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Myelodysplasia is a hematological disease in which genomic abnormalities accumulate in a hematopoietic 
stem cell leading to severe pancytopenia, multilineage differentiation impairment, and bone marrow (BM) 
apoptosis. Mortality in the disease results from pancytopenia or transformation to acute myeloid leukemia. 
There are frequent cytogenetic abnormalities, including deletions of chromosomes 5, 7, or both. Recurring 
chromosomal translocations in myelodysplasia are rare, but the most frequent are the t(3;3)(q21;q26) and the 
inv(3)(q21q26), which lead to the inappropriate activation of the EVI1 gene located at 3q26. To better under-
stand the role of EVI1 in this disease, we have generated a murine model of EVI1-positive myelodysplasia by 
BM infection and transplantation. We find that EVI1 induces a fatal disease of several stages that is character-
ized by severe pancytopenia. The disease does not progress to acute myeloid leukemia. Comparison of in vitro 
and in vivo results suggests that EVI1 acts at two levels. The immediate effects of EVI1 are hyperproliferation 
of BM cells and downregulation of EpoR and c-Mpl, which are important for terminal erythroid differentiation 
and platelet formation. These defects are not fatal, and the mice survive for about 10 months with compensated 
hematopoiesis. Over this time, compensation fails, and the mice succumb to fatal peripheral cytopenia. 

Introduction
EVI1 was first identified in the mouse as the site where integration 
of an ecotropic retrovirus leads to aggressive myeloid leukemia (1). 
The gene, later mapped to human chromosome 3q26.2 (2), encodes 
a nuclear protein that interacts with corepressors and coactivators 
(3). EVI1 also exists as an alternative nontransforming isoform 
named MDS1/EVI1, which is transcribed by a distal promoter and 
independently regulated during differentiation (4). EVI1 contains 
2 domains of 7 and 3 zinc-finger motifs that bind in vitro to DNA 
and repress transcription of artificial promoters (5–8). In vitro, 
EVI1 affects the hematopoietic differentiation of precursor bone 
marrow (BM) cells, leading to loss of erythropoietin (Epo) respon-
siveness (9); it also blocks the G-CSF–dependent differentiation 
of 32Dcl3 cells (8) and strongly upregulates the megakaryocytic 
differentiation of murine ES cells (10). The molecular mecha-
nism by which EVI1 impairs hematopoietic differentiation is 
not known. Because EVI1 binds in vitro to an artificial promoter 
containing at least 9 tandem repeats of the AGATA sequence, it 
has been suggested that it could compete with the transcription 
factor GATA1 and deregulate erythroid genes (9). However, it has 
also been reported that EVI1 does not affect the expression of the 
Epo receptor (EpoR) in 32Dcl3 cells (9), suggesting that the role 
of EVI1 is more complex. Recently, a transgenic mouse model was 
developed using the murine Sca-1 promoter to drive the expres-
sion of EVI1 (11). Three independent founder lines were gener-
ated. The animals developed normally without signs of leukemia 
or myelodysplasia, but they showed a substantial reduction in the 
number of BM CFU erythroid–derived (CFU-E–derived) colonies. 

These results support the notion that inappropriately expressed 
EVI1 has a negative effect on erythropoiesis. EVI1 has also a strong 
effect on cell proliferation, and it was shown that it accelerates the 
cell cycle by interaction with BRG1, leading to activation of the 
E2F promoter (12). So far, no biological target genes regulated by 
EVI1 have been identified in vivo.

EVI1 is not detected in normal hematopoietic cells, and it is 
associated with the development of aggressive myeloid leuke-
mia when it is inappropriately activated after rearrangements of 
chromosome band 3q26 (5, 13). The most frequent chromosomal 
translocations leading to EVI1 deregulation are the t(3;3)(q21;q26) 
and the inv(3)(q21q26), which are observed almost exclusively in 
myelodysplastic syndrome (MDS) (14, 15). EVI1 is also activated in 
MDS without apparent rearrangements of chromosome 3 (16).

In the last few decades, a substantial increase has been noted in 
the incidence of MDS, a heterogeneous group of hematological 
disorders affecting a population with a median age of approxi-
mately 70 years. MDS is characterized by a stepwise progression 
of genetic abnormalities that can culminate in transformation 
to acute myeloid leukemia (17–23). However, as many as 40% of 
patients with MDS succumb to the consequences of cytopenia 
without leukemic transformation. Another feature of MDS besides 
the multilineage BM dysplasia is the paradox of BM hypercellular-
ity associated with peripheral cytopenia.

