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ABSTRACT

In hematopoietic stem cells, lineage specific differentiation is determined in part by
specific transcription fectors which stabilize a particular lineage network and activate
differentiation programs. In myeloid and erythroid lineages, distinct transcription factors
are expressed in committed progenitors and more differentiated cells. Zinc finger
transcription factors, EVI-1 and GATA-1, are expressed in hematopoietic stem cells.
Abnormal EVI-l expression is associated with some human acute myeloid leukemias
(AML). It has been shown that enforced EVI-1 expression blocked erythroid specific
transcription fector, GATA-1, mediated transcriptional activation and erythroid
differentiation. The regulation and the function of the EVT-l in myeloid differentiation
and possible antagonism of erythroid /myeloid lineage transcription factors in lineage
commitment and differentiation were studied in NB4, a human acute promyelocytic
leukemia (APL) cell line. EVI-1 and GATA-1 were stably expressed in NB4 cells by
transfection and effects evaluated on granulocyte differentiation induced by all-trans
retinoic acid (ATRA). The results showed that EVI-1 expressing NB4 clones differentiate
more rapidly and more completely than control clones. In contrast, GATA-1 expressing
NB4 clones showed delayed differentiation. These findings demonstrate that EVI-1
expression promotes and GATA-1 expression delays ATRA-induced NB4 cell
granulocytic differentiation, suggesting that EVI-1 plays an important role in myeloid
differentiation and EVI-1 and GAT A-1 antagonize each other in erythroid /myeloid
commitment and differentiation.
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I. BACKGROUND INFORMATION
Hematopoiesis

Hematopoiesis, the process by which mature blood cells of distinct lineages are generated
from hematopoietic stem cells, continues throughout life. During mammalian
embryogenesis, hematopoietic stem cells arise from the ventral mesoderm and migrate to
the yolk sac to form blood islands. There, they produce nucleated embryonic red blood
cells. This stage is called primitive hematopoiesis. At the mid-gestation, hematopoiesis
takes place in the fetal liver, producing mostly non-nucleated red blood cells, myeloid
cells and megakaryocytes. Shortly before birth and thereafter, the major hematopoietic
site is the bone marrow. This stage is called definitive hematopoiesis. In the bone
marrow, hematopoietic stem cells may remain quiescent, undergo self-renewal or
differentiate into multiple blood cell lineages (red cells, neutrophils,
monocyte/macrophages, platelets, mast cells, B-lymphoid and T-lymphoid cells) (Orkin,
1995, Zon, 1995). The molecular events involved in hematopoietic stem cell self-renewal
and differentiation are not fully understood. The functional process by which
hematopoietic stem cells enter a particular lineage is called commitment. Commitment is
clearly a multi-step process. Hematopoietic stem cells become progenitors, which retain
ability to differentiate into multiple lineages, but are not pluripotent and do not undergo
self-renewal. Myeloid progenitor cells differentiate into granulocytes, monocytes,
macrophages, megakaryocytes or red blood cells, but are not able to differentiate into
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lymphoid cells. A distinct lymphoid progenitor differentiates into T cells, B-cells or
natural killer (NK) cells, but is not able to differentiate into cells of myeloid-lineage
(Akashi et al. 2000, Kondo et. al. 1997). The molecular mechanisms by which
hematopoietic stem cells undergo lineage commitment and differentiation remain unclear.
It is known that committed progenitors express some relatively lineage-specific cell
surface antigens. A current view holds that unique combinations of expression of some
lineage-specific transcription factors and commonly expressed transcription factors
control this process. Such lineage-specific transcription factors have been identified
(Shivdasni et al. 1996, Blobel, 2000).

Lineage-Specific Transcription Factors

In vitro overexpression, murine transgenic and "knock-out" studies showed that
transcription factors are essential for lineage-restricted blood cell differentiation. Some of
the better studied lineage-specific transcription factors are described below. It has been
shown that basic helix-loop-helix (bHLH) transcription factor SCL (Stem Cell Leukemia)
is required for hematopoietic cell fate specification or very early hematopoiesis. Mice
homozygous for deletion of the SC.L gene die in utero as a result of absence of blood
formation (Porcher, et al. 1996, Shivdasani et al. 1995). The SCL gene also functions in
red blood cell and megakaryocyte maturation and is essential in embryonic angiogenesis
(Hoang et al. 1996, Apian et al. 1992, Visvader et. al. 1998). In the erythroid lineage, the
zinc finger transcription factor, GATA-1, is required for erythroid cell differentiation.
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Although, primitive hematopoiesis was not affected, mice lacking GATA-1 showed
maturation arrest of erythroid precursors at the proerythroblast stage. (Pevny et al. 1995).
The Zn finger transcription factor, Ikaros, is a lymphoid-lineage specific transcription
factor. Ikaros knock out mice lack most lymphoid progenitors and display complete
absence of mature T and B-lymphocytes and NK cells and die of infection. Myeloid and
erythroid lineages were not affected (Georgopoulos et al. 1994). In the myeloid lineage,
PU.1, an Ets family transcription factor, is necessary for myeloid cell differentiation.
PU.1 knockout mice die shortly before or a few days after birth due to lack of monocytes,
nuetrophils and B- lymphocytes (Scoot et al. 1994). AML-1 (acute myeloid leukemia-1),
the a subunit of the heterodimeric transcription factor core-binding factor (CBF), is also
essential for normal hematopoiesis. AML-1 knockout mice die as embryos.
Abnormalities include a block in development of all definitive hematopoietic lineages,
but primitive hematopoiesis is not affected (Okuda et al. 1995). The Zinc finger
transcription factor, EVI-1 (ecotropic viral integration site-1), is also required for mouse
embryonic development at midgestation. EVI-1 -/- mice died at embryonic day 10.5 and
the major abnormalities were widespread hypocellularity and massive hemorrhage (Hoyt
et al 1997). We hypothesized that EVl-1 is a myeloid lineage-specific transcription factor
(Xi, et al. 1997). The mechanisms by which lineage-specific transcription factors work in
concert to accomplish lineage determination are under investigation. Lineage-specific
transcription factors are expressed at low levels in hematopoietic stem cells. There are
two different nx)dels for transcription factor- induced lineage commitment. One is a
signaling model, in which differentiation signals for a particular lineage up-regulate
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lineage-specific transcription factor(s) expression and activate particular difTerentiation
programs. The other is a stochastic model, in which it suggested that lineage
determination is a probability-based process (Metcalf, 1999).

Differentiation Block and Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a blood cell cancer characterized by a block in
myeloid differentiation. More than 100 recurrent acute myeloid leukemia associated
cytogenetic abnormalities have been described. Most common abnormalities are
reciprocal chromosome translations, inversions or single chromosome deletions. Many of
these cytogenetic abnormalities result in the functional inactivation of transcription
factors essential for the normal regulation of hematopoiesis (Willman, 1999, Gilliland,
1998). In fact, many lineage-specific transcription factors were first identified as genes
abnormally expressed in acute leukemia patients. Specific molecular pathogenic events
may cause myeloid differentiation blocked at a distinct stage. In acute promyelocytic
leukemia (APL), a t(15; 17) chromosome translocation forms a fusion gene, PML/RARa
(Promyelocyte Leukemia / Retinoic Acid Receptor a). PML/RARa fusion protein
expression appears to cause a myeloid differentiation block at the promyelocyte stage.
The PML/RARa fusion protein is a dominant negative form of wild-type PML and
RARa gene products. RARa is a component of retinoic acid signaling pathway, which is
critical for normal hematopoiesis. Recent experimental data suggest that normal PML is a
tumor suppressor gene, which may be involved in cell growth control regulation (Wang
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et al. 1998). The mixed lineage leukemia gene (MLL, also know as ALL or HRX) is the
most frequent target gene of chromosomal rearrangements in childhood AML and ALL
(Acute Lymphocytic Leukemia) (Gilliland, 1998). It has been shown that MLL gene is
essential for normal mammalian development and hematopoiesis (Hess et al. 1997, Yu et
al. 1995).). AML-1 (CBFa) is also a frequent target of chromosome rearrangement in
acute myeloid leukemia. AML-1 is located at chromosome 21 and frequently forms a
fusion gene with another gene, ETO (for eight; twenty one) which is located at
chromosome 8. t(8 ;21) translocation is detected in about 15% of AML patients. AML-1
also fuses with other genes, such as EVI-1, in some therapy-related AMLs. The
t(3;21)(q26;q22) translocation forms AML-1/EVI-1 fusion gene. When some chronic
myeloid leukemia (CML) patients progress to acute phase, or blast crisis, an AML1/EVI-1 frision gene expression is also detected (Russell et al. 1993, Mitani et al. 1994,
Tnanka et al. 1995, Nucifora et al., 1995, Nucifora et al. 1997). We hypothesized that
EVI-1 gene is a myeloid lineage-specific transcription factor involved in normal myeloid
differentiation and that disrupting this gene's frinction may cause a myeloid
differentiation block, contributing to pathogenesis of acute myeloid leukemia. Consistent
with this hypothesis, overexpressing an AMLl/MDSl/EVIl fusion gene in normal mouse
bone marrow cells and transplanted into lethally irradiated syngeneic recipient mice
induced acute myeloid leukemia (Cuenco et al. 2000).
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EVI-1 gene and its expression in normal development, leukemia patients
and leukemia cell lines

The EVl-1 gene is a member of a large, zinc finger DNA binding gene family, which
may constitute up to 1% of some human chromosomes. It was first identified as a gene
activated following retroviral insertion in murine myeloid leukemia and myeloid
leukemia cell lines (Morishita et al. 1988, Bordereaux et al. 1987). The EVl-1 gene is
located at chromosome 3q26, encoding 145 Kd and 88 Kd nuclear, DNA-binding
proteins due to alternative splicing. The EVI-1 protein contains two Cys2 His2 zinc finger
DNA binding domains and an acidic domain. The first zinc finger domain contains 7 Znfinger motifs, located at the N-terminus, and binds to a consensus DNA sequence of GA
(T/C) AAGATAAGATAA. The second zinc finger domain containing 3 Zn-finger
motifs, is located at the C-terminus, and binds to the sequence CTCATCTTC. The acidic
domain follows the second zinc finger domain at the carboxyl terminus (Morishita et al.
1990, 1995). The first Zn finger DNA binding sequence of the EVI-1 gene partially
overlaps a consensus sequence binding the erythroid lineage-specific transcription factor
GATA-1 (Matsugi et al. 1995, Perkins et al. 1996). During mouse embryonic
development, EVI-1 protein is spatially and temporally restricted in expression, while in
adult mice, EVI-1 is primarily expressed in the kidney and developing oocytes (Morishita
et al. 1990, Perkins et al. 1991). Recent experimental data showed EVI-1 RNA is also
expressed at low levels in mouse liver hematopoietic stem cells (Phillips et al. 2000) and
human bone marrow progenitor cells (CD34+ cells) ( Xi et al. 1998, Sigurdsson et al.
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1995). Apparently aberrant expression of the of the EVI-1 gene occurs in about 6% of
human acute myelogenous leukemia (AML) patients and about 30% of myelodysplastic
syndrome (MDS) patients. Some of these patients have chromosome 3q26 abnormalities,
but many do not have detectable chromosomal 3q abnormalities. When some chronic
myelogenous leukemia (CML) and MDS patients progress to acute leukemia, an AML1/EVI-l fusion gene originating from a t(3; 21)(q26;q22) is expressed (Russell et al.
1994. 1993, Nucifora et al. 1995). EVI-1 is also expressed at high levels in erythroid,
megakaryocytic leukemia cell lines, such as K562, HEL and UCSD-AML-1.

