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ABSTRACT

INTERFERENCE OF MOUSE GATA-1 FUNCTION BY THE
GLUCOCORTICOID RECEPTOR AT THE LEVEL OF THE BETA-GLOBIN
GENE AND INFLUENCE OF GATA-1 ON FRIEND LEUKEMIA VIRUS
(FLV) GENOME EXPRESSION: RELATIONSHIPS TO THE INHIBITION
OF MEL CELL DIFFERENTIATION BY GLUCOCORTICOID AND TO
FLV ERYTHROTROPISM.

by

Tai-Jay Chang

Adviser: Dr. William Scher

Treatment of Friend leukemia virus (FLV)-infected mouse erythroleukemia (MEL)
cells with hexamethylene bisacetamide (HMBA) induces a program of
erythrodifferentiation as judged by an increase in the synthesis of globins and other
erythroid-specific products. This induction can be inhibited by glucocorticoids, e.g.,
dexamethasone (DEX). All globin and other erythroid-specific genes tested contain
GATA-response elements (GATA-RE) and can be transactivated by GATA-1, a major
erythroid transcription factor. GATA-1 is highly expressed in erythroid cells, including
MEL cells. A glucocorticoid receptor (GR) response element motif was noted near a
GATA-RE motif in the promoter region of the mouse o1-globin, 8-major and B-minor
globin genes and in the FLV long terminal repeat (LTR) and, therefore, the possibility that
the DEX-inhibition of induced MEL cell differentiation may involve effects of the GR on
GATA-1 activity was investigated. Evidence obtained from transfection assays and DNA
electrophoretic mobility shift assays indicates that the GR binds GATA-1 and interferes
with its function prior to any interaction with DNA, and that the presence of a GRE near a
GATA-RE augments the GR effect. The N-terminal 106-amino acid-domain of the GR
was found to be essential for the effect possibly by binding to GATA-1. Since GATA-1 is
autoregulatory, i.e., it has been shown by others to bind to its own promoter and
upregulate its own transcription, the finding that activated GR can interfere with GATA-1
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function may provide an explanation for the inhibition by glucocorticoids of the entire
program of erythroid differentiation in MEL cells. That is, by interfering with GATA-1
function, the GR can not only inhibit the expression of erythroid structural genes, but also
the expression of a regulatory gene, GATA-1 itself. In addition, it was shown that a
GATA-RE in each of the 3-globin promoters and in the FLV LTR responds to mouse
GATA-1 in a functional transfection assay. FLV can infect many, if not all, cell types, but
causes pathogenic effects primarily in cells of the erythroid lineage, and therefore is
considered erythrotropic. The LTR response to GATA-1 appears to at least partially
explain the mechanism of the erythrotropism of FLV.
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Introduction

The investigational goals of this thesis were to understand the mechanism(s) of the
inhibition of induced MEL cell differentiation and retroviral reverse transcriptase activity
due to glucocorticoids. The plan was to determine if molecular interactions affected
response element function in erythroid genes, and if so, if these interactions occurred
between transcription factors. The transcription factors studied were a major erythroid
factor, GATA-1, and a member of the nuclear superfamily of ligand-binding transcription
factors, the glucocorticoid receptor (GR). The possibility of such interactions stems from
studies that demonstrated inhibition by glucocorticoids of induced erythroid differentiation
and reverse transcriptase activity in mouse erythroleukemia (MEL) cells (1-3). Of these
glucocorticoids, dexamethasone (DEX), has generally been used in subsequent studies (4).
Studies of gene regulation at the present time generally involve aspects of transcription
factors (TFs) such as their level, location (nucleus), activity (functional form(s)), and
response elements (REs) (5), higher orders of DNA structure (6, 7), and/or altered primary
structure of DNA, e.g., methylated cytosine (8-11).

In considering the inhibitory effect of DEX on MEL cell differentiation and
inspecting mouse globin promoters and the Friend leukemia virus (FLV) long terminal
repeat (LTR), a putative glucocorticoid response element (GRE) consensus sequence with a
;'perfectly conserved" primary hexamer was noted to be present only 7 bases from a GATA
response element (GATA-RE) known to bind GATA-1 centered about 207 bases 5' of the
B-major (8-maj) globin cap-site, another putative GRE was noted to actually overlap a
putative GATA-RE which is centered about 204 bases 5' of the 8-minor (B-min) globin
cap-site, and a putative GRE was noted to overlap a putative GATA-RE at approximately
180 bases S' of the cap-site of FLV LTR (Fig. 1) (4). Therefore, it was thought that DEX-
activated GR might interfere with GATA-1 stimulation of mouse B-globin and FLV
transcription and that this inhibition might be important in the DEX-mediated inhibition of
MEL cell differentiation and MEL cell retroviral activity.

Transcriptional control of hematopoietic cell differentiation: All mature
hematopoietic cells, including erythrocytes, megakaryocytes, granulocytes, monocytes,
and lymphocytes, are derived from pluripotent stem cells located in the bone marrow of the
adult mammal (12). As these stem cells proliferate, they become committed to individual
hematopoietic lineages. Lineage-specific transcription factors should play a key role in
determining the developmental fate of precursor cells (13). The recent characterization of



cis-acting DNA elements in lineage-specific genes has allowed the subsequent isolation of
transcription factors that bind to these regulatory sites. To understand how red blood cell
differentiation is programmed, erythroid transcription factors have been identified on the
premise that either these proteins or their regulators specify the fate of erythroid progenitor
cell. One erythroid transcriptional factor, GATA-1, (14) is discussed below.

Globins: Mouse globins are expressed from two loci: one on chromosome 11
contains the sequences of three a.—type globins, 5'-embryonic {, adult oy, adult o-3', and
another on chromosome 7 that in the mice with the Hbbd haplotype, studied here, contains
the sequences of 4 coding and 3 pseudo B-type globins: 5'-embryonic Y, pseudo bhO,
embryonic Z, pseudo bh2, pseudo bh3, adult 8-maj and adult/fetal-like B-min-3'. "The
globin gene families have long served as paradigms for the study of developmental
regulation of gene expression” (5). Interest in the regulation of these genes has been fueled
by many factors including their tissue-specific (erythroid) and exceedingly high level of
expression, their inducibility in in vitro-cultured cell lines, the availability of naturally
occurring mutants specifying altered globin gene regulation such as those for the hereditary
persistence of fetal hemoglobin (Hb) (15), and the desire to devise treatment for 8-
hemoglobinopathies: sickle cell anemia and B-thalassemias (14, 16, 17). One therapeutic
goal being sought for 8-hemoglobinopathies is the up-regulation of normal fetal 8-globin
since it is known that subjects that display both hereditary persistence of fetal Hb and 8-
thaleassemia have ameliorated symptoms compared to those that occur with the thalassemia
alone. Several conditions have been found to increase the level of fetal Hb in relation to
adult Hb in in vivo and/or primate tissue culture systems: erythropoietic stress due to
hypoxia/anemia which, if acute, increases the levels of erythropoietin, a physiological
erythropoietic agent, and treatment with several agents (5-azacytidine, 5,6-dihydro 5-
azacytidine, arabinosylcyctosine, and hydroxyurea which interfere with DNA synthesis,
vinblastine, a mitosis inhibitor, and butyrate and butyrate analogs) (17-19). Although mice
have no exact counterpart of primate fetal globin (only embryonic and adult B-type
globins), the adult mouse B-min globin has some fetal characteristics (20) and its synthesis
can be up-regulated in comparsion to that of the primary adult mouse B-globin, 8-maj
globin. Treatments that were shown to increase the production of erythroid cells, such as
erythropoietin adminstration to sheep (21) or the induction of (erythropoietic stress) anemia
in mice (22) were associated with elevated levels of fetal or fetal-like B-globins.
Erythropoietic stress induced mouse 3-min globin is not due to a decrease in the
degradation of the adult B-globin or its mRNA and therefore is controlled at a



pretranslational level since an increase in the synthesis as well as the level of 3-min
compared to that 3-maj globin was observed (22).