Even though EVI1 has long been associated with MDS, the bio-
logical role of this gene in the disease is not known. To understand 
the significance and the effects of EVI1 in a normal hematopoietic 
environment, we have forced the expression of EVI1 in murine 
hematopoietic organs in vivo by retroviral infection of murine 
lineage-negative BM cells with an EVI1-expressing retrovirus and 
transplantation of the BM cells into lethally irradiated syngeneic 
recipients. We show that in vivo the constitutive expression of 
EVI1 recapitulates unique features of myelodysplasia such as 
megakaryocytic and erythroid hyperplasia, and erythroid dysplasia 
associated with a progressive pancytopenia that culminates in 
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tion; CFU-E, CFU erythroid; Epo, erythropoietin; EpoR, Epo receptor; MDS, 
myelodysplastic syndrome; MSCV, murine stem cell virus; PB, peripheral blood;  
PE, phycoerythrin; RQ-PCR, real-time PCR; wbc, white blood cell.
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death. These defects are characteristic of human MDS (5, 14–16). 
In the reconstituted mice, this disease does not progress to acute 
leukemia and the EVI1-positive mice invariably succumb to their 
disease 10–12 months after BM transplantation. We have also 
analyzed the infected cells in vitro and found that, as previously 
reported (9), the expression of EVI1 in lineage-negative BM cells 
induces the impairment of Epo response, but in addition we found 
that EVI1 induces hyperproliferation of the hematopoietic cells and 
strongly delays their differentiation. We analyzed the expression 
of hematopoietic genes involved in erythroid differentiation and 
platelet formation to identify the biological pathways disrupted 
by EVI1 and found that, in contrast to previous reports, the EpoR 
and also the thrombopoietin receptor c-Mpl are repressed by EVI1 
in vivo. These two receptors, essential for terminal differentiation 
of rbc (24, 25) and platelet formation (26, 27), are the first in vitro 
targets of EVI1 that have been identified. Comparison of in vitro 
and in vivo results indicates that hyperproliferation, delayed dif-
ferentiation, and impairment of erythroid differentiation, which 
occur immediately in the BM, do not appear to visibly affect the 
survival of mice for several months. Therefore, we propose that the 
EVI1-positive MDS in these mice progresses through two stages. In 
the first stage, EVI1 induces hematopoietic defects that can be par-
tially compensated to allow survival. After 10–12 months, however, 
additional severe defects appear that include BM apoptosis, loss of 
cytokine responsiveness, and levels of mature rbc’s and platelets 
that are too low to sustain life. These late effects, which cannot be 
compensated, lead to hematopoietic failure and death. 

Results
EVI1 causes a fatal disease in mice. We used a retroviral system to con-
stitutively express EVI1 in murine BM cells. We used the murine 
stem cell virus (MSCV) vector because it provides long-lasting low 
level of expression in vivo and contains the neomycin resistance 
selection marker suitable for in vitro studies (28). A diagram of the 
recombinant retroviral vector is shown in Figure 1A. Lineage-nega-
tive murine BM cells were infected in vitro and were injected into 
lethally irradiated syngeneic recipients as described in Methods. In 
parallel, control animals received BM cells infected with the MSCV 
vector. To evaluate the efficiency of infection, 70,000–100,000 
infected BM cells were cultured in vitro with or without G418, and 
the number of colonies was determined. We consistently found that 
infection efficiency with the EVI1-containing retrovirus ranged 
between 20% and 30% and was 2.5–4 times lower than with the 
empty retrovirus (80–85% infection efficiency). Because of the large 
size of the EVI1 cDNA (about 4 kb), a decrease of retrovirus titer 
and efficiency of infection was expected. To determine the extent of 
engraftment, we used donor mice with genotype C57BL/Ly5.2 and 
recipient irradiated mice with genotype C57BL/Ly5.1, and we eval-
uated by flow-cytometric analysis the fraction of BM cells stained 
by LY5.2 antibody that identifies the donor cells. The results indi-
cated that the degree of engraftment ranged between 72.1% and 
77.8%. The expression of EVI1 in the BM of the infected mice was 
confirmed by Western blot analysis. The results (Figure 1B) show 
the expression of EVI1 in the BM of 2 moribund mice (lanes 4 and 
5) and in the EVI1-containing retrovirus packaging cells used as 
positive control (lane 1). As negative controls, we used the empty-
retrovirus packaging cells (lane 2) and the BM of a control mouse 
(lane 3). To determine the clonality of the disease, we analyzed the 
BM of 1 control and 2 EVI1-positive mice by Southern blot. The 
genomic DNA was extracted from the BM and digested with the 

