
Abstract. Background and Aim: Overexpression of ecotropic
viral integration site 1 (EVI1) is associated with aggressive
disease in myeloid leukemia. We therefore studied its
expression and function in cluster of differentiation 34-
positive (CD34+) primary human hematopoietic progenitor
cells. Materials and Methods: CD34+ cells were
differentiated into various myeloid lineages using the
appropriate cytokines. EVI1 expression was measured by
quantitative real time reverse transcriptase-polymerase chain
reaction (qRT-PCR) and intranuclear fluorescence-activated
cell sorting (FACS). Experimental manipulation of EVI1
levels was achieved using retroviral infection. Results: EVI1
mRNA and its variant myelodysplastic syndrome 1
(MDS1)/EVI1, which gives rise to a partially antagonistic
protein, were detectable in CD34+ cells, but their levels
declined rapidly during differentiation into the granulocyte,
monocyte, dendritic, erythroid, and megakaryocyte lineages.
Similarly, EVI1 protein levels decreased during myeloid
differentiation. Attempts to experimentally express EVI1 in
CD34+ and U937 cells indicated that ectopic expression of
EVI1 may cause growth arrest, apoptosis and/or senescence
of human hematopoietic cells. Conclusion: EVI1 is expressed
in human hematopoietic progenitor cells, but is down-
regulated during differentiation. Ectopic expression of EVI1

may activate cellular safeguards against oncogene activation.
Ecotropic viral integration site 1 (EVI1) is an oncogene
whose overexpression is associated with aggressive disease in
myeloid leukemia, as well as in certain types of solid tumors
(1-3). It codes for a nuclear zinc finger protein and mainly
functions as transcription factor (4, 5). Use of alternative
promoters and alternative splicing lead to the formation of
several different mRNA and protein variants (6). The most
abundant and best-characterized of these are EVI1, a 1053-
amino acid protein with a well-established oncogenic
function, and myelodysplastic syndrome 1 (MDS1)/EVI1,
which, in addition to the entire EVI1 sequence, harbours an
N-terminal extension of 188 amino acids and, in some
experimental settings, acts as an antagonist of EVI1 (6).
Several recent studies have shown that in the murine
hematopoietic system, Evi1 is mostly expressed in stem and
progenitor cells and is required for their maintenance and
proliferation (7-10). Evi1–/– mice had reduced numbers of
hematopoietic stem cells (HSCs) as determined by i)
fluorescence-activated cell sorting (FACS) for HSC-
associated cell surface markers, ii) the ability of
hematopoietic stem and progenitor cell fractions to form
colonies in semisolid media, and iii) engraftment in
competitive and non-competitive transplantation assays (7, 8).
Even animals heterozygous for Evi1 displayed reduced HSC
activities in similar experiments (8, 10). Conversely,
experimental overexpression of Evi1 increased colony
formation and replating efficiency in semisolid media and
delayed the differentiation of murine hematopoietic
progenitor cells (9, 10). Nevertheless, mice transplanted with
hematopoietic progenitor cells that had been infected with
Evi1-encoding retroviral vectors did not develop acute
myeloid leukemia (AML), but rather succumbed to MDS, a
disease characterized by reduced numbers of mature blood
cells (11). While progenitor cells freshly-infected with Evi1
retrovirus gave rise to increased numbers of colonies in
semisolid media supplemented with granulocyte-macrophage
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colony-stimulating factor (GM-CSF), the opposite was true
for hematopoietic cells isolated from moribund mice (11).
Very recently, using a green fluorescent protein (GFP) marker
gene knocked into the Evi1 locus, Kataoka et al. reported that
the Evi1 regulatory regions were active almost exclusively in
hematopoietic stem and progenitor cells (10). GFP-, and by
inference Evi1-, positive cells were strongly enriched for cells
with multilineage and long-term re-population potential,
suggesting that Evi1 was a highly specific and discriminative
marker for murine HSCs. Furthermore, GFP-positive
progenitor cells yielded higher numbers of highly
proliferative colonies in single-cell cultures, and more
colonies in semisolid media than their GFP-negative
counterparts (10). In summary, a number of reports have
shown that expression of Evi1 causes increased proliferation
and delayed differentiation of murine hematopoietic stem and
progenitor cells. However, human cells have more elaborate
mechanisms than mouse cells to protect them from the action
of oncogenes. In fact according to some recent studies, EVI1
had growth-inhibitory, rather than -stimulatory, effects on
several human hematopoietic cell lines (12-15). We therefore
set out to study the expression and function of EVI1 in
primary human cluster of differentiation 34 positive (CD34+)
hematopoietic progenitor cells.