Induced MEL cell differentiation: MEL cells have been used as a model
system for studying differentiation in general, erythroid differentiation in particular, the
regulation of differentiation (erythroid)-specific gene expression, the relationship of cell
differentiation to maligancy, and the effects of a retrovirus on differentiation and
malignancy (23-25). MEL cells were derived from tumors that were initiated with
injections of spleen cell suspensions prepared from FLV-infected mice at a "late” time after
infection. At this time these cells are "transformed” and can grow as long-term lines and
can induce solid tumors when "reinjected” subcutaneously into syngeneic mice (26, 27).
They were the first cell lines developed for the study of globin gene expression. Over 300
agents have been shown to induced MEL cells to undergo erythrodifferentiation (including
production of .-, B-maj and 8-min globins and "complete” Hbs) and several, although not
all, of these agents induce commitment to terminal cell division with loss of maligant
potential (28). The inverse relationship between differentiation induction and loss of
malignant potential in these cells appears to be the first experimental evidence for all of
subsequent the studies aimed at the development of "differentiation chemotherapy” (23).
The inducers can be placed in groups depending upon 1) the relative levels of B-maj and 8-
min globins they induce which appear to reflect primarily the levels of induction of the B-
}naj and B-min globin mRNA expression (29-31), 2) their sensitivity to glucocorticoid
inhibition of their differentiation inducing activity, 3) their ability to induce commitment to
terminal cell division (32), and 4) their ability to induce differentiation in certain
differentiation-resistant variant MEL cell lines (33, 34). For example, the most studied of
these compounds, dimethyl sulfoxide (DMSO), hexamethylene bisacetamide (HMBA),
butyrate, and hemin, can each be placed in a different group due to the following four
findings. 1) Approximately 70% of the B-globin induced by DMSO and HMBA consists
of B-maj, butyrate generally induces 51% B-maj (and in one cell line, embryonic 8-like
globin) (35), and hemin induces only about 20% B-maj (36). 2) Induction due to DMSO,
HMBA, or hemin is inhibited by glucocorticoids while that due to butyrate is not (24, 37).
3) Whereas DMSO, HMBA, and butyrate all can commit MEL cell to terminal cell division,
hemin cannot (37). 4) Lastly, a variant line, DR-10, was developed that is highly induced
in response to HMBA, but not to DMSO (33).

Inhibition of MEL cell induced differentiation: In addition to studies of
MEL cells with different inducing agents, there have been many studies of agents that



inhibit induction of MEL cell differentiation (24, 38). Of these, glucocorticoids
(particularly DEX) have been among the most studied. As indicated above, DEX
substantially inhibits induction due to DMSO and HMBA, but only modestly that due to
hemin, and doesn't inhibit induction by butyrate or its analogs (24, 37). Many of the
effects that steroids cause are due to effects on transcription (39) following interactions
with steroid-binding receptor TFs (40). The effect of DEX on MEL cell
erythrodifferentiation is thought to be due, at least partially, to transcriptional effects (41).
DEX binds to a TF (glucocorticoid receptor, GR) which then acts at specific GREs to
regulate transcription as discussed below. Further, the effect of DEX on induction was
then hypothesized to be due to interactions of erythroid-acting TFs and activated GR.

Response elements in globin genes: Work in several laboratories, suggests
that the basis for the various effects of the inducers could lie, at least partially, in '
differences in their abilities to influence different REs in erythroid-specific genes, e.g., (42,
43) as well as in other genes (44, 45). Since the activities of these REs are generally
thought to be due to interaction with TFs, the inducers may affect the level and/or activity
of TFs. Several sequence motifs near one or more globin genes have been found to be
required for TF binding and/or transcritional regulation (5, 14, 17, 46). These TF binding
sites (REs) include TATA, CCAAT, CACCC (an Sp-1-like binding site), GATA, and
AAGCCAGTG sequences, an NF-E2/AP-1-like (TGACTCA) binding site, another Sp-1
like binding site (poly-G sequence of 16 G's), a 10 base directly repeated sequence
(BDRE), and an octamer binding site, ATTTGCAT. The mouse 3-maj globin gene
contains several of these sequences in its promoter region: TATA, BDRE, CCAAT,
CACCC, GATA, AAGCCAGTG. All of these may function in 3-maj transcription, but no
such sites have been characterized, as yet, in the B-min globin gene. In addition, several of
these motifs are also present, bind TFs, and function in globin transcription in at least four
other globin gene regions: 1) the locus control region (LCR), 2) a coding sequence, 3) an
intervening sequence, and 4) the 3'-enhancer region. Four of these motifs (BDRE,
AAGCCAGTG, octamer, and NF-E2) in a chick, human, or mouse globin gene have been
shown to respond to one or more of the inducers discussed above (35, 42, 47-50). These
inducer-responsive motifs have so far been found in the promoter or just 5' to it and in the
LCR. Although there are overlapping specificities in the "inducer-specific"-responsive
REs, the REs regulating the B-globin complex can tentatively be classified in regard to their
inducer-responsiveness into five groups: 1) erythroid/megakarocyte/mast-specific such as
GATA, 2) adult erythroid stage-specific such as the AAGCCAGT consensus sequence
which responds to DMSO to stimulate adult 8-globin transcription (46, 51, 52) and the



BDRE which also responds to DMSO (53) as well as HMBA (54), 3) fetal or fetal-like
erythroid stage-specific REs such as the NF-E2/AP-1 site which responds to hemin, 4)
embryonic erythroid stage-specific REs which respond to butyrate (42), and 5) REs such
as TATA, CCAAT, and CACCC which respond to ubiquitous factors and are not
erythroid-specific.

GATA-1: Of these motifs, the GATA-RE has been found to be active in all
globin genes tested (including mouse a1- and 3-maj globin genes) and at least 8 other
erythroid-specific, but non-globin, genes (55). The GATA-RE responds to the
erythrocyte/megakaryocyte/mast cell-specific TF, GATA-1 (56), is essential for normal
erythroid development (57), and is present at high levels in erythroid (including MEL)
cells. The regulation of GATA-1 levels appears to be important in its function since its
mRNA level is increased during mouse development (58) and somewhat during MEL cell
differentiation (59).