endonuclease HindIII, which cuts once within the EVI1 cDNA. The 
position of the probe (0.7 kb NcoI fragment) is shown in Figure 
1A. The results (Figure 1C) indicate that the disease is mono- or 
oligoclonal. A band of about 6.6 kb was detected in all 3 samples. 
This band identifies the endogenous Evi1 gene. To follow the devel-
opment of hematopoietic disease, periodic peripheral blood (PB) 
counts were performed on both groups of animals. Initially, all the 
mice had normal blood profiles (Table 1). However, 8–12 months 
after BM transplantation (BMT) the mice that received EVI1-BM 
developed pancytopenia. At this terminal stage, the animals showed 
a reduction in platelet, rbc, and white blood cell (wbc) counts, as 
well as in hemoglobin levels (Figure 1D and Table 1). This condi-

Figure 1
EVI1 causes a fatal disease in reconstituted mice. (A) Retroviral DNA 
constructs used in Phoenix cell line. The 5′ long terminal repeat (LTR) 
provides the promoter for a transcript that includes EVI1 and a gene 
encoding resistance to G418 (NeoR, indicated by the arrow). Internal 
ribosome entry site (IRES) is required for the translation of the NeoR 
transcript. HIII is the unique HindIII restriction site present in the EVI1 
cDNA. The location of the probe used for Southern blot analysis is 
indicated. HA, hemagglutinin epitope. (B) Western blot analysis of 
EVI1-producing packaging Phoenix cells (lane 1), vector-producing 
packaging Phoenix cells (lane 2), control mouse BM cells (lane 3), 
and EVI1-positive BM cells (lanes 4 and 5) confirms the appropriate 
expression of EVI1 only in EVI1-positive samples (lanes 1, 4, and 5). 
(C) Southern blot analysis of BM cells from reconstituted EVI1-positive 
mice (lanes 4 and 5) and control mice (lane 3). (D) Counts of wbc’s 
(diamonds, × 103/μl), rbc’s (squares, × 106/μl), platelets (horizontal 
bars, × 105/μl), and levels of hemoglobin (crosses, g/dl) in PB of EVI1-
positive mice (left) and in control mice (right). (E) The solid line shows 
the Kaplan-Meier survival curve of EVI1-positive reconstituted mice. All 
EVI1-positive mice died or were killed because of disease conditions. 
The dashed line represents the survival of the control mice.
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tion rapidly worsened, eventually leading to death 10–12 months 
after BMT (Figure 1E). None of the animals progressed to acute 
leukemia, and we attribute the cause of death to pancytopenia. 

EVI1 induces multilineage hematopoietic defects. Postmortem exami-
nation of the organs showed no marked difference in the size 
or appearance of the kidneys, liver, thymus, lungs, or heart. The 
spleens of all diseased animals showed marked congestion. About 
half of the diseased mice suffered from splenomegaly; however, a 
few mice had normal-sized spleens (Table 1). Morphological analy-
sis of tissue paraffin sections of liver and heart tissue showed no 
abnormality (data not shown). In the control spleen, well-defined 
white pulp containing lymphocytes and red pulp were preserved as 
expected (Figure 2A). In contrast, the white pulp of diseased spleens 
appeared dispersed and the red pulp was expanded (Figure 2B). 
Furthermore, the red pulp showed increased numbers of erythroid 
precursors compared with normal controls (Figure 2, C and D). 
Prussian blue staining revealed large depositions of iron in BM 
(not shown) and spleen sections (Figure 2F) of the EVI1-positive 
mice. The iron depositions were not observed in the organs of con-
trol mice (Figure 2E). Increased iron depositions suggest increased 
rbc destruction due to either hemolysis or apoptosis. To rule out 
the possibility of hemolysis, we measured the total and direct bili-
rubin levels in the serum of normal and EVI1-positive mice. This 
assay has been used by other investigators to distinguish between 
hemolysis and apoptosis in murine studies (29). We found that the 
level of total and direct bilirubin in the serum of the EVI1-posi-
tive mice was not statistically different from the control sera (data 
not shown), suggesting that hemolysis is not the dominant cause 

of cell death. To confirm that apoptosis 
was the major mechanism of cell death, 
we stained spleen sections of control and 
EVI1-positive mice with cleaved caspase-3  
antibody (Figure 2, G and H at ×10 mag-
nification, and I and J at ×40 magnifica-
tion). The results clearly show positive 
immunostaining in sections of the 
EVI1-positive spleen (Figure 2, H and J) 
but not in sections of the control spleen 
(Figure 2, G and I). These results confirm 
that apoptosis rather than hemolysis is 
the major cause of cell death. 