Materials and Methods
Isolation, culture, and infection of primary human CD34+ cells and
U937 cells. The human hematopoietic cell line U937 was cultured
in RPMI-1640 (Life Technologies, Carlsbad, CA, USA), containing
10% fetal bovine serum (FBS) (Life Technologies) in a humidified
incubator at 37˚C and 5% CO2. Work with primary human CD34+

cells was carried out in accordance with the declaration of Helsinki.
CD34+ cells were isolated from umbilical cord blood (CB) from
consenting donors using immunomagnetic beads (StemCell
Technologies, Grenoble, France). They were expanded for three
days in serum-free X-vivo 15 medium (Lonza, Basel, Switzerland)
containing penicillin, streptomycin, glutamax (Sigma-Aldrich,
Seelze, Germany), and 50 ng/ml of each fms-related tyrosine kinase-
3 ligand (FLT3-L), stem cell factor (SCF), and thrombopoietin
(TPO) (Peprotech, Hamburg, Germany). On day 0, expanded cells
were transferred to media containing: 20 ng/ml SCF and 100 ng/ml
granulocyte colony stimulating factor (G-CSF) for granulocyte
differentiation; 20 ng/ml SCF, 50 ng/ml FLT3-L, 100 ng/ml
macrophage colony stimulating factor (M-CSF), and 20 ng/ml
interleukin-6 (IL-6) for monocyte differentiation; 10 ng/ml SCF and
1 U/ml erythropoietin (EPO) for erythroid differentiation; and 
100 ng/ml GM-CSF, 50 ng/ml FLT3-L, 20 ng/ml SCF, 2.5 ng/ml
transforming growth factor-β (TGF-β), and 0.5 ng/ml tumor
necrosis factor-α (TNFα) (all cytokines from Peprotech) for
dendritic (Langerhans cell, LC) differentiation. For megakaryocyte
differentiation, cells were expanded for 6 days in StemPro-34 media
(Life Technologies) containing 1 ng/ml IL-3, 1 ng/ml SCF, and 
50 ng/ml TPO (all from Miltenyi Biotec, Bergisch Gladbach,
Germany), and differentiated in media supplemented with 50 ng/ml
TPO. Differentiation was allowed to proceed for 7-13 days
depending on lineage, and was monitored by FACS for lineage-

specific cell surface markers (CD15 for granulocytes, CD14 for
monocytes, CD71 for erythrocytes, CD1a for LCs, and CD41a for
megakaryocytes). An EVI1 small hairpin ribonucleic acid (shRNA)
(AAGGTATATTGCTGTTGACAGTGAGCGCGCACTACGTCTTC
CTTAAATATAGTGAAGCCACAGATGTATATTTAAGGAAGACG
TAGTGCTTGCCTACTGCCTCG) was cloned into the XhoI and
EcoRI sites of the MSCV-LMP vector (Thermo Scientific Open
Biosystems, Lafayette, CO, USA). A non-targeting shRNA in the
same vector was used as control. The ability of the EVI1 shRNA to
silence its target, determined by transient co-transfection with an
EVI1 expression vector into 293T cells followed by immunoblot
analysis, was >85%. A codon-optimized version of the human EVI1
cDNA (GeneArt, Regensburg, Germany) was cloned into the
retroviral vector pMSCV using the BamHI and EcoRI restriction
sites. Infection of CD34+ and U937 cells with retroviral vectors or
pMSCV_EVI1 was carried out using standard procedures (16).