The zinc-finger protein GATA-1 is an example of a lineage-specific transcription
factor (14). GATA-1 binds to the GATA consensus sequence
(A/G)(T/AYGATA(A/G)(G/T) in regulatory regions of the a— and 8-globin gene loci (5,

60, 61) and of other red cell genes (62-64). GATA-1 is first expressed at low levels in
multipotential hematopoietic progenitor cells, up-regulated during erythroid maturation (55,
65, 66), and down-regulated during myeloid differentiation (66). The expression of
GATA-1 is subsequently restricted to three different hematopoietic lineages: erythrocyte,
megakaryocyte, and mast cell (5, 59, 67, 68). GATA binding sites are cis-acting and play
an important role in the transcription of globin and non-globin genes in red cells.
Mutagenesis of GATA sites in these genes results in lower levels of their transcription.
Mutation of GATA motifs in the promoters of genes expressed in megakaryocytes and mast
cells yields the same results indicating that GATA sites also are important for transcriptional
activity in these lineages as well (56, 68). GATA-binding sites are also present in the
active domain of globin locus control regions, i.e., DNase I-hypersensitive segments
required for activation of the entire chromatin domain and for high-level, position-
independent expression of a—globin (43, 69, 70) and B-globin (71-73) genes.

GATA transcription factors: GATA-1 is a member of a multigene family (73).
Four distinct members of this family have been described in vertebrates thus far: GATA-1,
GATA-2, GATA-3, and GATA-4 (56, 74-76). Members of the GATA-binding protein
family are related by virtue of a highly conserved protein domain that is necessary and



sufficient for DNA-recognition (67). These proteins are related by homologous zinc-finger
domains with the configuration Cys-X3-Cys-X17-Cys-X2-Cys. Members of the GATA-
binding protein family differ in their tissue distribution. Whereas GATA-1 mRNA has
been found only in the three hematopoietic lineages mentioned previously, GATA-2 is
expressed in large number of different cell types, including endothelial cells (56, 75).
GATA-3 is also found in a variety of cells, including T lymphocytes, and serves as a
transcription factor for several genes expressed only in T cells, such as the subunits of T
cell antigen receptors (77). GATA-4 is expressed in heart, intestinal epithelium, primitive
endoderm, and gonads (76).

GATA-2 and GATA-3 are expressed in addition to GATA-1 in erythroid cells at
specific developmental stages (74). All four family members bind in vitro to the same
consensus sequence with high affinity and stimulate transcription from reporter constructs
in heterologous cells (74, 78). Transcription factors are modular proteins (79). In general,
DNA-binding domain(s) are separate from regions that mediate interactions with other
proteins. Among the GATA-proteins, GATA-1 and GATA-4 are potent transcriptional
activators, whereas GATA-2 and GATA-3 are more modest (55). In mouse GATA-1,
qualitatively different domains have been been identified by fusion of N- and C- terminal
regions to a heterologous DNA-binding domain (67). The N-terminal domain confers
transcriptional activation in this assay, whereas the C-terminal portion does not. Existing
evidence indicates that GATA-1 plays an important role in regulation of the erythropoietin
(Epo) receptor (EpoR) promoter; however, it cannot be the sole factor responsible for its
expression (80, 81). Nonetheless, involement of GATA-1 in EpoR expression is required
for viability and subsequent development of erythroid progenitors. GATA-1 is
autoregulatory (82). It binds to a double GATA mootif in its own promoter and upregulates
its own transcription.

Steroid hormone receptors: Steroid hormones exert many effects on their
target cells including effects on cell growth, differentiation and the level of specific
proteins. Steroid hormones exert these actions after binding to specific receptors which are
localized primarily within the nucleus. All of these receptors have the same general
structure as well as a high degree of homology in their hormone-binding and DNA-binding
regions. The glucocorticoid receptor (GR), 94 KDa, like other members of the steroid
receptor family (83, 84), consists of three structural domains, the N-terminal domain, the
central DNA-binding domain, and the C-terminal hormone-binding domain. The N-
terminal 50 KDa of the receptor is essential for full transcriptional activity. The DNA-



binding domian, comprising approximately 75 amino acids, contains two zinc fingers that
confer DNA binding specificity on the receptor. It also contains a basic region which is
involved in nuclear localization and possibly in interactions with DNA (85). The hormone-
binding domain of approximately 30 KDa, upon binding hormone, promotes nuclear
localization, DNA binding, and transcriptional activation. In the absence of hormone, this
domain is involved in suppressing receptor activity since mutants lacking this domain are
constitutively active. This suppression may be due to interaction with masking proteins
such as Hsp90, which forms a complex with the receptor only in the absence of hormone.

The N-terminal domain of the GR is required for full transcriptional activity (86-88)
and, since it is not reqired for hormone binding (89), receptor activation (90), dimerization
(91) or DNA recognition (92), it has been termed a modulatory domain. Among steroid
receptors, the N-terminal domain is the most variable in size and amino acid composition
(83), and so it is thought that this domain may be responsible for the receptor's ability to
interact with a specific subset of transcription factors and lead to different activities. The
N-terminal domain of the GR contains at least one sequence that acts as a transcriptional
activator. Since a highly acidic region located between amino acids 196 and 293 of the
mGR has been shown to be required for near normal receptor activity (86) and since acidic
regions can act as transcriptional activators (93, 94), it is tempting to suggest that this acidic
region in the GR plays a role in transcriptional activation. However, removal of the acidic
fegion increases nonspecific DNA-binding properties of the receptor with the result that the
difference between specific and non-specific DNA binding in vitro is reduced (95). It has
been suggested that the increased non-specific DNA-binding properties of N-terminally
truncated receptors is due to their increased positive charge (86). Eriksson and Wrange (91)
have presented evidence that loss of the N-terminal domain of the GR results in altered
protein-protein contacts in GR dimers and in altered protein-DNA interactions.

The DNA-binding domain contains two fingers formed by the tetrahedral co-
ordination of two zinc atoms by four pairs of cysteines (92). a~Helices are located
immediately adjacent to the distal side of each finger (Seras7-Glugs7, and Prosg1-Glya92),
and are orientated perpendicular to each other. There is a type 1 and a type 2 turn near the
beginning of the second finger (Args67-Cys470, and Leugg3-Glysges). In addition there is a
small region of an antiparallel 8-sheet involving amino acids Cys42g and Leu 429 and
Leuyg3-Glyage, in the first finger. Hird (96) has developed a model of GR binding to DNA
in which one GR binds to each half of the GRE palindrome. The so-called recognition o—

helix of each receptor binds in the major groove and interacts directly with GRE-specific



bases. The two halves of the receptor dimer interact directly in the region of the first pair of
cysteines of the second finger. Some of the amino acids in the first zinc finger of the GR
are involved in determiningthe specificity of DNA binding (97). The amino acids of the
second finger that appear important for protein-protein interaction face away from the DNA
so that they could conceivably interact with non-DNA components of the transcriptional
machinery. Adjacent to the second zinc finger is a region enriched in basic amino acids. A
basic region is present in all steroid receptors at approximately the equivalent position
although the actual sequence is not conserved. It has been suggested that this region is
important for nuclear localiztion of the GR since its attachment to other proteins confers
nuclear localiztion (85).

The C-terminal domain of the GR encompasses approximately 262 amino acids and
is required to form the hormone-binding site. This domain also contains the binding site
for Hsp90 and possibly for other receptor-associated proteins. As noted above, receptor
lacking the C-terminal hormone-binding domain constitutively activates transcription,
suggesting that in the intact receptor this domain represses activity in the absence of
hormone. This repression is possibly due to the interaction with Hsp90 since it is relieved
by hormone binding. In addition, the hormone-binding domain also contains a hormone-
dependent transactivation domain (98) and a nuclear localization sequence noted above
(85), both of which are activated upon hormone binding.