The control BM biopsy specimen 
showed trilineage hematopoiesis with 
normal megakaryocytes, myeloid cells, 
and erythroid precursors (Figure 2, K 
and L). Trilineage hematopoiesis was 
also observed in the BM of EVI1-positive 
mice. However, the BM appeared hyper-
cellular (Figure 2M), with erythroid and 
megakaryocytic hyperplasia. Dyseryth-
ropoiesis as manifested by nuclear irreg-
ularity and nuclear budding of erythroid 
precursors was present in EVI1-positive 
mice (Figure 2N, yellow arrows). PB 
smears from EVI1-positive mice were 
obtained every 1–2 months and com-
pared to smears from age-matched 
control mice. For approximately 7–8 
months after transplantation, the PB 
morphology appeared normal (data not 

shown). However, PB from EVI1-positive moribund mice revealed 
pancytopenia with marked anisopoikilocytosis and increased 
numbers of polychromatophilic rbc’s (compare normal PB smear, 
Figure 2O, with EVI1-positive PB smear, Figure 2, P and Q), and 
presence of Howell-Jolly bodies (Figure 2R). 

EVI1 represses in vitro growth of BM from EVI1-positive mice. Even 
though moribund EVI1-positive mice consistently had very low 
PB counts, their BM appeared hypercellular and contained iron 
deposition; this result, combined with normal bilirubin levels and 
caspase-3 activation, strongly suggests that apoptosis is the cause 
of cell death. This apparently contradictory coexistence of hypercel-
lular BM, cell death, and overall pancytopenia is a puzzling feature 
of human MDS. To determine whether EVI1 impairs the response 
of BM precursors to differentiation cytokines, we plated equal 
numbers of lineage-negative BM cells obtained from moribund 
EVI1-positive mice and from age-matched control mice in either 
Epo or GM-CSF as growth factor, and colonies were counted after 
3 days (Epo) or 7 days (GM-CSF). The results show that EVI1-posi-
tive BM cells form a significantly lower number of colonies than do 
control cells (Figure 3A). To determine whether, in addition to the 
presence of EVI1, other defects must occur in the hematopoietic 
organs of the EVI1-positive mice to repress BM growth in vitro, 
we freshly infected lineage-negative normal BM cells with empty 
retrovirus or EVI1-containing retrovirus and plated an equal num-
ber of selected cells with either Epo or GM-CSF. The colonies and 
cells were counted after 3 days (Epo) and 7 days (GM-CSF). The 
results (Figure 3B) confirm that EVI1 has an immediate repressive 
effect on the growth of erythroid colonies as previously reported 

Table 1
Hematological parameters of EVI1-positive and control mice

 Mouse  Latency  wbc count  HGB level  rbc count PLT count Spleen weight 
 no. days (× 103/μl) (g/dl) (× 106/μl) (× 103/μl) (mg)
EVI1 4A 413 2.56 3.2 2.56 216 120
EVI1 11B 300 ND ND ND ND ND
EVI1 12A 315 8.54 5.1 3.95 129 130
EVI1 14A 308 ND ND ND ND ND
EVI1 15B 308 ND ND ND ND ND
EVI1 17A 300 ND ND ND ND ND
EVI1 23A 353 7.44 8 5.68 120 80
EVI1 24A 345 2.16 4.8 3.12 112 98
EVI1 28A 390 2.79 6.3 5.67 243 60
EVI1 33B 345 1.84 5.6 4.32 128 ND
EVI1 34B 360 11.52 1.6 0.48 56 88
EVI1 48A 368 0.85 5 2.85 245 64
EVI1 52A 390 5.95 8 5.25 165 ND
EVI1 54A 345 1.68 8.8 3.25 96 ND
EVI1 56A 368 1.04 3.2 2.72 248 123
EVI1 67A 383 6.0 8.5 6 150 114
EVI1 75A 383 4.65 9 6.55 495 43
EVI1 97C NA 11.90 12.0 8.50 1,180 68
EVI1 87C NA 8.26 11.9 8.33 1,001 71
EVI1 65C NA 13.32 14.7 10.14 1,197 74
Control 20D NA 7.84 16 10.2 1,344 69
Control 39D NA 8.96 10.4 9.4 1,480 ND
Control 36D NA 9.68 12 8.7 2,544 73
Control 35D NA 13.63 13.1 10.1 1,350 70