EVI-1 Gene Function

The normal function of the EVI-1 gene and its potential pathogenic role in hematological
malignancies are still controversial. In vitro reporter gene studies showed that EVI1could act as a transcriptional activator or a repressor in different experimental settings
(Morishita et al. 1995, Tanaka et al. 1994, Bartholomew et al. 1997). Kreider et al.
showed that enforced expression of EVI-1 in normal mouse bone cells and a mouse
erythroid leukemia cell line, 32DEpol, blocked EPO-dependent erythroid cell maturation,
possibly by repressing transcription induced by GATA-1 (Kreider et al. 1993). Morishita
et al. reported that forced expression of the EVI-1 gene in a mouse myeloid cell line,
32Dcl3 also blocked granulocyte colony-stimulating factor (G-CSF)-induced
granulocytic differentiation (Morishita et al. 1992). However, Khanna-Gupta et al.
showed that after retrovirus insertion, activated EVI-1 expression did not prevent G-CSF-
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induced granulocytic differentiation in 32Dcl3 cells (khanna-Gupta et al. 1996). Our lab
and others showed EVl-1 is expressed at low level in CD34+ enriched normal human
bone marrow cells and that EVI-1 mRNA expression increases during in vitro cytokineinduced granulocytic dififerentiation (Xi et al 1998). EVI-1 expression is also induced by
retinoic acid in differentiating NB4 human APL cells (Xi et al. 1997). These observations
suggest EVI-1 might promote rather than inhibit myeloid differentiation. EVI-1 knock
out mice died at 10.5 days of gestation with widespread hypocellularity and massive
hemorrhage. Other abnormalities included defects in blood vessel and heart formation,
abnormal hematopoiesis and nervous system development (Hoyt et al. 1997). This study
indicates that EVI-1 is required for normal mouse embryonic development at
midgestation. Transgenic mice overexpressing EVI-1 gene driven by a hematopoietic
stem cell specific promoter, Sca-1 had normal bone marrow myelopoiesis, but had
severely impaired erythropoiesis and T cell development (Broek et al. 1999). These
findings suggest EVI-1 functions in definitive hematopoiesis, promoting bone marrow
progenitor cells to undergo myeloid lineage differentiation and blocking erythroid lineage
differentiation.
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GATA-1 gene and its expression in normal hematopoiesis and
leukemia cell lines

GATA-l gene is the founding member of a small family (GATA-1 through GATA-6) of
transcription factors that binds to the consensus motif, (A/T) GATA (A/G) (Orkin SH,
1992). The DNA binding occurs through a highly conserved zinc finger domain. GATA1 was first identified as a protein that binds to GATA sequence in globin gene promoters
and enhancers, but was later found in the cis-regulatory elements of all erythroid-cellexpressed genes. Mouse and human GATA-1 genes were cloned in 1989 (Tsai et al.
1989). GATA-1 gene is located on the X chromosome and encodes a 413 amino acid
protein. The GATA-1 protein contains two Cys4 zinc finger domains. The carboxyl (C)
zinc finger is necessary and sufficient for DNA binding, while the amino (N) zinc finger
stabilizes this interaction. In hematopoietic tissues. GATA-1 is expressed at high levels in
mature erythroid cells, mast cells and megakaryocytes, at lower levels in multipotent
progenitor cells (Weiss et al. 1995, 1997). GATA-1 is also expressed in erythroid
leukemia cell lines, such as K562 and HEL, and megakaryocytic cell lines, such as
KU812, TS9;22 and YS9;22 ( Ohyashiki et al. 1996).
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GATA-1 gene function

GATA-l is one of the most extensively studied lineage-specific transcription factors.
GATA-1 is an erythro id-lineage specific transcription factor, required for normal
erythroid lineage development. GATA-1 knock out mice died at embryonic day 10-11,
due to lack of mature red blood cells. In the absence of GATA-1 erythroid precursors
arrest at proerythroblast stage of development and undergo apoptosis, but primitive
erythropoiesis was not affected (Pveny et al. 1995). GATA-1 -/- ES cells failed to
contribute to mature red blood cells, but contributed to all other blood cell lineages
(Pevny et al. 1991, Simon et al. 1992). Restoring GATA-1 expression in a GATA-1 -/erythroblast cell line, GIE, induced these cells to undergo terminal red blood cell
differentiation (Weiss et al. 1997). Enforced GATA-1 expression in a mouse myeloid cell
line. 416B. induced megakaryocytic differentiation (Visvader et al. 1992, 1993,1995).
Another study showed GATA-1 expression in transformed avian myelomonocytic cell
lines reprograms these cells into eosinophils, thromboblasts , and erythroblasts (Kulessa
et al. 1995). In contrast, GATA-1 function in myeloid -lineage differentiation is not
clear. Overexpression of GATA-1 in the HL60 human acute myeloid cell line repressed
myeperoxidase expression and induced platelet peroxidase gene expression (Komatsu et
al. 1998 ), suggesting GATA-1 may repress myelo id-lineage differentiation programs.
Potential GATA-1 target genes in erythroid, megakaryocytic, T-lymphocyte and mast cell
have been identified. Among these genes, GATA-1 elements are functionally important
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in transcription, such as globin gene promoters and enhancers and erythropoietin receptor
gene promoter and enhancer (Weiss et al. 1995).

Statement of the Problem

Adults acute myeloid leukemia has a high death rate and treatment often does not result
in long-term survival. The overall long-term survival rate is only 15%. Molecular
mechanisms of AML pathogenesis are complex. Different molecular pathogenic events
may cause myeloid differentiation blocks at distinct stages. Such as the t(15;17)
translocation forming the PML/RARa fusion gene is found in the majority of acute
promyelocyte leukemia (APL) patients. This pathogenic event creates a dominant
negative retinoic acid receptor a and disrupts retinoic acid signaling pathways causing
myeloid differentiation to be blocked at the promyelocyte stage. Differentiation therapy
targeted PML/RARa fusion gene with ATRA and combined with chemotherapy has
greatly improved long-term survival. Several other fusion genes, such as AML-l/ETO,
AML-l/EVI-1 are genes abnormally expressed in AML cells and they are also abnormal
transcription factors thought to alter normal myeloid differentiation. Understanding of
molecular events involved in normal hematopoietic stem cells lineage commitment and
differentiation will help us to understand pathogenic events in leukemogenesis. In fact,
many hematopoietic lineage-specific transcription factors were first identified in
leukemia patients. EVI-1 gene was originally found to be abnormally expressed in about
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6% AML patients and in about 30% MDS patients and thought to be involved in
leukemogenesis. Elucidating the normal function of EVl-1 gene in definitive
hematopoiesis and its potential role in leukemogenesis will enhance our knowledge of
molecular mechanisms of normal hematopoiesis and leukemia pathogenesis and provide
insight which may lead to new molecular targets for therapy.

Hypothesis and Specific Aims of this Dissertation

Based on experimental evidence, the hypothesis is that EVI-1 gene functions in normal
bone marrow hematopoietic stem cell differentiation, cooperating with other regulatory
genes to promote granulocyte and repress GATA-1 mediated erythrocyte differentiation.
In contrast, erythroid transcription factor, GATA-1 promotes erythroid lineage
differentiation and represses myeloid differentiation. EVI-1 and GATA-I may antagonize
each other in myeloid / erythroid commitment and differentiation. In acute myeloid
leukemia with alterations of the EVI-1 gene, chromosome translocation, deletions or
point mutations may disrupt these normal functions of the EVI-1 gene, causing a myeloid
differentiation block and contributing to development of acute myeloid leukemia.

The first specific aim of this dissertation was to assess regulation of ATRA-induced EVI1 gene expression in an in vitro cell model, the human acute promyelocyte leukemia cell
line NB4. Untreated NB4 cells do not express EVI-1. ATRA treatment induces NB4 cells
to undergo terminal granulocyte differentiation and induces EVI-1 gene expression
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during this process. Experiments were designed to address requirements of new RNA
synthesis and the half-life of EVI-1 mRNA in ATRA-induced EVI-1 gene expression in
NB4 cells by using RNA synthesis inhibitors.

The second specific aim was to determine the Action of EVI gene in myeloid
differentiation in NB4 human acute promyelocytic leukemia cells. It is likely that ATRAinduced EVI-1 expression in differentiating NB4 cell recapitulated a normal myeloid
differentiation program, which was blocked by PML/RARa dominant negative fusion
protein in the absence of ATRA. Experiments were designed to address this question by
expressing EVI-1 gene in sense and antisense orientation in NB4 cells and evaluating cell
proliferation and granulocyte differentiation with or without ATRA.

The third specific aim was to study structure-function relationship of EVI-1 gene in
ATRA-induced NB4 granulocytic differentiation. Experiments were designed to address
this question by expressing functional domain deletion mutants of EVI-1 in NB4 cells,
and assessing ATRA-induced differentiation.

Finally, the fourth specific aim was to study potential antagonism between EVI-1 and
GATA-1 in myeloid / erythroid lineage commitment and differentiation. The experiments
were designed to address this question by overexpressing the erythroid lineage-specific
transcription factor, GATA-1, in NB4 cells and evaluating its effects on ATRA-induced
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NB4 cell granulocytic differentiation and investigating the molecular basis of this
antagonism by studying protein-protein interaction of EVI-1 and GATA-1.
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n MATERIALS AND METHODS

Cell Lines and Culture Conditions

The human acute promyelocyte leukemia cell line NB4 and human lymphoid leukemia
cell line U-937 were maintained in RPMI-I640 medium plus 10% fetal bovine serum
(FBS). The NB4 cell line was derived from the bone marrow of a 20 year-old female
acute promyelocyte leukemia patient after a second ATRA-resistant relapse. These cells
have (15;17) chromosome translocation and express the PML/RARa fusion protein. NB4
cells can be induced to undergo partial granulocytic differentiation by addition of ATRA
(Lanotte et al. 1991, Drexler et al. 1995). The U-937 cell line was derived from a 37 yearold Caucasian male who had true histiocytic lymphoma. U-937 cell can be induced to
terminal monocytic differentiation by supematants from human mixed lymphocyte
cultures, phorbol esters, vitamin D3, gamma interferon, tumor necrosis factor (TNF) and,
retinoic acid. (ATCC).

COS-7 is a fibroblast-like cell line established from CV-1 simiem cell (African green
monkey kidney cell) which were transformed by em origin-defective mutant of SV40,
which codes for wild-type T antigen. COS-7 cell line was maintained in Dulbecco's
modified Eagle's medium (DMEM) plus 10% FBS (ATCC).
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Construction of PMLyRARa mammalian expression vector

Human PML/RARa cDNA (kindly provided by Dr. Ethan Dmitrovsky) was cloned into
mammalian expression vector pBK-CMV (Stratagene, La Jolla, CA, USA) using EcoR I
site of pBK-CMV. The human PML/RARa fusion gene expression was driven by a
CMV promoter.

Construction of murine fuli-iengtii or functional domain deletion
mutants of the EVI-l gene expression vectors
A 4.5kb full length mouse EVI-l cDNA (kindly provided by Dr. James Ihle. Mortishita et
al. 1988) was cloned into pcDNAS.l vector (Invitrogene, La Jolla, CA USA) by
directional cloning, using BamH I and Not I sites of pcDNA3.1 The EVI-l expression
was driven by a constitutive promoter (CMV). Mouse EVI-l gene has 91% sequence
homology at nucleotide level and 94% homology at amino acid level with the human
gene. The acidic domain deletion construct pcDNA3.1/A1525mEVI-l, second Zn-finger
domain deletion construct pcDNA3.1/A2216mEVI-land first Zn-finger only construct
pcDNA3.1/A3070mEVI-l were made by using Exo III nucleases unidirectional deletion
kit (Stratgene, La Jolla, CA, USA) to delete desired length of the flill-length EVIIcDNA, according to manufacture's instruction. After Exo III deletion reactions, Mung
bean nucleases were added to create blunt ends. The plasmids were religated and used to
transform bacterial. Transformed bacterial colonies were screened by agarose gel
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electrophoresis and appropriate size plasmid DNA was purified and sequenced to select
desired deletion mutants. The resulting functional domain deletion mutant constructs
were also screened for mutant protein expression and co-expression of a viral protein,
V5, by transient transfection of the deletion mutation constructs in COS-7 cells and
analysis cell lysates by western blot.