RNA isolation, reverse transcription, and quantitative real time reverse
transcriptase-polymerase chain reaction (qRT-PCR). RNA was isolated
using Trizol (Life Technologies) according to the manufacturer’s
instructions, and reverse transcribed by the MMLV enzyme (Life
Technologies), primed by random hexamer oligonucleotides. qRT-PCR
was performed on an ABI Prism 7700 Sequence Detection System
(Applied Biosystems, Carlsbad, CA, USA) using the MESA Green
qPCR Mastermix Plus for SYBR Assay (Eurogentec, Seraing,
Belgium) and the primers cEVI1_f (acccactcctttctttatggacc), cEVI1_r
(tgatcagccagttggaattgtg), MDS1/EVI1_f (ccagcgaatctaatgtacttgagc),
MDS1/EVI1_r (ccagttatggatgggagatcttagac), cyclophilin D_f (atattgg
aaaatgtggaagtgaaagg), and cyclophilin D_r (tcgccagagccatcttttg),
detecting the sum of all EVI1 transcripts (cEVI1), MDS1/EVI1, and the
housekeeping gene cyclophilin D, respectively. All measurements were
performed in triplicate. A restriction fragment containing both the
cEVI1 and the MDS1/EVI1 amplicons was included as calibrator in
each experiment, thus allowing the expression levels of cEVI1 and
MDS1/EVI1 to be directly compared to each other (17). Expression of
cEVI1 and of MDS1/EVI1 relative to cyclophilin D, to the standard, and
to the day 0 sample used as a calibrator was calculated according to the
method of Livak and Schmittgen (18). All experiments were performed
at least three times with comparable results, and means and standard
deviations (SDs) of replicate measurements of one representative
experiment are shown.

FACS analysis for cell surface and nuclear proteins. CD34+ cells
were expanded and subjected to granulocyte or monocyte
differentiation conditions as described above. Cells were harvested
at the indicated time points, blocked with bovine serum albumin
(BSA) and Beriglobin (CSL-Behring, King of Prussia, PA, USA),
stained with fluorophor-conjugated antibodies to the cell surface
markers CD14 (monocytes) or CD15 (granulocytes), and fixed and
permeabilized by subsequent incubations with 2% formaldehyde
and methanol. Cells were blocked, incubated with a 1:2400 dilution
of EVI1 antibody C50E12 (Cell Signalling Technology, Danvers,
MA, USA) or isotype control, followed by incubation with a 1:6000
dilution of Alexa Fluor 647 conjugated F(ab’)2 fragment of goat
anti-rabbit IgG(H+L) (Molecular Probes, Life Technologies). FACS
analysis was carried out on a LSRII instrument (Becton Dickinson,
Franklin Lakes, NJ, USA), using the FACSDiva software (Becton
Dickinson). Data represent the mean±standard error of the mean
(SEM) from three independent biological replicates. They are
expressed as differences between the geometric means of the EVI1
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and isotype control fluorescence, divided by the geometric mean of
the isotype control in order to make independent biological
replicates comparable to each other. 

PKH26 assay to monitor cellular proliferation. CD34+ cells were
infected in three consecutive cycles with the MSCV-LMP vector
containing either the EVI1- or a negative control-shRNA. Twelve
hours after the third cycle of infection (three days after CD34+ cell
isolation), cell membranes were stained with the PKH26 Red
Fluorescent Cell Linker Kit (Sigma). Three and five days later, GFP-
positive cells were assayed for PKH26 staining intensity using a
FACS LSRII instrument (Becton Dickinson) and the FACSDiva
software (Becton Dickinson).  