HGB, hemoglobin; ND, not determined; NA, not applicable; PLT, platelet. Normal values: wbc, 3.2 × 103/μl– 
12.7 × 103/μl; HGB, 11.8–14.9 g/dl; rbc, 7.0 × 106/μl–10.1 × 106/μl; PLT, 766 × 103/μl–1,657 × 103/μl. AKilled 
because of moribund condition. BDied of disease. CKilled 3 months after BMT. DNo disease.
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(9). However, if GM-CSF is added to the culture medium instead 
of Epo, then EVI1 induces a marked increase in the number and 
size of the colonies, indicating that in response to GM-CSF, EVI1 
not only doubles the proliferation rate of the cells but also doubles 
the clonogenicity of the hematopoietic progenitors. To determine 
whether EVI1 impairs the response to Epo in the early stages of 
reconstitution, lineage-negative BM cells were isolated from EVI1-
positive mice and controls 3 months after transplantation. At this 
time, the EVI1-positive mice did not show visible signs of disease 
and their PB appeared normal (Table 1 and data not shown). As 
shown in Figure 3C, at this point in time there was already a signifi-
cant reduction in the number of colonies stimulated by Epo, indi-
cating that impairment of Epo response is an early effect of EVI1 in 
vivo as well as in vitro and that it occurs in the absence of obvious 
PB dyserythropoiesis. To determine whether EVI1 affects the differ-
entiation of freshly infected BM, control and EVI1-positive colonies 
grown in GM-CSF were isolated and sequentially replated. At each 
step cytospin preparations were made to evaluate cell differentia-
tion. The results confirm that in freshly infected BM cells EVI1 
enhances colony formation (data not shown). Furthermore, EVI1 

considerably delays the terminal differentiation of the cells from 
about 28 days (controls) to about 49 days. After 28 days in culture, 
the control cells appear differentiated, and only macrophages, char-
acterized by small compact nuclei and large vacuolated cytoplasm, 
were observed (Figure 3D). In contrast, after 28 days in culture, the 
EVI1 cells appeared small with scarce cytoplasm and large nuclei, 
indicative of a more immature state (Figure 3D). 

Significant increase of the erythroid marker Ter119 in EVI1-positive 
cells. To characterize the hematopoietic cell populations of the 
EVI1-positive mice, we analyzed lineage-specific antigens in BM 
and spleen cells of 3 moribund EVI1-positive mice and 2 control 
mice by flow cytometry. We tested CD3, CD4, and CD8 T cells, as 
well as CD45R B cells, CD18 macrophages, Ter119 erythroid cells, 
LY-6G granulocytes, and CD34 early hematopoietic progenitors. 
The percentages of most cell lineages in control and EVI1-positive 
mice were comparable. However, the populations of Ter119-posi-
tive cells were consistently 2- and 3-fold higher in the spleens and 
BM of EVI1-positive mice, respectively (Figure 3E shows repre-
sentative results for 1 EVI1-positive mouse and 1 control mouse). 
We used RT-PCR to confirm that the Ter119-positive cells express 

Figure 2
EVI1 induces BM hypercellularity, dyserythropoiesis, erythroid and megakaryocytic hyperplasia, and apoptosis. Sections of normal spleen tissue 
(A and C) show normal white and red pulp. In comparison, EVI1-positive spleen tissue shows an expansion of red pulp and erythroid hyperplasia 
(B and dark cells in D). (E) Prussian blue iron staining of normal spleen tissue does not identify extensive iron deposition. (F) Iron depositions 
are evident in a section of EVI1-positive spleen tissue stained with Prussian blue. (H and J) Sections of EVI1-positive spleen tissue stained with 
cleaved caspase-3 antibody demonstrate the presence of apoptosis. (G and I) Normal spleen stained with cleaved caspase-3 antibody. (K and L) 
Control BM biopsy specimen shows normal cellularity and trilineage hematopoiesis. (M) In contrast, the EVI1-positive BM appears hypercellular, 
with erythroid and megakaryocytic hyperplasia. The BM dyserythropoiesis in EVI1-positive BM aspirates is shown (N), where the arrows point 
to nuclear irregularity and nuclear budding of erythroid precursors. (O) A PB smear of a control mouse is shown. In contrast, the PB smear of an 
EVI1-positive mouse shows anisopoikilocytosis (P), increased number of polychromatophilic rbc’s (Q), and Howell-Jolly bodies (R). Magnifica-
tion, ×10 (A, B, E, F, G, H, K, M); ×40 (C, D, I, J, L, N, O, P, Q); ×100 (R).
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EVI1. The results indicate that the Ter119-positive cells sorted 
from the EVI1-positive moribund mice, but not those sorted from 
the control mice, express EVI1 (Figure 3F). To determine whether 
the increased proliferation of erythroid cells in the spleen and 
BM appeared early after transplantation, we repeated the flow 
cytometry quantitation with the BM of EVI1-positive mice 4 
months after reconstitution. At this time, the PB smears of these 
mice appeared normal (data not shown); however, the number of 
immature erythrocytes was 3-fold higher than in control animals 
(data not shown). The back-gating analysis of the cells positive for 
Ter119 localized them within a population of cells with low for-
ward scatter (cell size) and low side scatter (cell complexity).

