep diseases (30, 62). The early step
is characterized by a massive polyclonal expansion of immature
proerythroblasts capable of differentiating into erythrocytes
either spontaneously or with a hypersensitivity to EPO (23).
The molecular mechanism involves the SFFV env gene-en-
coded gp55 glycoprotein (1), which interferes with the EPO-
signaling pathway by constitutively activating the EPO receptor
(28). Highly proliferative erythroblasts appear as a cell popu-
lation prone to subsequent oncogenic events leading to the
emergence of tumorigenic proerythroblasts blocked in their
differentiation. Friend tumor cells are clonal with respect to
alterations of the two cellular genes, spi-/ and the p53 gene.
Since overexpression of spi-I is a marker of the malignant
phenotype of the Friend tumor cells and since Spi-1 protein
expression is down-regulated during hexamethylene bisacet-
amide- or dimethyl sulfoxide-induced differentiation of Friend
cells (11, 54), Spi-1 appears to act as a transcriptional modu-
lator involved in the control of the multiplication and differ-
entiation of erythroid progenitors. In transgenic mice, the ec-
topic expression of spi-I maintains in an immature state the
proerythroblastic cells that exhibit a strict requirement for
EPO to survive and proliferate.

If it is clear that spi-I acts as an erythroleukemic oncogene
in vivo, it remains to be determined how its up-regulation
maintains proerythroblasts in an undifferentiated state. In vivo,
Spi-1/PU.1 is a transcriptional activator whose function is mod-
ulated by the DNA sequence of its binding site, by posttrans-
lational processing like phosphorylation (47), and by direct
interaction with other nuclear proteins (13, 46). Spi-1/PU.1 can
also be a transcriptional repressor, as illustrated by the recip-
rocal transcriptional interference that occurs between Spi-1
and some hormonal receptors (18) which behave like modula-
tors of maturation of normal erythroid progenitors (53). This
functional interference between Spi-1 and hormonal receptors
suggests that ectopic expression of spi-1 could interfere and/or
block hormone-induced signals during determination of
growth or differentiation of proerythroblasts. In this respect,
the role of spi-1 is reminiscent of the role of v-erbA in the acute
erythroblastosis induced by the avian erythroblastosis virus.
Indeed, the v-erbA oncogene encodes a ligand-independent
form of the T3 thyroid hormone receptor (10) and arrests the
differentiation of erythroid precursors (17) by acting as a con-
stitutive repressor of the expression of erythrocyte-specific
genes necessary for the development of chicken erythrocytes
(16). The activity of a transcriptional regulator is believed to be
modulated by the DNA sequence and other DNA-binding or
non-DNA-binding proteins. It is therefore tempting to specu-
late that spi-1 expression at a nonphysiological level, as ob-
served in Friend erythroleukemic cells and in spi-1 transgenic
mice, affects erythroid differentiation either directly, by titra-
tion of target elements away from their normal regulator, or
indirectly, by trapping proteins that regulate expression of ery-
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throid differentiation markers and/or proliferation of proeryth-
roblasts.

The spi-1 transgenic model of erythroleukemia presents sev-
eral points in common with human primitive erythroleukemia.
In this rare malignancy, leukemic cells are also blocked at the
CFU-erythroid—proerythroblast stage of differentiation. In
most cases, autonomous growth which is also related to auto-
crine stimulation by EPO (31) is observed. The molecular
defects responsible for this differentiation arrest are presently
unknown. However, despite autocrine stimulation by EPO,
there is no polycythemic state preceding the occurrence of
erythroleukemia, suggesting as in the spi-/ transgenic model
that EPO autocrine stimulation is a secondary event that is
related to acquisition of full malignancy (31, 61). Therefore,
the spi-1 transgenic model of erythroleukemia seems to have
more similarities to the human disease than does the Friend
model. Further investigation is required to ascertain whether
spi-1 or another member of the efs family is primarily involved
in human primitive erythroleukemia.
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