Erythrotropic viruses: Viruses frequently promote pathological effects
primarily in a single, or a limited number of, cell type(s). The tissue-specificity of a virus
may depend upon its ability to enter cells, for example via a specific receptor that is only
present on a particular cell type(s), to the ability of the virus to replicate in a particular cell,
or to a combination of these mechanisms. Only a few viruses are known to be tropic for
the erythroid lineage, e.g., parvovirus B19 (99-101) and certain retroviruses: avian
erythroblastosis virus (15), feline leukemia virus subgroup C (102) and the mouse Friend
(103) and Rauscher (104) leukemia viruses.

Friend leukemia virus: FLV can enter several cell types (103, 105-107)
apparenﬂy due to an evidentally ubiquitous plasma membrane receptor (108). However,
the known pathologic effects induced by FLV appear to be essentially limited to erythroid
and, to a lesser extent, megakarocytoid tissue, i.¢. erythroleukemia and thrombocytopenia
can be induced (103) and cells transformed by FLV infection exhibit erythroid features
(109) and a megakaryocytoid feature (110). Two domains of the FLV genome are required



for the virus' pathological effects: the regions coding for the env gene and for the LTR
(111-113). Recently the mechanism for the erythrotropism of the env gene has been
elucidated by the demonstration that the product of this gene, gpS5, can mimic the growth-
promoting effects of Epo by binding to and activating the EpoR (114). The general
mechanism of the LTR has also been explained, but not its relationship to the
erythrotropism of the virus. That is, the LTR contributes to FLV pathogenicity following
integration of the viral genome near a gene of the ets family providing a DNA enhancer
element(s) that is capable of up-regulating the transcription of that gene. For a recent
discussion of this mechanism see (115). Although a specific region of the LTR has been
shown to contain an element that appears to be responsible for this up-regulation (116),
neither the specific element(s), nor the transcription factor(s) that binds to this element are
known. In considering which characteristics FLV target (erythroid and megakaryocytoid)
cells have in common that might account for the virus' dualtropism and involve the LTR,
the transcription factors GATA-1 and SCL appeared to be possible candidates (55, 61, 68,
117) since both appear to be required for erythroid maturation, are expressed in erythroid
and megakaryocytic cell lineages, and are down regulated during myeloid differentiation
(57, 58, 66, 117, 118). GATA-1 is also down-regulated in megakaryocytic differentiation
(119). However, of the two factors, GATA-1 seemed a more likely candidate, since it is
not known to be expressed in any granulocytic/monocytic cell lines whereas SCL is (117).
Therefore, we searched the identified LTR region for the presence of a GATA-RE motif
(120). Such a sequence was found approximately 180 bases 5' of the cap-site.

In considering possible mechanisms for DEX-mediated inhibition of MEL cell
differentiation, the sequences of mouse globin genes were searched for GREs. GRE
motifs were found in the promoter regions of all three globin genes examined: at -48, -
222, and -202 base pairs (bp) 5' of the cap-site of the a1-, 3-major, and B-minor globin
genes, respectively (Fig. 1) (121, 122). Moreover, these motifs were located near
response element (RE) motifs for the major erythroid DNA-binding protein, GATA-1 (7,
14, 59). The GATA-RE consensus consists of an octamer with a generally invariant
central GATA seqence flanked by variable dinucleotides (A/G A/T GAT A/T A/G G/T).
GATA-1 is present at high levels in MEL cells and is thought to play an important role in
erythrodifferentiation (67, 123). Therefore, the observed juxtapositions of response
elements for these two transcription factors in erythroid gene promoters raised the
possibility that DEX might inhibit MEL cell erythrodifferentiation by activating GRs which
by acting at these GREs would interfere with the function of a neighboring GATA-
1/GATA-RE complex.
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The regions of the a- and B-globin promoters approximately 200 bp from their
respective cap-sites were chosen for initial studies. The general structures of the promoters
of all three of these globin genes are similar, with TATA boxes located approximately 30
bp 5' of, and GATA motifs approximately 200 bp 5' of, each cap-site (Fig. 1). It has been
shown that the GATA-RE located 184 bp upstream from the o1-globin gene cap-site, binds
to, and can be activated by mouse GATA-1 (mGATA-1) (67) and that the similarly located
GATA-RE in the B-maj globin gene (209 bp upstream from the cap-site) can also bind
mGATA-1 (62). In addition, FLV presumably responds to another transcription factor, the
GR, since it has been shown that glucocorticoid treatment of FL V-infected cells increases
the release of viral reverse transcriptase activity from the cells (1). However, although
putative GREs have been noted in the FLV LTR (124), to my knowledge, transactivation
of the LTR by the GR has not been demonstrated.

It was demonstrated here that the GATA-RE motifs located approximately 200 bp
5' of the cap-site of each of the mouse B-globin genes and of the FLV LTR can be activated
by GATA-1 and that GATA-1 stimulation of o- and 8-globin and FLV promoter activity is
inhibited by "DEX-activated" GRs. This inhibition appears to depend primarily on direct
and/or indirect interactions between the GR and GATA-1 before they bind to their
respective REs with the presence of a GRE nearby a GATA-RE augmenting the inhibition.

RESULTS

Effect of DEX and charcoal-treated FBS on induced MEL cell
differentiation

MEL cells were tested for the response to DEX in the presence of untreated or charcoal-
treated (steroid-reduced) FBS (Fig. 2). As expected, cultures incubated in the absence of
HMBA either with or without DEX did not produce significant levels of benzidine-staining
(hemoglobin-containing) cells regardless of the type of FBS utilized (lanes 1 and 3 of
Groups 1-3). In the presence of untreated FBS, HMBA induced 60% of the cells to
produce hemoglobin (Group 1, lane 2) and concomitant DEX treatment reduced this level
by half (Group 1, lane 4). In cultures grown in the presence of steroid-reduced FBS
(Group 2), HMBA induction was more potent, yielding cultures that contained 90%
benzidine-stained cells (lane 2) suggesting that steroids present in untreated FBS may
partially inhibit HMBA induction. DEX treatment inhibited this induction 43% (lane 4). In
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attempting to increase the DEX effect, cultures were pretreated for 1 day with DEX and
then subdivided and grown for 4 more days either in the presence or in the absence of
HMBA and/or DEX (Group 3). DEX pretreatment inhibited HMBA induction (cf. lane 2
in Group 2) and in Group 3). The persistence of the DEX effect after its removal from the
medium was presumably due to significant levels of DEX and/ or active GR remaining in
the cell after the removal of extracellular DEX. DEX pretreatment plus continued DEX
treatment yielded, as expected, a greater inhibition, i.e., approximately 78% (cf. lane 4 of
Groups 2 and 3). In summary, apparently glucocorticoids present in untreated FBS
reduced the level of induction by HMBA, charcoal treatment of FBS increased the
sensitivity of the cells to exogenous DEX, and pretreatment with DEX increased its effect.