EpoR and c-Mpl expression is lower in EVI1 positive mice. Impairment of 
erythropoiesis and platelet formation are two obvious defects that 
are consistently observed in PB of the moribund EVI1-positive mice 
and that contribute to their death. To identify the differentiation 
steps disrupted by EVI1 in these two lineages, we used semi-quan-
titative RT-PCR to evaluate the expression of potential genes that 
regulate terminal erythropoiesis and megakaryopoiesis. We found 
by RT-PCR that two of them, EpoR and c-Mpl, essential to erythroid 
differentiation and platelet formation (24–27), were repressed (data 
not shown). We used real-time PCR (RQ-PCR) to quantify more 

accurately the expression of EpoR and c-Mpl in the BM of 12 mori-
bund EVI1-positive mice and 4 age-matched control mice (Figure 
4). The data were normalized to the endogenous expression of 
Gapdh. The median normalized level of EpoR and c-Mpl in control 
samples was 231 for EpoR (range 213–244) and 216 for c-Mpl (range 
191–224), whereas in the BM of the moribund EVI1-positive mice 
the level the EpoR was 102 (range 6–170) and that of c-Mpl was 70 
(range 24–91). We found that animals with low expression of EpoR 
also had low expression of c-Mpl and vice versa. The repression of 
these two genes was also clearly observed 4 months after BMT at a 
time when the mice appeared normal, as did their PB morphology 
and profile (data not shown). At 4 months after BMT the median 
normalized level of EpoR in the BM was 108 (range 98–115), and the 
level of c-Mpl was 41 (range 39–51) (Figure 4). 

Discussion
Among the hematopoietic malignancies, MDS is perhaps the least 
studied, in part because of the difficulty of obtaining a suitable 
model. We report on a murine model of EVI1-positive MDS that 
we have generated by BM infection and transplantation. After a 
relatively long latency, the reconstituted animals develop a fatal 
pancytopenia, accompanied by hypercellular BM and severe dys-