Construction of GATA-1 mammalian expression vector

The 1.3 Kb GATA-1 coding sequence of the 1.8 Kb full-length mouse GATA-1 cDNA in
pXM vector (kindly provided by Dr. Stiiart Orkin. Tsai et al. 1989) was amplified by
PGR and cloned into a TA cloning vector
(Invitrogene, La Jolla, CA USA) followed by subcloning into a pcDNA3.1 vector with
co-expression of a viral protein V5, ( Invitrogene, La Jolla, CA USA) by directional
cloning using BamH I and Not I sites of pcDNAS.l to create pcDNA3.1/mGATA-l
mammalian expression vector. Mouse GATA-1 expression was driven by the CMV
promoter

Stable transfections

The pBK/ hPML-RARa construct was introduced into U-937 cells, and the pBK/mEVI1. pcDNA3,l/A1525m EVI-1, pcDNA3.1/A2216mEVI-l, pcDNA3.1/A3070mEVI-l, or
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pcDNA3.l/mGATA-l constructs were introduced into NB4 cells by eiectroporation. U937 or NB4 cells were resuspended at 2-4X10^ cells/ml in serum-free medium. 0.5 ml
cell suspension was placed into a 0.4cm eiectroporation cuvette (BioRau, Kcicules, CA,
USA) and 10 to 20

of plasmid were added. Cell and plasmid mixture were incubated

on ice for 10 minutes prior to eiectroporation at 960 ^iF, 400V
(BioRad Gene Pulsar). The cuvettes containing cell mixture were incubated on ice for 10
minutes then transferred to a T25 flask with 10 ml growth medium and incubated at 37^ C
with 5% CO2 . 48 hours after transfection, 800ug/ml G418 were added to select
neomycin-resistant cells. After about 2-3 weeks of G418 selection, neo- resistant cells
were assessed for PML-RARa, EVI-1 or GATA-1 expression by RT-PCR.

Reverse transcriptase polymerase chain reaction (RT-PCR)

Total RNA was isolated from cells using TRIzol Reagent (GIBCO BRL, Grand Island,
NY. USA) according to manufacturers' instructions. lO^ig of total RNA was reverse
transcribed with MT-MMV reverse transcriptas and 200pmol oligo (dT) as primer at 37®
C for 45 minutes. Each PCR reaction was performed on the equivalent of 2.5|ag of
reverse transcribed RNA using Perkin-Elmer Thermal Cycler and included 25^M of each
dNTP, 200 pMoI of each oligonucleotide primer, 1.5 mM MgCh, and 2.5 unites of Taq
polymerase (Perkin-Elmer, USA).
Primers used in RT-PCR reactions were:

32

1. Human PML/RARa primer set
PML primer 5' CTGGTGCAGAGGATGAAGTG-3' ( PML cDNA bases 1074-1094).
RARa primer, 5'-CCATAGTGGTAGCCGTGAGGA-3' (RARa cDNA bases 404-424).
2. Mouse EVI-1 primer sets
5'

set primers which spans sequences of the EVI-1 gene from bp 223 to 702 containing

45 bp of 5' flanking sequence and 434 bp of coding sequence.
5' primer 5'-GTACTCGAGAGTGATTGCAGACATTGC-3',
3' primer 5'-GTCCTCGAGTTGCTAGGGTCGGTGAAAACC-3'.
3' set primers which spans sequences of the EVI-1 gene from bp 2110 to 2390.
5" primer 5'-ACTGACTGTAAGAGCTCACTGGCCTCAGGT-3'
3' Primer 5'-AGCAACGTCGAATCAAGACCTGCTTGAGAT-3'.
3. Mouse GATA-1 primer set spans sequences of mouse GATA-1 gene from bp 789 to
1190.
5" primer 5 -GGAGCCCTCTCAGCTCAGCA-3*
3" Primer 5'-CTACCACCATGAAGCCACCAG-3'
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RNase protection assay

EVI-I and GAPDH probes were labeled with Biotin-I4-CTP using MAXscript Kit (
Ambion Inc, Austin Texas, USA) and hybridization reactions were using RPA II™
Ribonuc lease Protection Assay Kit ( Ambion Inc, Austin Texas, USA) according to
manufacturer's instructions. Briefly, 20 |4,g of total RNA and Ing of labeled probe were
hybridized at 45° C overnight and RNase was added to digest unhybridized RNA at 'i'f C
for 30 minutes. Hybridization mixtures were separated on a 5% denaturing
polyacrylamide gel and transferred to a Nytran Plus membrane. Protected double-strand
RNA was detected using BrightStar™ BioDect Non-isotopic Detection Kit (Ambion Inc,
Austin Texas, USA) according manufacturer's instructions and visualized by exposing
the membrane to X-ray film.

Induction of granulocytic differentiation in NB4 cells with ATRA

EVI-l expressing NB4 clones, GATA-1 expressing NB4 clones or vector control NB4
clones were plated at the cell density of 0.3 x 10^ cells/ml in growth medium. A final
concentration of 1 uM of ATRA dissolved in DMSO was added and cells were cultured at
37''C, 5% CO2 for 5 days. For short term ATRA treatment experiments, EVI-l expressing
NB4 clones or vector only control clones were treated with 1 uM ATRA for 24 hours,
washed with 1 X PBS buffer and grown in fi^esh medium plus 10% FBS for 4 more days.
Granulocyte cell surfece markers expression was analyzed by flow cytometry daily. NBT
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dye reduction assay was assessed daily during ATRA treatment. Cellular morphology
was assessed at day 0, day 3 or day 4.

Analysis of granulocyte cell surface markers by flow cytometry

NB4 cells were washed with IXPBS Buffer + 3% FBS and resuspended at 1X10^
cells/lOOul in IXPBS buffer +3% FBS. 100^1 of the resuspended cells was used per
reaction and 20 (il of mouse anti-human CD lib, CDl Ic, CD16, CD32 or isotype control
monoclonal antibody conjugated with PE or FITC (BD Biosciences, San Jose CA USA)
was added. The mixture were incubated on ice for about an hour, followed by washing
with 1XPBS in a cell washing machine and fixed with 200ul of 2% formaldehyde fixing
buffer. The fixed cells were analyzed for antibody binding by flow cytometry.

NBT dye reduction assay

The NBT (Nitro blue tertazolium) dye reduction assay measures TPA-stimulated
NAPDH-mediated superoxidase production, a granulocyte program. EVI-1 or GATA-1
expressing NB4 cells or control NB4 cells were resuspended at 5X10^ cells in SOOjil
NBT growth medium (RPMI+20% FBS +10mM HEPES PH 7.0) and 500fj.l NBT dye
solution (0.1% NBT in IXPBS plus 0.32|iM TPA) were added. The cell and NBT dye
mixture were incubated at 37°C, 5% CO2 for 25 minutes, and lOOjal of each sample was
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used to make cytospin slides. Slides were counter-stained with 1% Safranin O in 95%
ethanol for 5 minutes and wash with water and air dry. Dark blue NBT positive cells
were detected using a light microscope.

Transient transfections

Transient transfections of COS-7 cells for assessment of EVI-1 or GATA-1 protein
production was performed using SuperFect transfection reagent according manufacturer's
instructions (Qiagen, Valencia, CA USA). Fifteen microgram of plasmid DNA and
3X10^ cells seeded in 100mm plates the day before was used for each transfection. For
co-expression experiments, lO^ig each of pcDNA3.1/mEVI-l and pcDNA3.1/mGATA-l
plasmids were used for each transfection. SuperFect and plasmid mixture in serum-free
DMEM medium were incubated at room temperature for 10 minutes to allow DNASuperFect complex formation, then 4ml of growth medium were added and mixed and
overlay to the cells and incubated for 2 hours at 37^, plus 5% CO2. After 2 hours
incubation, 12 ml of the growth medium were added and continued to culture for 48
hours. Cells were harvested in lysis buffer plus protease inhibitors for immunoprecipitation and western analysis.
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Immuno-precipitation reaction

Sixty microliter protein-A agarose beads in buffer A were added to cell lysates and lO^il
of anti-EVI-1 rabbit serum or S^il (l(ig/nl) of anti-V5 monoclonal antibody which detects
GATA-1 protein were added to the mixture and incubated at 4° C overnight with rotation.
Agarose beads were spun down and washed 3 times with SOOjil TENN buffer followed
by one wash with 1 ml RIPA buffer. For co-immunoprecipitation experiments, only wash
with TENN buffer 3 times. Forty microliter 2X SDS-PAGE gel sample buffer were added
and heated at 95° C for 5 minutes for running SDS-PAGE gel electrophoresis.

Western analysis

Cell lysates from COS-7 cells transiently transfected with mouse EVI-1 expression vector
or mouse GAT A-1 expression vector were electrophoresed on 10% SDS-PAGE gels at
1OOV for about 3 hours and electroblotted onto Nytran Plus membranes ( Schleicher
&Schuen, Keene, NH, USA) at 30V overnight at 4° C. The membranes were incubated in
a 3% fat-free milk/ TBST (Tris-buffered saline +0.1 Tween 20) blocking solution at 37°
C for 2 hours. Anti- N-terminal or C-terminal rabbit polyclonal anti-EVI-1 antibody
(kindly provided by Dr. Archibold Perkins, Yale University) were added at 1:1000
dilution in 1% milk/TBST solution or anti -viral tag protein V5 antibody conjugated with
Horse-radish peroxides (HRP) (Invitrogen, La Jolla, CA USA ) were added at 1 :
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100,000 dilution in 1% milkyTBST solution and incubated at room temperature for 1
hour. The membranes were then washed with TBST for 4-6 times and the secondary
antibody, a goat anti-rabbit antibody conjugated with horseradish peroxides (HRP), were
added at 1: 100,000 dilution in 1% milk/TBST buffer and incubated at room temperature
for 1 hour. The membranes were washed again in TBST for 4-6 times and protein bands
were visualized by treating the membranes with SuperSignal*^ BLAZE™ western bolting
detection reagent ( PIERCE, Rockford, IL, USA) and exposing them to Autoradiograph
films.

Statistics

Statistics was performed in collaboration with the Biometry Core Service of the Arizona
Cancer Center. Six two-way repeated measures analyses of variance were performed to
examine the interaction effect of groups and experiments. The outcome variables were
percent positive cells for NBT, CDl lb and CDl Ic. Since the percent positive cells were
not normally distributed, the arc-sine transformation was used.
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III. REGULATION OF THE EVI-1 GENE EXPRESSION IN
HUMAN AML CELL LINES
Introduction

The EVI-1 gene is normally expressed during mouse embryonic development and is
expressed at low levels in normal human bone marrow progenitor cells (CD34+ cells).
EVI-1 is also abnormally expressed in about 6% of AML patients and in some erythroid,
megakaryocytic leukemia cell lines, such as HEL, K562 and UCSD-AML-1. However
regulation of EVI-1 gene expression is largely unknown. Human acute promyelocytic
leukemia cell line NB4, which has a t(15;17) translocation and expresses the PML/RARa
fusion protein, does not express EVI-I gene under basal conditions. However, EVI-l
expression is induced by 9-cis and all-trans retinoic acids in differentiating NB4 cells.
Retinoic acid is the first biologically active agent to be described that regulates EVI-1
expression in human cell lines and in APL patients (Xi et al. 1997). To examine if ATRA
induction of EVI-1 expression requires new RNA synthesis, and to determine the half-life
of EVI-1 messenger RNA, RNA synthesis inhibitor, actinomycin-D, was used to treat
NB4 cells with ATRA. The effects of the inhibitor on EVI-1 mRNA expression was
assessed by RT-PCR. At the time these experiments were designed, EVI-1 expression in
normal blood cells had never been demonstrated. The original hypothesis was that
ATRA-induced EVI-1 expression in NB4 cells represented abnormal gene expression
that NB4 cells express a PML/RARa fusion protein. Therefore, to examine if the
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PML/RARa fusion protein expression was sufficient for ATRA induction of EVI-1
expression, we introduced the PML/RARa ^ion gene into U-937 cells. U-937 is a
human acute leukemia cell line which has monocyte characteristics, and does neither
harbor a t(15;17) translocation nor express PML/RARa fusion protein. After obtaining
PML/RARa stably transfected U-937 cells, EVl-1 mRNA expression in PML/RARa
expressing Lr-937 cells was evaluated by RT-PCR with or without ATRA-induction.