Results
EVI1 and MDS1/EVI1 mRNA levels decline during granulocyte,
monocyte, dendritic (LC), erythroid, and megakaryocyte
differentiation of primary human hematopoietic progenitor cells.
To determine the mRNA expression levels of EVI1 and its partial
antagonist MDS1/EVI1 in immature human hematopoietic
progenitor cells and during differentiation into various myeloid
lineages, human CB-derived CD34+ cells were subjected to
conditions favouring differentiation into the granulocyte,
monocyte, dendritic (Langerhans cell, LC), erythroid, or
megakaryocyte lineages. Differentiation was monitored by FACS
for lineage-specific cell surface markers (see Methods). Cells
were harvested at different time points and qRT-PCR with
primers detecting either the sum of all EVI1 transcripts (cEVI1)
or the MDS1/EVI1 mRNA-only was performed. To allow for
comparison of cEVI1 and MDS1/EVI1 levels, a restriction
fragment containing both amplicons was included as an external
reference in each experiment. Both cEVI1 and MDS1/EVI1 were
expressed in undifferentiated CD34+ cells, but their levels
declined rapidly in conditions promoting differentiation into any
one of the aforementioned lineages (Figure 1).

EVI1 protein levels decline during myeloid differentiation of
CD34+ cells. To corroborate the mRNA expression data at the
protein level, CD34+ cells were subjected to granulocyte or
monocyte differentiation conditions, harvested at different time
points, and stained for the lineage-specific cell surface markers
CD15 (granulocytes) or CD14 (monocytes), as well as for
EVI1. In agreement with the mRNA data, EVI1 protein levels
declined rapidly during differentiation into both investigated
lineages (Figure 2). Interestingly, this decline was not restricted
to CD15+ or CD14+ cells, but also occurred in marker-negative
cells (data not shown). This suggests that EVI1 is rapidly
down-regulated during myeloid differentiation, even before
cells acquire lineage-specific markers.

Functional characterization of EVI1 in primary human
hematopoietic progenitor cells and in a human myeloid cell line.
Next, we attempted to investigate the function of EVI1 in
primary human hematopoietic cells. CD34+ cells were infected

with a retroviral vector bearing an EVI1-specific shRNA, which
reduced the levels of exogenously expressed EVI1 protein in
293T cells by >85%. Cells were then stained with the
membrane dye PKH26, and subjected to FACS analysis.
Knockdown of EVI1 altered cellular proliferation only
marginally and in a statistically non-significant manner
compared to control shRNA-infected cells (Figure 3). This may
indicate that, in contrast to murine cells, endogenous EVI1 does
not affect the proliferation of human hematopoietic progenitor
cells. Alternatively, due to the fact that EVI1 expression declined
rapidly during CD34+ cell culture (which leads to cellular
maturation even in the absence of lineage-specific cytokines),
its experimental down-regulation may not have an additional
effect. To determine whether experimental overexpression of
EVI1 would affect the biological behavior of human
hematopoietic progenitor cells, a retroviral vector containing a
codon-optimized version of the human EVI1 cDNA
(pMSCV_co-hEVI1) was constructed. When infected into
NIH3T3 cells, pMSCV_co-hEVI1 yielded about half as many
GFP-positive cells as the empty pMSCV vector, indicating that
its viral titer was lower than, but in a comparable range, to that
of the parental vector. Nevertheless, in CD34+ cells, in repeated
experiments and even when parallel infections with empty
vector yielded 90% GFP-positive cells, infection rates with
pMSCV_co-hEVI1 were <10% and often even <1%. Similar
observations were made with a different retroviral vector,
pBMN, containing a non-codon-optimized version of the hEVI1
cDNA. These results may indicate that primary human
hematopoietic cells ectopically expressing EVI1 proliferate more
slowly, senesce, and/or die, and therefore are overgrown by non-
infected cells, or lost, between infection and FACS analysis
(routinely performed three days later). To further investigate the
consequences of EVI1 overexpression in an experimental
system that is not limited by the numbers of available cells, the
human myeloid cell line U937 was infected with pMSCV_co-
mEVI1 or empty vector as a control, and the percentage of
GFP-positive cells was monitored by FACS at different time
points thereafter. With the EVI1 expression vector, the
percentage of GFP-positive cells peaked at 23%, two days after
the last infection cycle (probably reflecting the time point when
full expression from the vector had been achieved) and declined
continuously to 3% on day 15. In contrast, GFP positivity of
empty-vector infected cells reached a plateau near 100% on day
3 and remained that high until the end of the experiment (Figure
4). Furthermore, when pMSCV_co-hEVI1 was forcibly
introduced into U937 cells via an ectopically-expressed murine
ecotropic receptor (EcoR), an inverse relation between GFP
positivity and cell survival was observed. Infection efficiencies
as high as 80% could be achieved, but viability, as determined
by the FACS forward and side scatters, was only ~10% under
these conditions (data not shown). At infection efficiencies of
~35%, viability was 79% for MSCV, but only 37% for
pMSCV_co-hEVI1 infected cells (Figure 5).
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Figure 1. Ecotropic viral integration site 1 (EVI1) and myelodysplastic
syndrome 1 (MDS1)/EVI1 mRNA levels decline rapidly during
differentiation of primary human hematopoetic progenitor cells into
various myeloid lineages. Cluster of differentiation 34-positive (CD34+)
cells enriched from human cord blood (CB) were expanded for 6
(megakaryocytes) or 3 days (all other lineages) and transferred to media
promoting differentiation into the granulocyte (A), monocyte (B),
dendritic (C), erythroid (D), or megakaryocyte (E) lineage. Cells were
harvested at the indicated time points, RNA was extracted, and
quantitative real time reverse transcriptase-polymerase chain reaction
(qRT-PCR) was performed using primers against a region common to
all EVI1 mRNA variants (cEVI1), or specifically recognizing the
MDS1/EVI1 transcript. The housekeeping gene cyclophilin D was used
for normalization. A restriction fragment containing both the cEVI1 and
the MDS1/EVI1 amplicon was included in each qRT-PCR run to allow
for direct comparison of the levels of cEVI1 and MDS1/EVI1. Each
experiment was performed three times and one representative
experiment is shown. Error bars represent standard deviations (SDs)
from replicate measurements. 