Effects of mGATA-1 on globin gene promoters and FLV LTR
transactivation in CV-1 cells

In order to determine if the inhibition of induced MEL cell differentiation by DEX might
be related to interference of GATA-1 function at GATA-REs in the promoters of the mouse
globin and FLV genes by "DEX-activated" mouse glucocorticoid receptor (mGR),
preliminary studies of the regulation by mGATA-1 of these promoters in cells that do not
constitutively produce mGATA-1 were performed. Then effects on GATA-1 regulation by
a transfected mGR-expressing plasmid in the presence and absence of DEX were tested.
Green African simian kidney CV-1 and/or COS cells have been used as test systems for
transcriptional regulation by transfected GATA-1 (67) and the GR (125) since these
proteins are either not constitutively expressed or expressed only at very low levels in these
cell lines. Transfected reporter plasmids driven by promoter sequences of the mouse a;-,
B-major, and B-minor globin genes have been shown to be transcriptionally active in
monkey kidney cells (67, 126), but of these promoters, only that of the a-globin promoter
has been tested and demonstrated to respond to a transfected mGATA-1-expressing
plasmid (67). The GATA sequence in the 8-maj globin promoter, although evidentally not
tested for response to GATA-1, has been shown to bind it (62). Although the FLV LTR
has been shown to bind several factors in nonerythroid cell extracts (127), GATA-RE
binding was not noted presumably because no GATA-1 present. In addition, an FLV LTR
fragment was tested in EMSAs with MEL cell extracts, but since the fragment tested did not
contain a GATA sequence, no GATA-1 binding was noted in this study either (128). As
noted above, a MEL cell factor(s) was shown to bind the FLV LTR, but neither the
response element(s) or its cognate TF was identified (116).
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Increasing amounts of a plasmid expressing functional mGATA-1 were cotransfected
with the same amount of a CAT-reporter plasmid linked to the mouse B-min, 8-maj, o-
globin and FL'V promoter regions containing the GATA-RE and GRE muotifs discussed
above (Fig. 1). CAT expression driven by all four promoters was increased in an
mGATA-1 concentration-dependent fashion (Fig. 3A, C). The B-maj globin promoter
responded to mGATA-1 with greater sensitivity than the 8-min promoter which, in turn,
was more sensitive than the a-globin promoter. The a1-globin construct utilized,
containing the GRE motif, was previously not found to be efficiently transactivated in COS
cells by GATA-1, but a shorter (20-mer) construct containing the GATA-RE, but lacking
the GRE motif was (67). However, it was observed here, in CV-1 cells, that both of
these reporter plasmids were GATA-1-responsive, (Fig. 3 A, B). These findings
demonstrate (1) that the GATA-RE in the -maj globin promoter can be transactivated by
GATA-1, (2) the similarly located GATA-RE in the 8-min globin promoter is also
mGATA-1-responsive, (3) that a reporter plasmid containing either a "full-length", or a 20-
mer sequence of the, aj-globin promoter can be transactivated by mGATA-1 (Fig. 3A, B).
(4) that the GATA-RE in the FLV LTR also can be transactivated by GATA-1. The third
finding is of particular interest because in both COS and 3T3 cells, only the 20-mer, but not
a "full-length", a1-globin promoter sequence was found to be responsive to mGATA-1
(67). The lack of response of the "full-length" promoter in that study appears to have been
related to the difference in cell types used. The fourth finding appears to explain the reason
that the LTR is required for the erythrotropism of FLV.

Activated GR inhibits mGATA-1 transactivation

Cotransfections were performed with the same amount of the mGATA-1- and mGR-
expressing plasmids along with four different globin- and the FLV promoter-driven
reporter plasmids in the presence of various concentrations of DEX (Fig. 4). In the
presence of the mGR plasmid, DEX treatment inhibited mGATA-1-directed transcriptional
stimulation of all reporter plasmids tested in a concentration-dependent manner. It appeared
that the GRE was not required for the "DEX-activated” GR down-regulation of mGATA-1
function, since the o1-globin reporter plasmid containing the 20-mer sequence that lacked a
GRE motif was down-regulated 63% by "DEX-activated" GR (Fig. 4B). However, the
GRE motif did appear to contribute to the effectiveness of the GR, since, at least at the
highest concentration of DEX tested (1 uM), the longer a1-globin promoter construct that
contained a GRE motif yielded a greater "DEX effect", i.e., 85 % down-regulation (Fig.
4A). Neither the mGR-expressing plasmid in the absence of DEX, nor DEX in the absence
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of the mGR-expressing plasmid significantly down-regulated the GATA-1 effect (not
shown).

Binding of MEL cell nuclear factors to GATA-RE and GRE motifs in mouse
globin promoters

The alteration of MGATA-1 function due to "DEX-activation” of the GR suggested
that the inhibition of induced MEL cell differentiation by glucocorticoids may be related to
effects on mGATA-1 function and/or cellular concentration. MEL cells have been shown
to contain GRs (3, 129-133), mGATA-1 transacting activity (67, 123), and GATA-1
DNA-binding activity to mouse a1- and 3-maj globin sequences has been demonstrated in
vitro (62, 67, 117, 128), but there have been no reports of MEL cell nuclear protein
binding in vitro to the GATA motif in the mouse B-min globin promoter nor of proteins
binding to the putative GREs in any mouse globin promoters. Therefore, MEL cell nuclear
extracts were tested in DNA electrophoretic mobility-shift assays (EMSAs) for their ability
to bind to either a radiolabeled oligonucleotide that contained the GATA-RE present in the
mouse o.1-globin promoter without a GRE motif or to one that contained both the GATA-
RE and the (overlapping) GRE motifs present in the 3-min globin promoter (Fig. 5). No
retardation of either probe was observed in the absence of a nuclear extract (not shown
here, but see Fig. 6, 7). Two complexes were formed on the a-globin probe (Fig. 5, lane
'1). Formation of these complexes was specific since the levels of both complexes were
markedly reduced by simultaneous incubation with an excess of either a nonradiolabeled
oligonucleotide with the same sequence as the probe (not shown) or a "competitor" 30-mer
oligonucleotide containing six tandem AGATA sequences (AGATA multimer), but no
complete GRE motifs (lane 2). However, a nonradiolabeled "competitor" 30-mer
oligonucleotide containing five repeated GRE hexamer motifs (GRE multimer), but lacking
a complete GATA motif, did not inhibit the formation of either complex (lane 3). These
findings indicate that both of the complexes formed with the aj-globin promoter probe
were due to a protein(s) that bound to the GATA site and not to factors binding to the GRE
motif. The most rapidly migrating complex may contain a proteolytic fragment of
mGATA-1 which still retains the ability to bind GATA-RE:s as this type of fragment has
been noted (59) or, alternatively, the slower migrating complex may contain additional
proteins and/or multimers of the same protein (134).

When a MEL cell nuclear extract was incubated with a 3-min globin probe two
major complexes were seen, but one of these was not equivalent to that formed on the o-
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globin probe. The most retarded complex formed with the 8-min globin promoter probe
comigrated with the GATA-binding complex formed on the a-globin probe, while the other
complex formed on the B-min globin promoter did not comigrate with any complex formed
on the a-globin probe, (Fig. 5., ¢f. lanes 1 and 4). The formation of these complexes was
specific since coincubation of the 8-min globin probe with an excess of a nonradiolabeled
oligonucleotide with the same sequence as the probe eliminated the formation of both
complexes (not shown). In addition, coincubation of this probe with an excess of
nonradiolabeled AGATA multimer eliminated the slowly migrating complex and reduced,
but did not eliminate, the rapidly migrating complex (lane 5 and not shown). On the other
hand, coincubation of this probe with an excess of the GRE multimer not only reduced the
amount of the rapidly migrating complex, but also somewhat reduced the level of the
slowly migrating one (lane 6). Even though the competition by this oligomer at the GATA-
binding site was not potent, it was consistent and not entirely expected. The competition at
this site appears to be due to the AGA sequence (as recognized on the complimentary
strand) that is identical with a portion of the AGATA motif. These results indicate that the
slowly migrating complex formed with the B-min globin probe contained a GATA-binding
protein(s) while the rapidly migrating one contained a GRE-binding protein(s) although
each synthetic "competitor" oligonucleotide may be able as well to bind at least some
portion of each of the two complexes.