Results
RNA synthesis inhibitor actinomvcin-D blocked ATRA-induced EVI-1
mRNA expression in NB4 cells

To examine if ATRA-induced EVI-1 mRNA expression in NB4 cells is regulated at
transcriptional level or by mRNA stability, different doses of RNA synthesis inhibitor,
actinomycin-D, were used with IjiM of ATRA to block new RNA synthesis. Figure 1
shows both 5 and lOng/ml of actinomycin-D blocked ATRA-induced EVI-l mRNA
expression completely from day 1 to day 2, assessed by RT-PCR. Although,
actinomycin-D affected cell viability, at day 1 of the treatment, 50% cells were still
viable. But at day 2, only 20% cells were viable.

To determine the half-life of the EVT-1 messenger RNA, again actinomycin-D was used
to block new RNA synthesis after ATRA induction. NB4 cells were treated with 1 (iM of
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ATRA for 7 days and 5 or 10^g/ml actinomycin-D added to the culture. Cells were
collected at different time points to measure EVI-1 mRNA levels. Figure 2 shows the
time course of EVI-1 mRNA expression with actinomycin-D treatment. The levels EVI-1
mRNA expression decreased over time and at 4 hours, EVl-lmRNA was almost nondetectable by RT-PCR. Figure 3 shows using ImageQuant analysis, a non-linear
regression
EVI-1 mRNA decay curve was generated and the half-life of EVI-1 messenger RNA was
determined approximately 2 hours, similar to values found in other human leukemia cells.
Thus, regulation of EVI-1 mRNA synthesis and degradation are similar in ATRAinduced NB4 cells and other leukemia cell lines.
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Figure 1. The effects of RNA synthesis inhibitor, Actinomycin-D,
on ATRA-induced EVI-l mRNA expression in NB4 ceils

NB4 cells were treated with 1 fiM of ATRA or ATRA plus 5 or 10 ^g/ml of
Act-D up to 2 days. EVI-l expression was assessed by RT-PCR. HL60 and
UCSD-AML-1cells were used as negative and positive controls for EVI-l
expression.
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Figure 2. Time course of Actinomycin-D treatment on ATRAinduced EVI-l mRNA expression in NB4 cells
NB4 cells were treated with l[i.M of ATRA for 7 days and 5 or 10
[ig/ml of Actinomycin-D were added for 30 minutes to 4 hours.
Levels of EVl-1 mRNA expression was assessed by RT-PCR
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Figure 3. Non-linear regression curve of EVI-1 mRNA
decay
The levels of EVI-1 mRNA expression at different time points with act-D
treatment was quantitated by ImageQuant and EVI-1 mRNA decay curve
was generated by Prism.
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Establishment of stablv transfected U-937 cells expressing PML/RARa
fusion gene

The PML/RARa fusion gene expression is a characteristic of APL cells of acute
promyelocytic leukemia patients and NB4 human APL cell line also express PML/RARa
fusion gene. To examine if the PML/RARa fusion gene expression was sufficient for

ATRA induction of EVI-1 expression in NB4 cells, pBK/hPML-RARa plasmid was
introduced into U-937 cells by electroporation. U-937 cells do not express detectable

EVI-1 with IjiM ATRA induction, but express very low levels of EVI-1 with 10(iM of
ATRA. G418 resistant U-937 cells were assessed for human PML/RARa fusion gene
expression by RT-PCR. Figure 4 shows that three PML/RARa transfected

U-937 sublines expressed reasonable levels the PML/RARa fusion gene. These
PML/RARa expressing U-937 sublines, U-937.1, U-937.3 and U-937.4 were used to
examine EVI-1 expression with or without ATRA induction.
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Figure 4. PML/RARa mRNA expression in pBK/hPML/RARa
transfected U-937 ceils
U-937 cells were transfected with pBK/hPML/RARa plasmid and after
G418 selection, human PML/RARa expression was assessed by RTPCR. Lane 1 to 5 are U-937 sub-lines transfected with PML/RARa.
Lane 6 is U-937 parent cells
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Enforced PML/RARa fusion gene ciLDressioii in U-937 ceils is not
sufficient for U-937 cells to express EVl-1 witii ATRA induction

To assess if the PML/RARa fusion gene expression in U-937 cells is sufficient for these
cells to express EVI-I with or without ATRA induction, PML/RARa expressing U-937
sublines 1, 3 and 4 were cultuired with or without l^Mof ATRA for 5 days. EVI-1
mRNA expression was assessed by RT-PCR. Figiu*e 5 shows PML/RARa expressing U937 cells did not express EVl-1 mRNA with or without ATRA-induction.
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Figure 5. EVI-l mRNA expression in PML/RARa expressing
U-937 sublines
PML/RARa expressing U-937 sublines 1,3» 4 were treated with 1^M of
ATRA or without ATRA for 5 days and EVI-l expression was assessed by
RT-PCR. Lane l.to 4 U-937 subline 1, 3,4 and U-937 parent cells without
ATRA treatment. Lane 5 to 8 With l|aM ATRA. Lane 9.UCSD-AML-1 cells
(positive control for EVI-l expression)
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Discussion

Very little is known about the regulation of EVI-1 gene expression in embryogenesis and
hematopoiesis. ATRA is the first biological active agent to be shown that regulates EVI-1
expression in APL patients and in the NB4 human APL cell line. The requirement of new
RNA synthesis and EVI-l mRNA half-life in ATRA-induced EVI-1 expression in NB4
cells was studied here. The result shows that ATRA-induced EVI-1 messenger RNA
expression was blocked by RNA synthesis inhibitor actinomycin-D, indicating ATRAinduced EVI-1 expression is regulated at the transcriptional level, rather than by
increasing EVI-1 mRNA stability. Interestingly, EVI-1 is not an early retinoic acid
response gene, as ATRA-induced EVI-1 messenger RNA expression was only clearly
detected after 24 hour ATRA-induction by RT-PCR. (Xi et al. 1997), suggesting the
induction may be through an indirect mechanism. EVI-1 messenger RNA has a half-life
about 2.5 hour in NB4 cells, consistent with the half-life of the EVI-1 mRNA determined
in another leukemia cell line, UCSD-AML-1, by our lab. The relatively long half-life as a
transcription factor suggests that regulation of EVI-1 expression is not rapid, and
sustained EVI-1 expression may be necessary for myeloid cells to undergo terminal
granulocytic differentiation. Enforced expression of the PML/RARa fusion gene in U937 cells did not allow U-937 cells to express EVI-1 after 1 fiM of ATRA-induction,
suggesting PML/RARa fusion protein expression in NB4 cells was not sufficient for
NB4 cells to express EVI-1 after ATRA-induction. More likely, the PML/RARa fusion
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protein expression in NB4 ceils blocked normal retinoic acid signal transduction and
blocked normal granulocyte differentiation programs, causing NB4 cells differentiation
arrest at the promyelocyte stage. EVI-1 expression may be part of normal granulocyte
differentiation program and high dose ATRA treatment overcomes the dominant negative
effects of PML/RARa fusion protein, activates retinoic acid signal transduction pathway,
induces EVI-1 expression, induces NB4 cell to undergo terminal granulocyte
differentiation. Recent experiment data showed EVI-1 is expressed in mouse embryo
liver hematopoietic stem cells (Phillips et al. 2000) and in normal human bone marrow
progenitor (CD34+) cells and that expression increased with in vitro cytokine - induced
granulocytic differentiation (XI et al. 1998, Sigurdsson et al. 1996).

Conclusions

ATRA- induced EVI-1 messenger RNA expression requires new mRNA synthesis,
suggesting ATRA-induced EVI-1 mRNA expression is regulated at the transcriptional
level. The PML/RARa fusion gene expression in U-937 cells is not sufficient for ATRA
induction of EVI-1 in these cells, suggesting that ATRA-induced EVI-1 expression in
NB4 cells is not due to abnormal PML/RARa fusion gene expression. Rather, EVI1 induction in NB4 cells recapitulates a normal granulocyte differentiation program.
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IV. ENFORCED EVI-1 GENE EXPRESSION PROMOTES
ATRA-ENDUCED NB4 CELL GRANULOCYTIC
DIFFERENTIATION
Introduction

Normal functions of the EVI-1 gene remain unclear. Several lines of experimental
evidence suggest that EVI-1 may function in myeloid differentiation. First, EVI-1 is
expressed during mouse embryogenesis, the patterns of the expression suggested that
EVI-1 functions in differentiation (Perkins et al. 1991). Second, EVI-1 "knock out" mice
showed the gene flmction is required at midgestation. EVI-1 -/- mice died at embryonic
day 10.5, the major abnormalities were widespread hypocellularity and massive
hemorrhage, indicating abnormal hematopoiesis (Hoyt et al. 1997). Third, EVI-1 is
expressed at low levels in mouse embryo liver hematopoietic stem cells (Phillips et al.
2000) and in normal human bone marrow progenitor cells (CD34+ cells) and the
expression increased during cytokine-induced in vitro granulocyte differentiation (Xi et
al. 1998). Fourth, EVI-1 expression is induced in ATRA treated human APL cell line,
NB4, during granulocyte differentiation (Xi et al. 1997). The hypothesis is ATRAinduction of EVI-1 expression is a recapitulation of a normal granulocyte differentiation
program. Therefore enforced EVI-1 expression in NB4 cells may directly activate
granulocyte differentiation programs or more likely, promote NB4 cell granulocytic
differentiation after ATRA induction. To test this hypothesis, the NB4 human APL cell
line was used as a model. NB4 cells closely resemble himian promyelocytic leukemia
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cells and undergo terminal granulocytic differentiation after ATRA-induction. NB4 cells
do not express EVI-1 at basal levels. The experiments designed to address EVI-1 function
in myeloid differentiation were to express EVI-1 in sense and antisense orientation in
NB4 cells and evaluate granulocyte differentiation with or without ATRA-induction and
use short-term ATRA induction to evaluate the importance of EVI-l expression in NB4
cells granulocyte differentiation. This intervention is conceptually used to assess the
speed and completeness by which cells become "committed" to differentiation after
ATRA expKJSure.