Discussion

In this report, we show that both the EVI1 and MDS1/EV1
mRNAs are expressed in immature primary human
hematopoietic progenitor cells, and are down-regulated during
the differentiation of these cells into various myeloid lineages.
Flow cytometry, a novel technique for the quantification of
nuclear proteins, confirmed that this was also true at the protein
level. These findings are consistent with those reported for
primary murine hematopoietic cells (10). They also agree with
previous data showing a reduction in EVI1 transcript levels
during erythroid differentiation of CD36+ erythroid progenitors
from human CB (19). For the megakaryocyte lineage, Shimizu
et al. showed that EVI1 was expressed at much lower levels in

human bone-marrow-derived megakaryocytes than in CD34+

cells from the same source (while it was undetectable in mature
monocytes, T-cells, and B-cells from peripheral blood) (12). In
contrast, Terui et al. reported induction of EVI1 during in vitro
megakaryocyte differentiation of CD34+ cells, and,
contradictory to several other reports, no EVI1 expression in
undifferentiated CD34+ cells (20). The reason for the
discrepancy between their and our data is presently unclear, but
could be related to the different culture conditions used. In
summary, while some previous studies have investigated the
expression levels of EVI1 in hematopoietic cells, the present
report is, as far as we know, the first to comprehensively analyze
the expression of EVI1 and its partial antagonist MDS1/EVI1 in
primary human hematopoietic progenitor cells during
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Figure 2. Ecotropic viral integration site 1 (EVI1) protein levels decline during granulocyte and monocyte differentiation of cluster of differentiation
34-positive (CD34+) cells. CD34+ cells, enriched from cord blood (CB), were expanded for 3 days and transferred to media promoting differentiation
into the granulocyte (A, B) or monocyte (C, D) lineage on day 0. Cells were harvested at the indicated time points, stained for nuclear EVI1, and
subjected to fluorescence-activated cell sorting (FACS) analysis. A, C: Representative FACS plots. B, D: Geometric means of EVI1 expression relative
to the isotype control. Data are the mean±standard error of the mean of three biological replicates.