The "multimer competitor" oligonucleotides were radiolabeled and their specificties
further examined (not shown). Both of these radioactive oligomers formed retarded
complexes in EMSAs with MEL cell nuclear extracts. With the AGATA multimer only a
single complex formed which comigrated with the one formed at the GATA site on the B-
min probe. This complex was eliminated with an excess of nonradioactive AGATA
multimer, but not by an excess of nonradioactive GRE multimer. These results further
suggest that the sequence chosen as a GATA-site competitor was specific for this site. In
studies of the probe fashioned from the GRE multimer, two signals with the same
mobilities as those formed on the 3-min probe were noted: an intense rapidly migrating
signal with the mobility of the complex formed with the GRE site and a weak more slowly
migrating signal with the mobility of the one formed at the GATA site. An excess of
nonradioactive GRE multimer essentially eliminated the rapidly migrating complex and
slightly reduced the slowly migrating one. Conversely, an excess of the nonradioactive
AGATA multimer eliminated the slowly migrating complex, while only slightly reducing
the rapidly migrating one. Therefore, the rapidly migrating complex contained a GRE-
binding protein(s) and the less intense signal of the slowly migrating complex was
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presumably formed on the AGA sequence noted above. Specific interpretations of EMSAs
performed with this sequence as a competitor appeared to be valid, since the signal formed
at the putative GATA-site was strong in comparison to that at the GRE site. Therefore,
EMSAs were able to distinguish specific binding of GATA-RE-binding factors from GRE-
binding ones when the two REs were on the same 30-mer sequence of the B-min globin
promoter. Additional control EMSA experiments were performed utilizing oligonucleotides
altered in either the GATA-RE or the GRE motif of the 3-min globin probe. In the former,
the sequence of CCCC was substituted for the GATA sequence and in the latter, CCCCCT
was substituted for the GRE motif (TCTTGT). These altered oligomers were tested as
competitors for MEL cell factors binding to the B-min globin promoter, AGATA multimer,
and GRE multimer probes (not shown). Neither of these altered oligonucleotides were able
to compete well at either the GATA or GRE motifs of the B-min globin probe. The
oligomer altered at the GATA site did not inhibit complex formation at the GATA site on
the AGATA multimer and neither did nonlabeled oligomer altered at the GRE site. Ina
similar fashion, excesses of either altered oligomer did not inhibit the formation of a
complex on the GRE multimer probe (not shown). Furthermore, retarded complexes were
not formed at the GATA or GRE motifs when either of these altered oligonucleotides were
labeled and used as probes (not shown). Therefore, the particular alterations made at the
GATA or GRE sites were responsible for loss of complex formation at each of these sites.

AEffects of induction and inhibition of MEL cell differention on nuclear
levels of GATA-RE- and GRE-binding activity

Since GRE- as well as GATA-RE-binding activities were found to be present in
MEL cell nuclear extracts, the effects of inducing and inhibiting MEL cell differentiation on
these activities were determined (Fig. 6). Incubation of the B-min probe in the absence of a
nuclear extract did not result in a retarded complex (lane 1). Nuclear extracts from
untreated cells displayed retarded complexes (lane 10). The addition of excess
nonradiolabeled AGATA multimer markedly reduced the amount of the most retarded
complex (lane 11) and an excess of the nonradiolabeled GRE multimer eliminated the most
rapidly migrating complex (lane 12). Nuclear extracts prepared from cells grown in
medium supplemented with charcoal-treated (essentially steroid-free) FBS were not able to
form a significant amount of the most rapidly migrating, GRE-binding, complex, but were
able to form the slower migrating, GATA-binding, complex (lane 2). Treatment of the
cells with DEX markedly increased the level of the GRE-binding complex (lane 4). These
findings are consistent with many studies that have demonstrated that DEX acts on GRs in
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the cytoplasm aiding in their translocation to the nucleus and their activation [Picard, 1987
#213]. Even extracts prepared from cells treated with DEX for only 1 day displayed nearly
a "maximun" level of this GRE-binding complex (lane 6) and further DEX treatment only
slightly increased that level (lane 8). Induction of differentiation by HMBA treatment
resulted in a modest increase in the level of the presumptive major GATA-1- containing
complex, but did not increase the level of the GRE-binding complex (¢f. lane 3 to 2 and
lane 7 to 6). EMSASs containing nuclear extracts prepared from cells treated with HMBA to
induce differentiation and concomitant DEX to inhibit the induced differentiation are shown
in lanes 5 and 9. Under these conditions, the effect of DEX on the GRE-binding complex
was eliminated and the HMBA-induced increase in the major GATA-binding complex was
reduced. These results suggest that DEX activated the GR which then interfered with the
function of GATA-1 and, moreover, that HMBA treatment reduced the function of the GR.
These data are also compatible with the consideration raised above, that the mGR and
mGATA-1 might enter into a complex together, possibly prior to establishing DNA
contact.

Binding of mGATA-1 to mGR

In order to further test the possibility that mGATA-1 and mGR enter into a pro-
tein/protein complex, EMSAs were repeated as in Figures 5 and 6, but following preincu-
bation with either an mGATA-1- or an mGR-specific antibody (Fig. 7). No complexes
were formed in incubations containing the DNA probe without the addition of nuclear
extract (lane 1) and two complexes representing GATA-RE- (the most intense and most
retarded complex) and GRE-binding (the most rapidly migrating complex) factors when a
nuclear extract was added (lane 2). Preincubation with a mGATA-1-specific antibody
affected both complexes, i.e., the intensity of the major complex, shown above to contain
GATA-binding factor(s), was reduced and the rapidly migrating one containing GRE-
binding factor(s) was eliminated (lane 3). Preincubation with an mGR-specific antibody
also markedly reduced the level of both of these complexes (lane 4). Control
preincubations with either IgG (lane 5) or with rabbit preimmune serum (lane 6) did not
alter the pattern of the GATA- or GRE-binding complexes. The findings that each of the
two unrelated antibodies, when utilized individually, simultaneously reduced the level of
complexes forming over GATA-RE and GRE motifs, implies that a complex(es) containing
both mGR and mGATA-1 may occur without involving DNA.
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Effects of the GR and deletion mutants of mGATA-1 on globin gene and
FLV promoter transactivation