Sense and antisense mammalian expression constructs, pBK/mEVI-1 and pBK/asmEVI1 were used to generate stably transfected NB4 cells. The murine EVI-1 cDNA has 91%
of sequence identity at nucleotide level and 94% identity at amino acids level to its
human counterpart. To test if the pBK/mEVI-1 plasmid expressed intact EVI-1 protein,
we transiently transfected COS-7 cells with this construct and assessed EVI-1 protein
expression by immuno-precipitation and followed by western analysis. The pBK/mEVI1. pBK/asmEVI-1 constructs or control vector, pBK/CMV, were introduced into NB4
cells by electroporation. Stably transfected NB4 cells were selected by neomycin
resistance. G418 resistant NB4 cells were assessed for EVI-1 mRNA expression by RTPCR and cloned by limiting dilution. Sense and antisense EVI-1 expressing NB4 cells
were evaluated for ATRA-induced granulocyte differentiation. RNase protection assay
confirmed levels of sense EVI-1 mRNA in NB4 clones. EVI-1 expressing NB4 clones
and control clones were assessed for granulocyte differentiation in continuous and short-
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term (24hr) ATRA-induction. The reasoning for using short-term ATRA treatment is that
constitutive EVT-1 expression would reduce the time required for ATRA induction of
NB4 cells terminal granulocyte differentiation.

Results
Full length mouse EVI-1 protein expression in oBK/mEVI-l transiently
transfected COS-7 cells

To test if the pBK/mEVI-l mammalian expression vector expressed intact EVI-1 protein,
COS-7 cells, an African green monkey kidney fibroblast-like cell line, were transiently
transfected with the pBK/mEVI-1 plasmid. EVI-1 protein expression was detected by
immuno-precipitation with one of the two polyclonal anti-EVI-1 antibodies, one was
raised against the N-terminus of the EVI-1 protein, the other raised against C-terminal
portion of the protein, followed by westem blotting with the anti-N-terminal EVI-1
antibody. Figure 6 shows that pBK/mEVI-1 transfected COS-7 cells expressed a full
length, 145Kd, EVI-1 protein. The pBK/CMV vector transfected control COS-7 cells did
not express EVI-1. Both N-terminal and C-terminal anti-EVI-1 antibodies recognized the
protein, indicating the protein was intact.
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Figure 6. Full-length mouse EVI-1 protein expression in
pBK/mEVI-1 transiently transfected COS-7 cells
COS-7 cells were transiently transfected with pBK/mEVI-1 plasmid and
cell lysates were first immunopreciptated with N-, or C-terminal antiEVI-1 antibody, or preimmun-serum and followed by immunobloting
with N-terminal anti-EVI-1 antibody. Lane 1. IP with N- anti-EVI-1 Ab.
2. IP with C-anti-EVI-1 Ab. 3. IP with preimmuno serum. 4. COS-7
control cell lysate
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Establishment of stablv transfectcd sense and antisense EVI-1
expressing NB4 cells

The pBK/mEVI-l, pBK/asmEVI-l constructs or pBK/CMV vector plasmids were
introduced into NB4 cells by electroporation. G418 resistant NB4 cells were assessed for
sense and antisense EVI-1 expression by RT-PCR. Figure 7 shows sense and antisense
EVI-1 mRNA expression in transfected NB4 cells. Sense and antisense EVI-1 expressing
NB4 cells and control NB4 cells were evaluated for ATRA-induced growth arrest and
granulocyte differentiation by ^ H thymidine incorporation and NBT dye reduction.
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Figure 7. Sense and antisense EVI-l mRNA expression in
stably transfected NB4 cells
Sense and antisense EVI-l expression constructs transfected NB4 cells were
selected by G418, neo-resistant NB4 cells were assessed for EVI-l
expression by RT-PCR using 5' EVI-l primer set. Lane 1. NB4 parent cells.
Lane 2. To 6 sense EVI-l transfected NB4 cells. Lane 7 to 10 antisense
EVl-1 transfected NB4 cells
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Sense EVl-1 expression promotes and antisense EVl-1
expression inhibits ATRA-induced NB4 ceil graniil<>cvte
differentiation
To determine the effects of sense and antisense EVI-1 expression on NB4 cell growth and
differentiation, sense and antisense EVT-1 expressing NB4 cells were evaluated for cell
proliferation and granulocyte differentiation with or without ATRA. Figure 8 shows
percentages of

thymidine incorporation, which measure the rate of DNA synthesis, in

sense, antisense or control NB4 cells with ATRA treatment at 72 hours using
thymidine incorporation rate without ATRA as 100%. Sense, antisense EVI-1 expressing
NB4 cells and control NB4 cells had similar DNA synthesis rate without addition of
ATRA. With ATRA induction, sense EVI-1 expressing NB4 cells had similar
incorporation rate compared to control NB4 cells. However, antisense EVI-1 expressing
NB4 cells had significantly higher

incorporation rate compared to control NB4 cells

(P<0.01, unpaired t test). The results indicated that sense EVI-1 expressing and control
NB4 cells had similar response to ATRA-induced growth arrest, in contrast, antisense
EVI-1 expressing NB4 cells were resistant to ATRA-induced growth arrest compared to
control NB4 cells. Figure 9 shows a comparison of NBT dye reduction of sense, antisense
EVI-1 expressing and control NB4 cells. Sense EVI-1 expressing NB4 cells had higher
percentage of NBT positive cells, antisense EVI-1 expressing NB4 cells had lower
percentage of NBT positive cells compared to control NB4 cells for all 5 days of ATRAinduction. These findings suggest that sense EVI-1 expression accelerated ATRA-
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induced NB4 cell granulocyte differentiation. In contrast, antisense EVI-1 expression
inhibited the differentiation.
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Figure 8. Percentages of-'H thymidine incorporation in
sense, antisense EVI-1 expressing and control NB4 cells in
response to ATRA
Sense, antisense EVI-1 expressing and NB4 control NB4 cells were treated with
I [iM of ATRA for 3 days. DNA synthesis rate was assessed by
thymidine
incorporation. Rates of thymidine incorporation in cells with ATRA treatment
presented as percentages of correspondent cells without ATRA treatment.
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Figure 9. NBT dye reduction in sense, antisense EVI-l
expressing and control NB4 cells in response to ATRA
Sense, antisense EVI-I expressing and control NB4 cells were treated
with 1 nM of ATRA for 5 days. NBT dye reduction was assessed daily
Dash line represent sense EVI-l expressing cells, solid line represent
NB4 parent cells. Long dash line represent antisense EVI-l expressing
NB4 cells.
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Establishment of sense EVl-1 expressing NB4 clones

To confirm the effects of sense and antisense EVI-1expression on ATRA-induced NB4
cell differentiation, sense and antisense EVI-1 expressing NB4 cells were cloned by
limiting dilution with G418 selection. Sense or antisense EVI-1 expression in NB4 clones
was assessed by RT-PCR. Some sense EVI-1 expressing NB4 clones were selected, but
no antisense EVI-1 expressing clone was selected. RNase protection assay was used to
determine levels of sense mouse EVI-1 expression in NB4 clones. Figure 9 shows
pBK/mEVI-1 transfeced NB4 clone 3, 5 and 10 had high levels of mouse EVI-1 mRNA
expression. Clone 11 had low levels of mouse mEVI-1 expression. Vector control clones
and NB4 parent cell clones did not express EVI-1 mRNA. GAPDH were used as a
loading control. These clones were assessed for ATRA-induced granulocyte
differentiation.
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Figure 10. Levels of mouse EVI-1 mRNA expression in
NB4 clones transfected with pBK/niEVI>l or pBK vector
assessed by RNase protection assay
20 |ig of total RNA from each NB4 clones were used for the assay. Lane
1 to 6 are pBK/mEVI-1 transfected NB4 clone 3, 5 10 11, 12 14. Lane 7
to 10 are pBK vector control clone 1,2,4,5. Lane 11 and 12 are NB4
parent cell clone 1,4.
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Enforced EVI-1 expression accelerated ATRA-induccd NB4 cell
granulocytic differentiation

To evaluate the role of EVI-1 in granulocyte differentiation, EVI-1 expressing NB4
clones and control clones were treated with luM of ATRA for 5 days. Granulocyte cell
surface markers, CDl lb and CDl Ic, which are cell surface integrins, were assessed by
flow cytometry daily. The results showed that compared to control clones, EVI-1
expressing NB4 clones expressed higher percentage of CDl lb and CDl Ic positive cells
(Figure 11, 12), indicating these cells differentiated faster and more completely than
control cells. The median intensity of florescence (MIF) of CDl Ic, an index of antigen
density, was also higher in EVI-1 expressing NB4 clones compared to control clones
(Figure 13), indicating that EVI-1 expressing NB4 clones had higher CDl Ic expression
per cell. NBT dye reduction, which assesses TPA stimulated-NADPH mediated
superoxidase production, was also assessed daily during ATRA induction. Again, EVI-1
expressing clones had more NBT positive cells and acquired this property earlier than
control clones (Figure 14). This difference was readily apparent visually on slides of
NBT-stained cells (Figure 15). Five two-way repeated measure analyses of variance were
performed. Statistics showed significantly higher CDl lb percent positive cells in EVI-1
expressing NB4 clones compared to controls at day 3 and day 4 (P=0.0001). There was
no significant difference in intensity of fluorescence of CDl lb between EVI-1 expressing
NB4 clones and control clones. For the CDl Ic percent positive cells, EVl-1 expressing
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NB4 clones were significantly higher than control clones at day 2 and 3 (P=0.0001).
There was no significant difference in intensity of fluorescence between EVI-1
expressing NB4 clones and control clones. NBT dye reduction showed a significant
difference from day 1 though day 5, EVI-1 expressing NB4 clones had a significant
higher percent NBT positive cells than control clones for all five days (P=0.0001).
Cellular morphology was also evaluated at day 0 and day 3 of ATRA treatment. Geimsa
stained cellular morphology showed that without ATRA treatment, EVI-1 expressing
NB4 clones resembled control clones. They all had similar basophilic cytoplasms, a large
nucleus and high nucleus to cytoplasm ratio. However, EVI-1 expressing NB4 clones
appeared to have more granularity. Figure 16 shows the comparison of cellular
morphology of two representative EVI-1 expressing NB4 clone and two vector control
clones without exposure to ATRA. But after 3 days of ATRA treatment, EVI-1
expressing NB4 clones displayed more differentiated cellular morphology than control
clones. Figure 17 shows the same two representative EVI-1 expressing NB4 clones, clone
5 and 10, had decreased nuclear to cytoplasmic ratio, nuclear condensation and
segregation and less basolphilic cytoplasm. In contrast, two vector control NB4 clones
had a much less differentiated cellular morphology.
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Figure 11. ATRA induction of CDllb expression in
EVI-l expressing NB4 clones and control clones
EVI-l expressing and control NB4 clones were treated with 1 ^M of
ATRA for 5 days. CDl lb expression was assessed by flow
cytometry daily using PE-conjugated anti-CD1 lb antibody. Solid
lines represent EVI-l expressing clones, dash lines represent
control clones.
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Figure 12. ATRA induction of CDllc expression in EVI-1
expressing NB4 clones and control clones
EVI-1 expressing and control NB4 clones were treated with 1^M of
ATRA for 5 days. CD I Ic expression was assessed by flow c>'temetry
daily using PE-conjugated antiCDl Ic antibody. Solid lines represent
EVI-1 expressing clones, dash lines represent control clones.
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Figure 13. ATRA induction of CDllc median intensity of
fluorescence in EVI-l expressing NB4 clones and control
clones
EVI-l expressing and control NB4 clones were treated with 1
of
ATRA for 5 days. CDI Ic median intensity of fluorescence was assessed
by flow cytemetry daily using PE-conjugated anti-CD1 Ic antibody. Solid
lines represent EVI-l expressing clones, dash lines represent control
clones.
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Figure 14. NBT dye reduction in ATRA treated EVI-1
expressing NB4 clones and control clones
EVI-1 expressing and control NB4 clones were treated with IjiM
of ATRA for 5 days. NBT dye reduction was assessed daily. Solid
lines represent EVI-1 expressing clones, dash lines represent
control clones.