Figure 3
EVI1 alters the response to cytokines and significantly increases the number of immature erythroid cells. (A–C) A total of 15,000 lineage-negative 
cells were isolated from control mice BM (black bars) or BM cells of moribund EVI1-positive mice (white bars). The cells were plated in duplicate in 
methylcellulose and were cultured with Epo (E) or GM-CSF (GM). After 3 days (Epo) or 7 days (GM-CSF) in culture, the colonies (left panels) and 
the cells (right panels) in each plate were isolated and counted. (A) The decrease in the number of colonies and cells of EVI1-positive mice shows 
that the BM cells of these animals have impaired in vitro differentiation. (B) The same assay was carried out with lineage-negative normal BM cells 
freshly infected with empty retrovirus (black bars) or EVI1-containing retrovirus (white bars). In contrast to the cells obtained from the moribund mice, 
EVI1 represses only the response to Epo in freshly infected BM cells. (C) The same assay was carried out with lineage-negative BM cells isolated 
from EVI1-positive mice 3 months after transplantation (white bars) or from age-matched controls (black bars). EVI1 represses only the response to 
Epo. (D) Cytospin preparations of control murine BM cells (left) or BM cells of moribund EVI1-positive mice (right) stained with Wright-Giemsa stain 
show that EVI1 delays in vitro differentiation as indicated by the smaller size and larger, less compact nuclei of the cells. (E) The spleens and BM of 
EVI1-positive mice (E, top panels) have a higher number of Ter119-positive cells than the organs of a control animal (C, bottom panels). Cells were 
stained with Ter119-PE and CD34-FITC. The percentage of positive cells for each quadrant is noted in the upper left corner of the quadrants. (F) 
RT-PCR analysis shows the expression of EVI1 in total BM cells of 3 moribund mice (lanes 1, 2, and 3), but not in the BM of a control mouse (lane 
4). Analysis of sorted Ter119-positive cells of a moribund mouse (lane 5) confirms the expression of EVI1. EVI1 was not detected in Ter119-positive 
cells of the control (lane 6). For lane 7, no cDNA was added to the reaction. Gapdh was used as an internal standard.
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erythropoiesis. These features resemble those reported in human 
EVI1-positive MDS (14–16). We have also determined that among 
the genes responsible for terminal differentiation of erythroid lin-
eage and platelet formation, EpoR and c-Mpl (24–27) are repressed 
in the BM of the diseased mice. The repression of these recep-
tors does not require cooperating mutations but is observed as 
early as 4 months after BMT, at a time when the mice behave nor-
mally and the morphology and profile of their PB are normal. It 
was earlier reported that inappropriately expressed EVI1 blocks 
erythropoiesis by binding to the DNA consensus sequence of the 
transcription factor GATA1 and by repressing genes regulated by 
GATA1 (9). Surprisingly, however, it was also reported that the 
expression of the GATA1-regulated EpoR was not altered (9). In 
contrast, by RQ-PCR we found that the expression of this gene as 
well as that of c-Mpl is strongly downregulated in the BM of EVI1-
positive mice. As previously suggested, it is quite probable that dis-
ruption of GATA1 functions is responsible for the downregulation 
of these two genes. However, the mechanism involved is probably 
more complex than straight DNA binding by EVI1 because, in con-
trast to probes that contain 9 GATA repeats (10), electrophoretic 
mobility shift assays show that a canonic DNA probe that specifi-
cally binds to GATA1 fails to interact with EVI1 (data not shown). 
We find that, in vitro, EVI1 affects normal hematopoiesis in many 
contradictory ways. Whereas it downregulates erythroid colony 
formation, it very strongly upregulates the rate of cell prolifera-
tion in response to GM-CSF, while simultaneously doubling the 
differentiation time. These defects appear immediately in the iso-
lated BM cells after expression of EVI1, and they occur early in the 
transplanted animals as well. On the other hand, because the mice 
survive and behave normally for about 9 months, it is improbable 
that these defects by themselves cause their death. On the basis of 
the BM analysis 3 months after transplantation, we propose that, 
as shown in vitro, EVI1 expression in murine hematopoietic pro-
genitors induces erythroid differentiation impairment. Because 
the differentiation impairment is only partial and EVI1 cells 
proliferate in response to cytokines, in vivo homeostatic mecha-
nisms are probably able to prevent the development of anemia 

in the mice for 8–10 months, presumably through the increased 
hematopoietic proliferation induced by EVI1, which was evident 
upon morphological examination of the BM and spleen biopsy 
specimens. Eventually, however, progressive cytopenia occurred 
in the mice. Hematopoietic cells isolated from the mice at this 
point demonstrated impaired colony formation potential in 
response to cytokines in vitro, in contrast to freshly infected EVI1 
hematopoietic cells and cells 3 months after BMT, which had an 
impaired response only to Epo. The reason for this late-onset loss 
of hematopoietic stem cell functional capacity may be accumula-
tion of genetic damage during the 10-month period of replicative 
stress or as a consequence of EVI1-induced genomic instability. In 
summary, disease progression in EVI1-positive mice demonstrates 
that hypercellular marrow with peripheral cytopenia, a feature of 
MDS, can result from specific molecular events that impair (with-
out completely preventing) terminal differentiation. The EVI1-
positive mice that we generated are a suitable platform in which to 
test the efficacy of and optimal timing for therapeutic strategies. 

Methods
Cell culture and BMT. The maintenance, transfection, and culture of the 
retroviral packaging cell line Phoenix (ATCC) has been reported (30). The 
infection, selection, and culture of murine BM progenitors were carried out 
as described (30). The infected BM cells were injected into lethally irradi-
ated syngeneic recipient animals as described (31). All animal studies were 
performed in accordance with the guidelines of the Animal Care Commit-
tee of the University of Illinois at Chicago.