Studies with deletion mutant constructs of mGATA-1 have demonstrated that three
domains of mGATA-1 are required for the transactivation of an aj-globin promoter
sequence (67). Essential sequences were found to reside in mGATA-1 within the amino
terminal region extending from amino acid residue 1 to residue 110 (deletion construct
@ 110), within an internal region extending from amino acid 249 to 290 that eliminated the
carboxyl terminal zinc finger domain (deletion construct @249), and within the carboxyl
terminal region extending from the 308th to the last, the 413th amino acid (deletion
construct @308) (67). These deletion mutant constructs of mGATA-1 were tested for their
ability to transactivate B-min and -maj globin and the FLV promoters (Fig. 8) as they were
previously tested with an aj-globin promoter sequence (67). As noted in Fig. 4, cultures
lacking a transfected GATA-1-expressing plasmid did not efficiently drive the transcription
of globin-reporter plasmids (Fig. 8A, line 1, 8B, line 1, 8C, lines 1, 2, and 8D, line 1).
The activity of each promoter was stimulated by the presence of wild type (WT) mGATA-1
in the absence of "DEX-activated” GR (Fig. 8A, line 2, 8B, line 2, 8C, lines 3, 4, 10, and
8D, line 2). This stimulation was reduced in the presence of DEX-activated mGR (Fig.
8A, line 2, 8B, line 2, 8C, line 11 and 8D, line 2). The three deleion mGATA-1-
expressing plasmids did not stimulate expression of any of the reporter plasmids in the
absence, and, where tested, the presence of, "DEX-activated" GR (Fig. 8). The slight
"residual” stimulatory activity of these mutant mGATA-1 constructs was also inhibited by
"DEX-activated" GR (Fig. 8A, lines 3, 4, 5, B, lines 3, 4, 5, C, lines 5, 6, 7, and 8D lines
3,4, 5), but since the "residual” levels of activity were low, these findings are probably not
significant. A caveat for the interpretation of the data obtained with the GATA deletion
plasmids is the possibility that the levels of the proteins produced by these plasmids was
not as great as that produced by the WT plasmid, for example, due to low yields or
degradation of the transcribed mRNAs. However, the levels of the products of constructs
@110 and @308 in monkey kidney cells were the same or greater than that of the WT
plasmid as determined by EMSAs and the level of the @249 plasmid product (which could
not be assayed by EMSA since it does not bind DNA) was also approximately the same as
that of the WT plasmid as determined by Western blotting (67).

Effects of GR mutants on the up-regulation of B-globin and FLV promoters
by mGATA-1
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In order to map possible domains of the GR that can affect nGATA-1 function,
initial experiments tested four GR constructs in transactivation assays (86): one with a point
mutation (Glus4g altered to Gly) in the hormone-binding domain that eliminates
glucocorticoid-responsiveness (NA), one with a point mutation (Arg4g4 altered to His) in
the DNA-binding domain that reduces DNA binding (NB), one with an extensive N-
terminal deletion (from the amino acid 1 to 420) which removed the transactivation domain
(Dd), and one with a less extensive N-terminal deletion from amino acid 1 to 106 (N1)
which still contained some of the transactivation domain, including the acidic region located
between amino acid residues 196 and 293. CV-1 cells were transfected with plasmids
expressing WT mGATA-1, various constructs of mGR, and either a 8-min, B-maj, or FLV
promoter-driven reporter plasmid in the presence and absence of DEX (Fig. 9). Cultures
lacking transfected mGATA-1 in the absence or presence of DEX did not stimulate the
activity of either the B-globin or FL.V promoter (line 1, Fig. 9A, B, and C). The
expression of reporter plasmids in cultures transfected with mGATA-1, but not with mGR,
were stimulated over 15-fold in the absence and presence of DEX (line 2, Fig. 9A, B, and
C). Cultures transfected with mGATA-1 and WT mGR stimulated the activity of both
reporter plasmids over 15-fold in the absence of DEX, but in the presence of DEX the
stimulation was reduced over 70% in each case (line 3, Fig. 9A, B, and C). The NB
construct responded to DEX as well as the WT mGR (line 5, Fig. 9A, B, and C) indicating
that the DNA binding function is not required for this activity of the GR. The three other
GR mutant constructs tested, which were deficient in either their hormone-binding or N-
terminal domains, all lacked responsiveness to DEX and, therefore, are altered in critical
regions (lines 4, 6, 7, Fig. 9A, B, and C). As noted above for the GATA deletion
constructs, it is possible that the levels of products expressed from the GR deletion
constructs might not have been as great as those from the WT-expressing plasmid. This
was not the case for the NB plasmid since its product responded to DEX treatment like the
product of the WT plasmid. It is also known that the mRNAs expressed from the NA and
N1 plasmids are stable in monkey kidney cells (86) and the result obtained here with the Dd
plasmid was essentially the same as that found for the N1 construct. However, there is a
possibility that either inefficient translation of a product mRNA or proteolytic activity
affecting one of the construct products to a greater degree than that of the WT plasmid
might have occurred.

DISCUSSION
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GATA-1 stimulates the expression of both mouse B-minor and B-major
proximal globin gene promoter-driven reporter plasmids

It has been shown here that the GATA motifs located about 200 bp 5' of the cap-
site in the mouse B-maj and B-min globin gene and FLV promoters (Fig. 1) are stimulated
by mGATA-1 (Fig. 3). These findings strengthen the idea that GATA-1 regulates
erythroid-specific gene expression and along with the demonstrations that functioning
GATA-RE:s are similarly located in other erythroid genes, i.e., in the mouse a;-globin (67)
and erythropoietin receptor (81) genes, they suggest that this is an apparently "preferred
erythroid” location for a GATA-RE. Further support for this idea may be forthcoming
from studies of similarly located GATA motifs present in some non-globin, erythroid-
specific genes, e.g., porphobilinogen deaminase (PBGD) (135, 136), aminolevulinate
dehydratase (ALAS) (137), and aminolevulinate synthase (ALAS) (138). Moreover,
functional studies of mGATA-1 domains required for transactivation of mouse 3-globin
promoters (Fig. 8A, B, and C), indicate that they are the same regions of the protein shown
previously to be required for transactivating the mouse «;-globin and a chicken globin
promoter GATA-RE (67, 134, 139). Insofar as it was tested, intact mGATA-1 is required
for transactivation since deletions in the N-terminal, the carboxyl terminal zinc finger, or in
the C-terminal domain eliminate the mGATA-1 stimulation of the GATA-RE in both mouse
B-globin promoters (Fig. 8A, B, and C).

GATA-1 stimulates the expression of erythrotropic viral promoters

The present study also demonstrates that a promoter-containing sequence derived
fromFLYV can be up-regulated by GATA-1 (Fig. 3C). The promoter contained a GATA
motif (Fig. 1) which probably accounts for the responsiveness to GATA-1. As noted
aboved, two regions of the FLV genome, the LTR and the region coding foe the gp55, are
known to be required for both the erythrophilia and pathologic effects of FLV. The
mechanism of the gp55-coding region has been explained, but not that of the LTR. The
response of the LTR to GATA-1 observed here appears to resolve this issue. Moreover,
functional studies of mMGATA-1 domains required for transactivation of mouse FLV LTR
(Fig. 8D), indicate that they are the same regions of the protein shown previously to be
required for transactivating the mouse o;-globin and a chicken globin promoter GATA-RE
(67, 134, 139). That is, deletions in the N-terminal, the carboxy! terminal zinc finger, or in
the C-terminal domain eliminate the mGATA-1 stimulation of the GATA-RE in both mouse
FLV promoters (Fig. 8D). The specific nucleotides required for the GATA-1 response can
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now be determined by studies utilizing LTR-reporter plasmids containing alterations in the
GATA-RE prepared by site-directed mutagenesis and by DNA footprinting assays.