Figure 15. NBT stained slides of EVl-l expressing NB4
clones and control clones at day 3 of ATRA induction

EVI-1 expressing and vector control NB4 clones were treated with
1 nM of ATRA for 3 days and NBT dye reduction was assessed.
Pane A, C Two representative EVI-1 expressing clones, clone 5 and
10, Pane B. D Two vector control clones, clone land 5
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Figure 16. Comparison of cellular morphology of EVI-1
expressing NB4 clones and control clones without ATRA
treatment
Slides of EVI-1 expressing or vector control NB4 clones were stained
with Geimsa and evaluated under light microscope. Pane A. EVI-1
expressing clone 5. Pane C. EVI-1 expressing clone lO.Pane B.
Vector clone 1. Pane D. Vector control clone 5
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Figure 17. Comparison of Cellular morphology of
EVI-1 expressing NB4 clones and vector control clones
with ATRA induction at day 3 .
Slides of EVI-1 expressing or vector control NB4 clones were
stained with Geimsa and evaluated under light microscope. Pane A,
C EVI-1 expressing NB4 clone S.and 10. Pane B, D Vector clone1
and 5.
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Short-term ATRA induction is sufficient for constitutive EVI-1
expressing NB4 clones to undergo terminal granulocytic differentiation,
but is not sufficient for control clones

To fiorther assess the importance of EVI-1 in myeloid commitment and differentiation,
EVI-1 expressing NB4 clones and control clones were treated with l^M of ATRA for 24
hours, then cells were washed with IXPBS and fresh growth medium were added and
continued to culture for 4 more days. This intervention is conceptually used to assess the
speed and completeness by which myeloid cells become "committed" to difTerentiation
after ATRA exposure. If EVI-1 plays an important role in myeloid commitment and
differentiation, short-term ATRA exposure should enable EVI-1 expressing NB4 clones
to undergo granulocytic differentiation, but would not be sufficient for control clones. A
24-hour ATRA induction was almost as effective as continuous ATRA treatment for
induction of CDl lb and CDl Ic expression in EVI-l expressing NB4 clones. In contrast,
induction in control NB4 clones only transiently up-regulated CDl lb and CDl Ic
expression at day one, then fell back to the basal levels (Figure 18,19). NBT dye
reduction followed the same trend as CDl lb and CDl Ic with EVI-1 expressing NB4
clones treated for 24 hrs of ATRA showing a higher percentage of NBT positive cells
than control clones (Figure 20). Cellular morphology also confirmed that EVI-1
expressing clones had a more differentiated morphology than control clones which
showed barely altered morphology at day 4 after 24 hour ATRA treatment (Figure 21).
These results indicate that a 24-hour ATRA induction is sufficient to induce
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differentiation of EVI-1 expressing NB4 clones, but is not sufficient for vector control
clones to undergo granulocytic dififerentiation.
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Figure 18. CDllb expression in short-term ATRA treated
EVI-1 expressing NB4 clones and control clones
EVI-l expressing NB4 clones and control clones were treated with
1 uM of ATRA for 24 h and washed with 1X PBS and continued to
culture for 4 more days. CDl lb expression was assessed daily by
flow cytometry using PE-conjugated anti-CDl lb antibody. Solid lines
represent EVI-1 expressing NB4 clones. Dash lines represent vector
control clones.
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Figure 19. CDllc expression in short-term ATRA
treated EVI-1 expressing NB4 clones and control
clones
EVI-1 expressing NB4 clones and control clones were treated with
luM of ATRA for 24 h, then washed with IXPBS and continued to
culture for 4 more days.CDl Ic expression was assessed daily by
flow cytometry using a PE-conjugated anti-CD1 Ic antibody. Solid
lines represent EVI-1 expressing NB4 clones. Dash lines represent
vector control NB4 clones.
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Figure 20. NBT dye reduction in short-term ATRA
treated EVI-l expressing NB4 clones and control
clones

E VI-1 expressing NB4 clones and control clones were treated with 1 ^M
of ATRA for 24 h and washed with IX PBS and continued to culture for
4 more days. NBT dye reduction was assessed daily. Solid lines
represent EVl-1 expressing NB4 clones, dash lines represent vector
control clones
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Figure 21. Comparison of cellular morphology of EVI-1
expressing and vector control NB4 clones with short-term
ATRA treatment at day 4.

EVI-1 expressing or vector control NB4 clones were treated with 1|iM
of ATRA for 24h and washed with IXPBS, and continued culture for 3
more days. Slides were stained with Geimsa. Pane A. EVI-1 expressing
clone 5. Pane C. EVI-1 expressing clone 10. Pane B. Vector control
clone1. Pane D. Vector control clone 5.
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Discussion

The normal functions of EVI-1 gene in embryogenesis or in hematopoiesis have not been
defined. Studies using EVl-l knock out mice showed this gene is required at
midgestation for mouse embryogenesis (Hoyt et al. 1997). Transgenic mice which
expressed EVI-1 under a hematopoietic stem cell promoter, Sca-1, showed normal
myelopoiesis in the bone marrow, but had impaired erythropoiesis and T-lymphocyte
development (Broek et al. 1999). An earlier study showed enforced EVI-1 expression in a
mouse erythroid cell line, 32DEpol, blocked EPO dependent erythroid maturation,
possibly by repressing the transcription of a subset of GATA-1 target genes ( Kreider et
al. 1993). Our results showed enforced expression of mouse EVI-1 gene accelerated NB4
cell granulocytic differentiation with ATRA induction. Interestingly, short-term ATRA
induction was sufficient for EVI-1 expressing NB4 clones to undergo terminal
granulocytic differentiation, but was not sufficient for vector control clones to do the
same, suggesting EVI-1 may play a major role in early granulocyte commitment and
differentiation. We also expressed EVI-1 in antisense orientation in NB4 cells and
evaluated ATRA-induced growth arrest and differentiation. It showed antisense EVI-1
expressing NB4 cells resistant to ATRA-induced growth arrest and granulocyte
differentiation. Unfortunately, antisense EVT-l expression was not stable and the
expression levels decreased rapidly, so we were not able to further evaluate those cells.
Our unpublished results showed that in ATRA-induced HL60 and EML cells granulocyte
differentiation, EVI-1 expression is also induced. The EML cell line is derived from
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mouse bone marrow cells by introducing a dominant negative RARa (Tais et al. 1994).
These findings suggest that EVI-1 expression is likely to be a normal granulocyte
differentiation prog:-am. EVI-1 may act as a myeloid, erythroid lineage switch gene,
promoting myeloid differentiation and blocking erythroid lineage differentiation during
hematopoietic progenitor commitment. The molecular mechanisms by which EVI-1
promotes granulocyte differentiation are not clear. Based on experimental hematopoiesis,
we speculate that EVI-1 promotes granulocyte differentiation by cooperating with other
myeloid lineage-specific transcription factors and commonly expressed transcription
factors to activate downstream granulocyte specific genes and repress GATA-1 regulated
erythroid lineage-specific genes. The molecular bases of the possible antagonism
between EVI-1 and GATA-1 might be EVI-1 interacting with GATA-1 protein directly,
sequestering GATA-1, so it is not available to activate erythroid specific genes or by
competing for DNA binding of GATA-1 regulated genes. Since the DNA binding
sequence of the first zinc finger ofEVI-land GATA-1 consensus sequence show partial
overlap, EVI-1 may activate granulocyte differentiation program by binding to myeloid
specific gene promoters which have both first zinc finger and second zinc finger binding
sequences, and repress erythroid lineage dififerentiation program by binding to GATA-1
regulated erythoid specific gene promoters which only have the GATA consensus
sequence for the first zinc finger of EVI-1 for binding. Target genes regulated by EVI-1
are unknown. Kim et al. reported identification of candidate target genes for EVI-1 (Kim
et al. 1998). Further investigation using EVI-1 -/- ES cells and conditional knock out
mice, which only inactivate EVI-1 in hematopoietic cells will further elucidate EVI-1
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functions in normal hematopoiesis. DNA microarray analysis will help to identify EVI-1
target genes.

Conclusions

Enforced EVI-1 expression alone is not sufficient to induce NB4 cell granulocyte
differentiation, but promotes ATRA-induced NB4 cell granulocyte differentiation.
Continuous EVI-1 expression appears to be necessary for ATRA-induced NB4
granulocyte differentiation. EVI-1 plays an important role in granulocyte differentiation
and / or commitment.
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V. EXPRESSION OF FUNCTIONAL DOMAIN DELETION
MUTANTS OF THE EVI-1 GENE MAY AFFECT NB4 CELL
SURVIVAL AND CLONING ABILITIES
Introduction

The EVI-1 protein has at least three functional domains. The first zinc finger domain
contains seven zinc finger motifs and binds to a consensus sequence
GA (T/C)AAGATAAGATAA. The second zinc finger domain contains three zinc finger
motifs and binds to a consensus sequence CTCATCTTC. The acidic domain followed
the second zinc finger domain at the C-terminus of the protein. To study structurefunction relationship of the EVI-1 gene and determine which functional domains are
necessary for EVI-1 to promote granulocytic differentiation, and if truncated EVI-1
protein acts as a dominant negative form of the EVI-1, we constructed three flmctional
domain deletion mutants. Construct pcDNA3/A1525mEVI-l, deleted the acidic domain.
Second zinc finger domain deletion construct pcDNA3 /A2216mEVI-lhas both acidic
domain and second zinc finger domain deleted. The first zinc finger domain only
construct, pcDNA3//A3070niEVI-l, which has only the coding sequence for the first zinc
finger domain, and deleted the rest of the EVI-1 sequences. All three deletion mutants
were constructed to co-express a viral protein tag, V5. To determine if the deletion
mutants expressed the expected size proteins and if they co-expressed V5 tag, COS-7
cells were transiently transfected with the three mutants plasmids and truncated proteins
expression were assessed by immuno-precipitation followed by western blot. After
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demonstrating the deletion mutant constructs expressed the truncated proteins, these three
deletion mutant constructs were introduced into NB4 cells by electroporation. G418
resistance NB4 cells were screened for EVI-1 messenger RNA expression by RT-PCR
and we attempted to clone these cells.

Results
Truncated EVI-1 proteins expression in transiently transfected
COS-7 cells

The three deletion mutant constructs were transiently transfected into COS-7 cells. After
48 hours, cell lysates were immuno-precipitated with N-terminal or C-terminal anti-EVI1 polyclonal antibodies or with anti-V5 monoclonal antibody, followed by western
analysis using N-terminal anti-EVI-1 antibody. The results showed that mutant EVI-1
constructs expressed the appropriated size of truncated EVI-1 proteins, co-expressed the
V5 tag. The acidic domain deletion EVI-1 protein reacted with both N- and C-terminal
anti-EVI-1 antibodies, the second zinc finger deletion and first zinc finger only EVI-1
proteins reacted with N-terminal anti-EVl-1 antibody, but not the C-terminal anti-EVI-1
antibody (Figure 22).
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Figure 22. Truncated EVI-1 proteins expression in EVI-l
deletion constructs transiently transfected COS-7 cells
COS-7 cells were transiently transfected with acidic domain deletion,
second zinc finger domain deletion or first zincf inger domain only
constructs and IP with anti-EVI-1 or anti-V5 antibody, followed by
immuno-blotting with anti-EVI-1 (N) antibody. Lane 1. Acidic domain
deletion IP with EVI-1(N) Ab. Lane 2. Acidic domain deletion IP with EVI1 (C) Ab. Lane 3. Acidic domain deletion IP with V5 Ab. Lane 4 Second
zinc finger deletion IP with EVI-1 (N) Ab.LaneS Second zinc finger
deletion IP with EVI-1 (C) Ab. Lane 6. Second zinc finger deletion IP with
V5 Ab. Lane 7 Second zinc finger deletion no IP. Lane 8. First zinc finger
only IP with EVI-1 (C) Ab. Lane 9 First zinc finger only IP with EVI-1 (N)
Ab. Lane 10 First zinc finger only IP with V5 Ab.
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EVI-1 functional domain deletion mutants cxprcssioD in NB4 cells mav
affect NB4 cell survival and cloning abilities

The acidic domain deletion, second zinc finger domain deletion and first zinc finger
domain only EVI-1 mutant constructs were introduced into NB4 cells by electroporation.
After G418 selection, neo-resistant NB4 cells were assessed for EVI-1 mRNA expression
by RT-PCR. Figure 23 shows EVI-1 expression in deletion mutants transfected NB4
cells. EVI-1 expressing NB4 cells were cloned by limiting dilution. But cloning
experiments showed acidic domain deletion mutant yielded no clones. Second zinc finger
domain deletion and first zinc finger domain only mutants were cloned, however, among
20 clones generated, none expressed EVI-1 mRNA.