differentiation into all major myeloid lineages, and to confirm
these data at the protein level. Several groups have reported that
Evi1 stimulated the proliferation of primary murine
hematopoietic progenitor cells (8-10, 21). Recently, however,
growth-inhibitory activities of EVI1 have been demonstrated in
human hematopoietic cell lines (12-15), as well as in a human
osteosarcoma cell line (22). Similarly, both anti- and pro-
apoptotic activities of EVI1 have been described (13, 23, 24).
In the present experiments, a retroviral vector expressing the
EVI1 cDNA, despite being capable of efficient infection of
NIH3T3 cells, yielded very low percentages of GFP-positive
CD34+ cells. This precluded assays directly measuring cellular
proliferation, apoptosis, or senescence. We nevertheless
hypothesize that the low numbers of GFP-, and by inference
EVI1-, positive CD34+ cells indicate that one or several of these
processes are affected by EVI1 overexpression in primary
human CD34+ cells, leading to a heavy growth disadvantage or
loss of successfully infected cells in the three days between the
last infection cycle and the FACS analysis. This interpretation
was supported by experiments with U937 cells: Firstly,
introduction of an EVI1-expressing retroviral vector via the very
efficient ecotropic virus receptor led to substantial cell death.
This was not observed with the control vector which expressed
only GFP, indicating that loss of viability was not a non-specific
effect of a high level of expression of an exogenous protein.
Secondly, in a time course experiment, cells infected with the
EVI1 expression vector (via endogenous virus receptors)
reached a peak of GFP positivity soon after the infection and
lost marker expression steadily thereafter. In contrast, empty
vector-infected cells maintained the percentage of GFP

positivity reached after 3 days, for at least two weeks. Taken
together, our results suggest that primary human hematopoietic
progenitor cells, and even transformed human cell lines, may
activate cellular defense mechanisms counteracting the
oncogenic activity of EVI1, similar to what has been observed
for other tumor-promoting genes (25, 26). 

ANTICANCER RESEARCH 32: 4883-4890 (2012)

4888

Figure 3. Knockdown of ecotropic viral integration site 1 (EVI1) does
not affect proliferation of cluster of differentiation 34-positive (CD34+)
cells. CD34+ cells were infected with lentiviral vectors containing a
short hairpin ribonucleic acid (shRNA) against EVI1 (knock-down
efficiency >85%, as determined in 293T cells) or a scrambled control
shRNA, stained with the membrane dye PKH26, and assayed by
fluorescence-activated cell sorting (FACS) on days 3 and 5 thereafter.
Mean PKH26 fluorescence intensities were normalized to those of
control shRNA-infected cells, considering only the green fluorescent
protein (GFP)-positive populations in both cases. Data are the
mean±standard error of the mean from three biological replicates.
Differences between EVI1- and control-shRNA-infected cells were not
statistically significant (day 3, p=0.29; day 5, p=0.26; Student’s t-test).

Figure 4. Ecotropic viral integration site 1 (EVI1)-positive cells are
gradually lost after infection of U937 cells with pMSCV_codon-
optimized-murine-ecotropic-virus-integration-site 1 (pMSCV_co-mEVI1).
U937 cells were infected with pMSCV_co-mEVI1 or pMSCV as control,
and the percentage of green fluorescent protein (GFP)-positive cells was
determined by fluorescence-activated cell sorting (FACS) at the indicated
times after the last infection cycle. Diamonds, pMSCV infected cells;
squares, pMSCV_co-mEVI1 infected cells. 

Figure 5. Efficient introduction of pMSCV_codon-optimized-human-
ecotropic-virus-integration-site 1 (pMSCV_co-hEVI1) into U937 cells
leads to increased rates of cell death. U937 cells ectopically expressing
murine ecotropic receptor (EcoR) were infected with pMSCV_co-hEVI1
or pMSCV as a control, and subjected to fluorescence activated cell
sorting (FACS) analysis. Conditions were chosen so that infection
efficiencies were ~35% for both vectors.
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