PB cell count and hematocrit measurements. PB counts of recipient mice were 
recorded starting 4 months after transplantation. Every 2 weeks for the 
first 3 months, and then again once a week until the animal was killed or 
died of its disease, 20 μl of retro-orbital PB were obtained from each ani-
mal. The blood was diluted in 3 ml of Isoton II, and counts were obtained 
by using the Coulter Counter Z1 (Beckman Coulter Inc.).

Histological examination and cytochemistry. Organs and tissues were first 
fixed in PBS with 4% paraformaldehyde and processed for paraffin-embed-
ded sectioning at 5 μm in thickness, then stained with one of the follow-
ing as required: H&E, Wright-Giemsa stain, white Wright-Giemsa stain, 
or Prussian blue. For cytochemistry, BM or spleen biopsy specimens were 
treated with kits from Sigma-Aldrich. PB was stained with Diff-Quik Stain 
Set (Dade Behring Inc.) for identification of cell morphology. For caspase 
staining, we used the Envision kit by DakoCytomation.

Flow cytometry immunophenotyping assay. BM or spleen cells were washed and 
incubated in ice for 30 minutes with 1 μl of rat monoclonal anti-mouse anti-
body labeled with FITC, phycoerythrin (PE), or Tricolor (TC), from Caltag 
Laboratories and BD Biosciences — Pharmingen. The following antibodies 
were used: Ter119-PE, CD34-FITC, CD3-FITC, CD4-PE, CD8-TC, CD18-
FITC, CD45R-PE, and Gr1-TC. Cells (104 per sample) were analyzed on 
a FACS Vantage flow cytometer (BD). Gating was based on unstained cell 
populations and isotype matching control antibodies. Three independent 
experiments were performed. The data were analyzed with CellQuest (BD) 
and Summit (DakoCytomation) software.

RT-PCR and RQ-PCR analysis. Total cellular RNA was extracted as described 
(32). The RNA was treated with DNaseI as described in the Invitrogen hand-
book (Invitrogen Corp.). cDNA was prepared according to the First Strand 
cDNA Synthesis Kit protocol (Fermentas). RT-PCR was performed in 15-μl 
reactions containing 1.5 μl of cDNA, 0.1 μl Taq Red DNA Polymerase (CLP), 
and 300 nM forward and reverse primers. The primers for MSCV-EVI1 were 
as follow: MSCVneo forward, 5′-GCATCGTTCTGTGTTGTCT-3′; EVI1-756 
reverse, 5′-CGGGCATGCATGGGCCCGGGCACCGA-3′. RQ-PCR was per-
formed in a 25-μl reaction containing 5 μl of cDNA, 12.5 μl of the Platinum 

Figure 4
EVI1 represses the expression of EpoR and c-Mpl. Real-time quan-
tification of EpoR (squares) and c-Mpl (circles) normalized to Gapdh 
shows a significant decrease of these genes’ median expression in the 
BM of EVI1-positive mice 4 months after BMT or at the time of their 
disease-induced death. The results are plotted as the ratio between 
EpoR or c-Mpl and Gapdh multiplied by 100.
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Quantitative PCR SuperMix-UDG (Invitrogen Corp.), 300 nM forward and 
reverse primers, and 150 nM TaqMan probe (32). The primers and probe 
for murine Gapdh were purchased (Applied Biosystems). The primers and 
probes used for the EpoR and c-Mpl genes were as follow: EpoR forward, 5′-
AGTGAGCATGCCCAGGACA-3′; EpoR reverse, 5′-AAGTCAGACGGGCAG-
GAAGAT-3′; EpoR probe, 5′-TGGATAAGTGGTTGCTGCCCCGG-3′; c-Mpl 
forward, 5′-TGAACTGCTTCTCCCAAACATTT-3′; c-Mpl reverse, 5′-CACA-
CATACCGGGGTTCCAAAG-3′; c-Mpl probe, 5′-GGAATACAGGGGGCAT-
GCACGG-3′. The probes were labeled by a 5′-FAM reporter and a 3′-TAMRA 

quencher. All the primers and probes were designed using Primer Express 
software (Applied Biosystems). RQ-PCR amplification was performed on 
the iCycler iQ detection system, and the data were collected and analyzed 
using iCycler iQ version 3.0 software (Bio-Rad Laboratories Inc.).

DNA cloning, Western blot, and Southern blot analysis. EVI1 was cloned in the 
EcoRI and BamHI sites of the MSCV vector (BD Biosciences — Clontech). 
All cloning junctions were verified by DNA sequencing. Western blot was 

carried out as described (3, 30). Southern blot analysis was performed as 
previously described (33).
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