Figure 23. EVI-1 mRNA expression in EVI-1 deletion mutants
transfected NB4 ceils
NB4 cells were stably transfected with three EVI-1 deletion mutant
constructs. After G418 selection, EVI-1 expression was assessed by
RT-PCR, using 5' set EVI-1 primers. Lane 1. NB4 cells +EVI-1 first
zinc finger domain only. Lane 2. NB4 cells +EVI-1 second zinc finger
domain deletion. Lane 3 and 4. NB4 cells + EVI-1 acidic domain
deletion. Lane 5. NB4 control cells
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Discussion

NB4 cells transfected with the acidic domain deletion EVI-I mutant could not be cloned
suggesting acidic domain may function in NB4 cell survival or cloning. This function
may be important during cell differentiation, since differentiation is coupled with growth
arrest, NB4 cells need to undergo a series of morphological changes and make functional
enzymes to become terminally differentiated mature cells rather than to undergo
apoptosis too early. NB4 cells transfected with second zinc finger domain deletion
mutant or first zinc finger domain only mutants were not stable. Truncated EVI-l mRNA
expression decreased rapidly with passage. Clones obtained from limiting dilution did not
express EVl-1 suggesting first zinc finger only and second zinc finger domain deletion
EVI-l expressing NB4 cells may be negatively selected.

Conclusions

Acidic domain of EVl-1 gene may have function in NB4 cell cloning and survival.
Second Zinc finger and the sequence between first and second Zinc finger may also be
important for cell survival.
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VI. ENFORCED EXPRESSION OF AN ERYTHROID
TRANSCRIPTION FACTOR, GATA-1 REPRESSED MYELOID
MARKER, Fey RECEPTOR EXPRESSION AND DELAYED ATRAINDUCED NB4 CELL GRANULOCYTIC DIFFERENTIATION
Introduction
Several lines of experimental evidence showed that erythroid and myeloid lineagespecific transcription factors antagonize each other in hematopoietic progenitor cell
commitment and differentiation. To establish a particular lineage differentiation program,
not only that lineage differentiation program needs to be activated, but genes for other
lineages must be down regulated (,Visvader et al. 1992, Kreider et al. 1993, Kulessa et
al. 1995 Zhang et al. 1999, Nerlov et al. 2000, Zhang et al. 2000). GATA-1 is an
erythroid lineage-specific transcription factor. Visvader et al. showed that enforced
expression of GATA-1 in a myeloid cell line, 416B, induced megakaryocytic
differentiation (Visvader et al. 1992 ). Kulessa et al. reported that GATA-1 expression in
transformed avian myelomonocytic lines reprogrammed all to three lineages- erythroid,
eosinophil and megakaryocyte (Kulessa et al. 1995). Kreider et al. reported that enforced
expression of EVI-1 in a mouse erythroid leukemia cell line, 32DEpol, and normal mouse
bone marrow cells blocked Epo dependent-erythroid differentiation, possibly by binding
to GATA-1 target genes (Kreider et al. 1993). To study functional antagonism of EVI-1
and GAT A-1 in erythroid/myeloid lineage commitment and differentiation, we
hypothesized that erythroid lineage-specific transcription factor, GATA-1, expression in
NB4 cells would repress ATRA-induced NB4 cells granulocytic differentiation by
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reprogramming NB4 cells towards erythroid lineage. Thus EVI-1 and GATA-1 may
antagonize each other in hematopoietic progenitor erythroid / myeloid commitment and
differentiation by directly interacting with each other or by competing for DNA binding.
To address this hypothesis GATA-1 was expressed in NB4 cells and effects of GATA-1
on myeloid markers expression were evaluated at basal level and during ATRA-induced
NB4 cells granulocytic differentiation. Finally, we examined potential protein-protein
interactions of EVI-1 and GATA-1 in COS-7 cells. EVI-1 and GAT-1 were co-expressed
in COS-7 cells, protein-protein interaction was assessed by co-immunoprecipitation
followed by western analysis to address possible molecular mechanisms by which EVI-1
and GATA-1 might antagonize each other.

Results

Mouse GATA-1 protein expression in transiently transfected COS-7
cells
To confirm that the PcDAN3.l/mGATA-l construct expressed GATA-1 protein and coexpressed a V5 tag, COS-7 cells were transiently transfected with PcDNA3.1/mGATA-l
plasmid. Anti-V5 antibody was used for western blot to visualize GATA-1. Figure 24
shows GATA-1 protein was expressed in transfected COS-7 cells at expected size and
co-expressed the V5 tag.
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Figure 24. Mouse GATA-1 protein expression in
PcDNA3.1/niGATA-l transiently transfected COS-7
cells

COS-7 cells were transiently transfected with PcDNA3.I/mGATA-l
construct or control vector. 48h after transfection, cell lysates were IPed with
anti-V5 antibody and blotted with anti-V5 antibody. Lane 1, V5 IP, lane 2.
No IP, Lane 3 Lac Z protein co-express V5( positive control) Lane 4 COS-7
cells
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Establishment of stablv transfected NB4 clones expressing mouse
GATA-1

The PcDNA3.1/mGATA-l plasmid was introduced into NB4 cells by electroporation.
G418 resistant NB4 cells were assessed for mouse GATA-1 mRNA expression by RTPCR and cloned by limiting dilution with G418 selection. Mouse GATA-1 mRNA
expression in selected NB4 clones was confirmed by RT-PCR. Figure 25 shows mouse
GATA-1 messenger RNA expression in GATA-1 transfected or vector control NB4
clones. All six GATA-l transfected NB4 clones expressed GATA-1 mRNA, but vector
control clones did not. Human P-Actin was used as RNA control. These clones were used
to assess the effects of GATA-1 expression in NB4 cells at basal level and with ATRA
induction. Mouse GATA-1 has 84% sequence identity at nucleotide level and 65%
sequence identity at amino acid level to its human counterpart. The zinc finger DNA
binding regions are highly conserved between murine and human.
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Figure 25. Mouse GATA-1 mRNA expression in
pcDNA3.1/niGATA-l transfected and vector control NB4 clones
NB4 cells were transfected with pcDNA3.1/niGATA-l or pcDNA3.1
plasmids. After G418 selection and cloning, mouse GATA-1 mRNA
expression was assessed by RT-PCR. Lane I - 6 GATA-1 transfected NB4
clone! to 6 lane 7-11 vector control clone 1 ,2 ,4 5, 6.
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Enforced GATA-1 expressioo in NB4 ceils changed NB4 cellular
morpiiologv and repressed myeloid marlter. leG Fc receptor expression

To assess the effects of GATA-1 expression in NB4 APL cells, cell size and granularity
and basal levels of myeloid marker. Fey receptor expression was assessed by flow
cytometry. Cells of the six GATA-1 expressing NB4 clones were smaller and more
uniform in size and less granular when compared to vector control clones. Figure 26
shows a comparison of cell size and granularity of two representative GATA-1
expressing NB4 clones and two vector control clones as detected by flow cytometry.
Figure 27 shows comparison of basal level Fey receptor (CD32) expression in GATA-1
expressing and vector control NB4 clones. Flow patterns of six GATA-1 expressing NB4
clones and six vector control clones were overlaid, CD32 expression was lower in
GATA-1 expressing NB4 clones compared to vector control clones. The average median
intensity of fluorescence (MIF) in GATA-1 expressing NB4 clones was 7 and the average
MIF in vector control clones was 18. These results suggest that GATA-1 expression
alone in myeloid committed NB4 cells repressed myeloid markers Fey receptor
expression and changed NB4 cellular morphology to a erythrocyte like morphology.
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Figure 26. Comparison of cell size and granularity of
GATA-1 expressing and vector control NB4 clones by flow
cytometry
GATA-1 expressing and vector control NB4 clones were analyzed for
ceil size and granularity by flow cytometry without ATRA treatment.
Pane A. C.GATA-1 expressing clone 3 and 5. Pane B, D. vector
control clone1 and 6.
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Figure 27. Comparison of Fey receptor CD32 expression
in GATA-1 expressing NB4 clones and vector control
clones

GATA-l expressing NB4 clones and vector clones were stained with
FICT-conjugated anti-CD32( Fcy receptor II) antibody or isotype control
antibody. Histograms of six GATA-1 expressing NB4 clones (A) and six
vector control clones (B) were overlaid. Black lines represent isotype
control Ab, Green lines represent CD32 Ab.
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Enfcrced GATA-1 expression delayed ATRA-l-induced NB4 cell
granulocyte differentiation
To evaluate the effects of GATA-1 expression on ATRA-induced NB4 cells granulocyte
differentiation. GATA-1 expressing NB4 clones and control clones were treated with
1 uM of ATRA for five days and CDl 1 b, GDI Ic and NBT dye reduction assessed daily.
It was observed that ATRA induction of CDl lb and CDl Ic expression was inhibited in
GATA-1 expressing NB4 clones compared to vector control clones. The marked
differences in Ig G Fc receptor expression in GATA-1 expressing and control NB4 clones
made the levels of CDl lb and CDl Ic expression difficult to assess (Data not shown).
Expression of intracellular surperoxide generation is obviously not affected by
background Ig G binding. Therefore, NBT dye reduction was assessed in GATA-1
expressing and control clones after ATRA-induction. Figure 28 shows a comparison of
NBT positive cells in GATA-1 expressing NB4 clones and control clones. GATA-1
expressing NB4 clones had lower numbers of NBT positive cells than control clones for
all five days of ATRA-induction (two experiments). Statistics showed the difference is
highly significant (P=0.0001, ANOVA). Thus, indicating GATA-1 expression delayed
this NB4 cell response to ATRA, suggesting GATA-1 repressed myeloid specific genes
responsible for suqjeroxide production. Cellular morphology also confirmed that GATAI expressing NB4 clones had less differentiated morphology than vector control clones
during ATRA treatment.

Days of ATRA Treatment

Figure 28. NBT dye reduction in GATA-1 expressing and
vector control NB4 clones with ATRA treatment
GATA-l expressing NB4 clones and control cones were treated with IjiM
of ATRA for 5 days NBT dye reduction were performed daily. Solid lines
are GATA-1 expressing NB4 clones 1 to 6. Dash lines are vector control
clones 1,2,4,5,6,7and 8.

96

EVT-1 and GATA-1 protein did not directly interact with each other in
COS-7 ceils

To investigate molecular mechanisms by which EVl-1 and GATA-1 might have opposing
effects on ATRA-induced NB4 cell granulocyte differentiation, we hypothesized that
GATA-1 protein may directly interact and sequester the EVI-1 protein, so that EVI-1 is
not available to activate the downstream genes. Alternatively, since the binding sequence
of the first zinc finger of EVI-1 gene partially overlaps with GATA-1 consensus
sequence, GATA-1 may bind to GATA motifs of the promoters of EVI-1 target genes,
and inhibit ATRA-induced endogenous EVI-1 from binding by occupying the binding
sites. To distinguish these two possibilities, EVI-1 and GATA-1 were co-expressed in
COS-7 cells by transient transfection. Anti-EVI-1 or anti-V5 antibody which identified
GATA-1 protein, was used to immuno-precipitate the proteins. Western analysis was
used to assess if these two proteins co-immuno-precipitated. Figure 29 shows EVI-1 and
GATA-1 were co-expressed in COS-7 cells, but they did not co-immuno-precipitate
under these experimental conditions. This result supports the alternative hypothesis that
EVI-I and GATA-1 may antagonize each other by binding to GATA motif, preventing
the other from binding.
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Figure 29. IP and western analysis of protein-protein
interaction of EVI-1 and GATA-1 in COS-7 cells

COS-7 cells were co-transfected with EVI-1 and GATA-1 plasmdis and cell
lysates were immuno-precipitated with anti-EVl-1 or anti-V5 (GATA-1 tag)
antibodies, followed by blotting with anti-EVl-1 or anti-V5 antibody. Lane 1
EVI-1 antibody IP, lane 2 control COS-7 cell lysate, lane 3 anti-V5 antibody
IP. lane 4 positive control for V5 antibody ( LacZ protein with v5 tag). Pane
A. V5 antibody blot, pane B. EVI-1 antibody blot
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Discussion

The results showed that GATA-1 expression altered NB4 cell rmrphology and repressed
myeloid marker Fc y receptor expressioiL GATA-1 expression also delayed ATRALnduced NB4 granulocytic differentiation. Thus, GATA-1 expression in NB4 cells had
opposing effects to those of EVl-1 on ATRA-induced differentiation. These results
suggest that EVI-1 and GATA-1 may functionally antagonize each other in
hematopoietic progenitor myeloid / erythroid lineage commitment and differentiation.
We hypothesized there are at least two possible molecular mechanisms by which EVI-1
and GATA-1 might antagonize each other in hematopoietic progenitor cells. Both EVI-1
and GATA-1 are expressed at low levels in bone marrow progenitors which is upregulated during erythroid or myeloid lineage commitment and differentiation. First,
EVI-1 protein may directly bind to GATA-i protein, sequester GATA-1 from activating
GAT A-1 regulated erythoid lineage-specific genes, therefore promoting myeloid
differentiation and repressing erythroid differentiation. Alternatively, EVI-1 and GATA-1
protein may compete for DNA binding sites. Since the DNA binding sequence of the first
zinc finger domain of EVI-1 and GATA-1 consensus sequence partially overlap, EVI-1
could bind to GATA-1 regulated genes as a repressor, preventing GATA-1 from binding
and therefore repressing erythroid differentiation. The co-immunoprecipitation result
showed EVI-1 and GATA-1 did not physically interact in COS-7 cells, supporting the
alternative hypothesis, but it did not exclude the p)ossibility that EVI-1 and GATA-1 may
interact through a third protein in hematopoietic progenitors.
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Conclusions

Enforced GATA-1 expression alone changed NB4 cell morphology and repressed
myeloid marker. Fey receptor expression, suggesting that GATA-1 expression
reprogrammed myeloid committed NB4 cells away from myeloid lineage. GATA-1
expression also delayed ATRA-induced NB4 cell granulocyte differentiation. EVI-l and
GATA-1 expression in NB4 cells had opposing effects on ATRA-induced granulocyte
differentiation. EVI-1 and GATA-1 proteins did not physically interact in COS-7 cells,
supporting the contention that EVI-1 and GATA-1 antagonize each other by competitive
DNA binding.
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VII. CONCLUDING DISCUSSION

The dynamics of hematopoiesis are well known, but molecular mechanisms controlling
hematopoietic stem cell lineage commitment and differentiation are not well understood.
In recent years, intensive investigation made considerable progress in identifying and
characterizing of genes involved in hematopoietic stem cell lineage determination and
differentiation. Many lineage-specific transcription factors have been identified. Some
were detected through the directed search for DNA-binding proteins that mediate cellspecific gene transcription, such as erythroid transcription factor GATA-1 and myeloid
transcription factor PU.l (Muller et al., 1988; Klemsz et al. 1990). Others were found
through chromosomal rearrangements in leukemia patients that deregulated expression of
the affected gene or generated chimeric proteins, such as AML-l/ETO (Rabbits et al.
1994 ), AML-l/EVI-1 ( Nucifora et al 1995 ). Hematopoietic stem cells lineage
commitment and differentiation are regulated by lineage-specific expression of these
transcription factors. Lineage-specific transcription factors are expressed in
hematopoietic stem cells at low levels. Multiple lineage-specific transcription factors
cooperate to stabilize a particular lineage differentiation program and repress other
lineage differentiation programs. EVI-1 and GATA-1 belong to zinc finger transcription
factor family. Many genes in this family regulate development and differentiation. Zinc
finger genes, including EVI-1, are also frequent participants in chromosome
translocations in human leukemias. These translocations result in functional inactivation
of transcription factors involved in the translocation or create abnormal fusion genes, thus
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contributing to leukemogenesis (Willman, 1999). Normal fiinctions of EVI-1 are not
known, whereas GATA-1 is an established erythroid lineage-specific transcription factor.
Both EVT-1 and GATA-1 are expressed in normal human bone marrow progenitors cells
at low levels (CD34+ cells) (Xi et al. 1998, Cheng et al. 1996). Experiments with EVI-1
knock out mice indicate that the EVI-1 gene is required at mid-gestation for
embryogenesis (Hoyt et aL 1997). In vitro reporter gene studies showed EVI-1 acted as a
transcriptional activator or a repressor in different experimental settings [Morishitaet al.
1995, Tanaka et al 1994). Morishta et al. reported that forced expression of the EVI-1
gene in a mouse myeloid cell line, 32Dcl3 blocked granulocyte colony-stimulating factor
(G-CSF)-induced granulocytic differentiation (Morishita et al. 1992 ). However, KhannaGupta et al. showed that after retrovirus insertion, activated EVI-1 expression did not
prevent G-CSF-induced granulocytic differentiation in 32Dcl3 cells (Khanna-Gupta et al.
1996 ). EVI-1 expression is induced in NB4 cells during granulocyte differentiation with
ATRA treatment (Xi et al. 1997 ). EVI-1 transgenic mice showed normal bone marrow

myelopoiesis, but had serverly impaired erythropoiesis (Broek et al. 1999). We
hyjjothesize that EVI-1 functions in hematopoiesis to promote myeloid lineage
commitment and differentiation and repress GATA-1 regulated genes to block erythroid
lineage commitment and differentiation. It has been proposed that EVI-1 binds to
promoters that contain both zinc finger domain 1 and 2 binding sequences
GACAAGATAAGATAA Ni.28 CTCATCTTC and activates transcription. In contrast,

EVI-1 binds to promoters containing only GATA motifs and represses transcription of
these genes (Morishta et al. 1994). The results of this study demonstrate that enforced
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EVI-1 expression accelerated ATRA-induced granulocyte differentiation in NB4 cells.
Antisense EVI-1 was also expressed in NB4 cells and that antisense EVI-1 expression
inhibited ATRA-induced NB4 cells granulocyte differentiation. Antisense EVI-1
expressing NB4 cells also resistance to ATRA-induced growth arrest Antisense EVI-1
expression in NB4 ceils may have negative effects on cell proliferation, as antisense EVI1 expressing NB4 clone was not able to be selected to confirm the blocking effects.
Nevertheless, it suggests EVI-1 may be required for NB4 cells granulocyte
differentiation. Furthermore, short-term ATRA treatment was sufficient to induce
terminal granulocyte differentiation in EVI-1 expressing clones, but was not sufficient to
induce differentiation of control clones. This observation suggests that continuous EVI-1
expression may be necessary for granulocyte differentiation. EVI-1 target genes have not
yet been identified (Kim et al. 1998) and molecular mechanisms by which EVI-1
promotes myeloid differentiation require further elucidation. The pathogenic role of EVI1 in human leukemias is also not clear. Recently, Cuenco et al reported that expressing
the fusion gene AML-l/MDS-1/ EVI-1 in mouse bone marrow cells induced acute
myeloid leukemia (Cuenco et al. 2000 ) supporting that chromosomal alterations involved
in 3q26 may resulting in inactivation or form dominant negative fusion gene of EVI-1,
contributing to pathogenesis of AML. EVI-1 has alternatively spliced forms, such as fulllength protein (145kd), short-form protein (88kd) and MDS-l/EVI-1. It has been reported
that MDS-1/EVI-1 and EVI-1 may have fiinctional differences and could have different
effects on normal myelopoiesis (Fears, Mathieu et al. 1996; Sitailo, Sood et al. 1999).
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Several lines of experimental evidence suggest erythroid and myeloid lineagespecific transcription factors antagonize each other in hematopoietic progenitor
lineage commitment and differentiation. To establish a particular lineage
differentiation program, not only one lineage differentiation programs need to be
activated, but genes for other lineages must be down regulated (Kreider, Orkin et
al. 1993) (Zhang, Behre et al. 1999). Kreider et al. showed enforced EVI1 expression in mouse bone marrow cells and mouse erythroid leukemia ceil line
32DEpol blocked Erythropoietin (Epo) dependent erythroid differentiation and
EVl-1 expression also blocked GATA-1 mediated transcriptional activation in a
reporter gene system (Kreider et al. 1993). Zhang et al. showed GATA-1 inhibited
the ability of another myeloid transcription factor, PU.l, to transactivate myeloid
target promoters. GATA-1 and PU.l were shown to physically interact in vitro and
in vivo (Zhang et al. 1999, Nerlov et al. 2000). We expressed GATA-1 in NB4
cells and found GATA-1 expression repressed the myeloid marker, IgG Fc
receptor expression and delayed ATRA-induced NB4 cell granulocyte
differentiation. These opposing effects of EVI-1 and GATA-1 suggested that EVI1 and GATA-1 might antagonize each other in erythroid / myeloid commitment
and differentiation by a similar mechanism. However, GATA-1 and EVI-1 did not
physically interact with each other in COS-7 cells that co-expressed both proteins
by transient transfection. This result suggests that EVI-1 and GATA-1 may
antagonize each other by competing for DNA binding.

Interestingly, GATA-1 expression alone changed NB4 cell cellular morphology
and repressed myeloid marker Fc y receptor expression. Recently, Akashi et al.
reported that 90% of FcyR'""' CD34- progenitor cells only generated erythrocyte /
megakarocyte colonies, whereas 90% of FcyR'"*'' CD34+ progenitor ceils only
generated granulocyte/ macrophage colonies (Akashi, Traver et al. 2000). This
suggests that Ig G Fc receptor expression may reflect erythroid /myeloid lineage
commitment and differentiation. Thus GATA-1 expression may reprogram
myeloid committed NB4 cells towards erythroid lineage. The negative- cross talks
between different lineage transcription factors might be one of the mechanisms
that determine hematopoietic stem cell lineage commitment and differentiation.
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VUI. CONCLUDING STATEMENTS

The findings in this study demonstrate that enforced EVl-1 expression accelerates
ATRA-induced NB4 cell granulocyte differentiation, suggesting that EVI-1 plays a role
in myeloid commitment and differentiation. This may occur by binding to target genes,
co-operate with other myeloid specific and commonly expressed transcription factors to
activate myeloid differentiation program and by binding to GATA-1 regulated genes and
repressing erythroid differentiation programs. In contrast, enforced expression of the
erythroid transcription factor, GATA-1, repressed myeloid marker Fey receptor
expression and delayed ATRA-induced NB4 cell granulocytic differentiation. EVI-1 and
GATA-1 expression had opposing effects on ATRA-induced NB4 cell granulocyte
differentiation. Thus, EVI-1 and GATA-1 functionally antagonize each other in myeloid
commitment and differentiation, possibly by competing for DNA binding.
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