Mechanism of the mGR modulation of mGATA-1 function

The inhibition of mMGATA-1 activity by "glucocorticoid-activated" GR was charac-
terized by demonstrating that the level of inhibition was directly related to the presence of a
GR-expression plasmid and to the concentration of DEX for all four WT reporter plasmids
examined (Fig. 4) and by initial mapping studies with reporter plasmids expressing altered
forms of the GR (Fig. 9). Plasmids expressing three different forms of the GR (NA, Dd,
N1) mutant in different portions of the coding region were shown not to be able to mediate
an inhibition of mGATA-1 function and one altered form of GR (NB) was able to do so
(Fig. 9). The NA mutant presumably did not respond to DEX and mediate the
glucocorticoid-dependent inhibition of mMGATA-1 transactivation because this mutant lacks
a hormone-binding domain, has reduced affinity for glucocorticoid, and cannot translocate
to the nucleus to take part in gene regulation (140). The Dd mutant lacking the entire 421
amino acid N-terminus also did not alter mGATA-1 function. This region might well be
responsible for an interaction with mGATA-1 since it plays important roles in
transactivation and protein/protein interactions (86, 93). Control of transactivation by this
region is thought to be due to the presence of an acidic transactivating domain (which
éppears to place the GR in the acidic class of transactivators) [Eriksson, 1990 #197,;
McEwan, 1993 #233] and to phosphorylation sites which are known to modify the ability
of the GR to mediate transactivation (141-143). The N1 mutant construct, which lacks the
N-terminal 106 amino acids, also was unable to mediate the DEX-dependent inhibitory
effect. This region of the mGR overlaps the 1) transactivation domain of the human GR
positioned between amino acids 77 and 262, see (144), so that a critical sequence may
occur within the relatively short stretch of amino acids from residue 77 to 106. Further
mapping of this function utilizing deleted and mutated constructs as well as by transfection
with constucts containing only sequences of the N-terminal domain are planned. Since the
construct utililized contains 91% of the transcriptional activity of the WT GR and the same
level of hormone-binding affinity as the WT GR (86), a function must exist in this N-
terminal region that is required for DEX-mediated down-regulation, but not required for
GR-mediated transactivation. Therefore, these two glucocorticoid-dependent activities, of
the GR, i.e., inhibition of GATA-1 function and transactivation of GR-responsive genes,
are not mediated in the same fashion. This is further emphasized by the finding that the NB
construct, which is mutated in its DNA-binding domain and will not optimally transactivate
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a response element (86), was still able to mediate the DEX-dependent inhibition of
mGATA-1 transactivation studied here. Taken together, these results imply that the DEX-
dependent inhibition of mMGATA-1 function may occur in the absence of a GRE duetoa
direct or indirect protein association of mMGATA-1 and GR and that this association may
involve the N-terminal region of the GR.

Many transactivating factors act in concert with other proteins as homo- or
heterodimers or multimers (145). In particular, the GR has been shown to act with and/or
bind to other transcription factors such as AP-1 (145-152) and octamer transcription factor
1 (153). However, the results presented here provide the first example of an interaction of
GR with GATA-1 and apparently represent the first evidence of a functional interaction of
any transcription factor with GATA-1, although the latter has been considered (59). Of
four possible direct types of interactions between mGATA-1 and activated mGR that might
be responsible for the down-regulation of mGATA-1 activity by mGR that can be
envisioned (Fig. 10), the fourth possibility, a complex of mGATA-1 and activated mGR
not bound to a response element, appears to be the most likely although the first and third
possibile interactions may also occur. These considerations would still apply if any of
these hypothesized complexes included a protein(s) in addition to mGATA-1 and the mGR.
To further examine the possibility of mGATA-1 and mGR interactions, DNAase protection
assays and experiments designed to crosslink any proteins that may be associated with
either the mGR or mGATA-1 in vivo are in progress.

The results presented (4, 154, 155) here not only suggest that a protein/protein
interaction involving GATA-1 and the GR appears to be the most likely mechanism
explaining the DEX-mediated down-regulation of GATA-1 function, the glucocorticoid-
mediated inhibition of induced MEL cell differentiation (Fig. 7), and induced reverse
transcriptase activity (1), but that the GRE hexamer motifs present in globin and other
erythroid promoters may be responsible for intensifying these effects of DEX. Two
findings support the latter contention: 1) Binding in vitro to GRE sequences neighboring
GATA-RE:s has been demonstrated (Fig. 5-7) and 2) the presence of this motif in the
promoter region augmented DEX-mediated inhibition of mGATA-1 function (Fig. 4).

Possible mechanisms for the glucocorticoid-mediated inhibition of MEL cell
differentiation and induced reverse transcriptase activity
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Two of the more intriguing (but not mutually exclusive) mechanisms for the
glucocorticoid-mediated inhibitory effects in MEL cells are the interference by activated GR
of structral and/or regulatory erythroid genes. The erythroid structural genes, globins and
FLV-coded products, and possibly other genes that were not studied that cintain GATA-1
promoter sequence such as ALAS, ALAD, PBGD, EpoR, are known or postulated here to
be GATA-1-regulated and therefore may all be down-regulated by activated GR.
However, down-regulation of the erythroid regulatory gene, GATA-1, is also possible.
Undifferentiated MEL cells contain a high level of GATA-1 mRNA and GATA-1 which
increase further during DMSO- and HMBA-induced differentiation as reported by others
(59, 62, 117), confirmed here (Fig. 6), and also observed during induction of
erythrodifferentiation in a human cell line, K562 (156). The importance of the increase in
GATA-1 levels during erythroid development has been emphasized in a recent review
(157). Two methods were used here to examine the effect of DEX treatment of MEL cells
on nuclear levels of GRs: EMSAs and 3H-DEX binding. When MEL cells were treated
with DEX, there was an increase in the binding of nuclear components to GRE motifs (Fig.
6) and an increase in the ability of nuclear extracts to specifically bind 3H-DEX, i.e., the
' binding was "competed-out" by an excess of non-radiolabeled DEX (not shown). In cells
treated simultaneously with HMBA and DEX to reduce the level of induced hemoglobin
synthesis (2, 4-14, and Fig. 2), the functions of both GATA-1 and the GR also were
decreased (Fig. 6). A mechanism, based upon the autostimulatory ability of GATA-1,
provides an explanation for the observed global inhibition of MEL cell
erythrodifferentiation by glucocorticoids. GATA-1 is able to up-regulate the transcription
of its own gene due to a GATA-RE located in its promoter (82, 134). Therefore, the
activation of GRs may lead not only to decreased transcription of globin and other
erythroid-specific, GATA-RE-containing genes for structural products, but also to a
decrease in transcription of an erythroid regulatory gene product, GATA-1 itself. A
decrease in the transcription of this gene would lead to decreases in transcription of all of
the erythroid-specific genes it regulates. The GR could affect the autoregulation of
mGATA-1 due to protein-protein interactions, but, as postulated for the globin promoters,
an additional effect may be mediated through a GRE. In this regard, the double GATA
motif, which acts as a GATA-RE in the mGATA-1 promoter (82), contains within itself a
perfect, primary hexamer GRE motif with the exception of a single mismatched base-pair.
It will be of interest to test the ability of this GRE motif to react with the GR.

In summary, it is shown here that mGATA-1 stimulates expression of mouse 3-
globin genes and the FLV LTR in a similar fashion to that of the mouse aj-globin gene,
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and that "activated" GR inhibits this stimulation. These studies place both B-globin
promoters and FLV LTR in a growing group of GATA-1-regulated sequences. In
addition, they appear to partially explain the mechanism of the erythrotropism of the FLV
LTR and the glucocorticoid down-regulation of induced MEL cell differentiation and
retroviral reverse transcriptase activity levels. Experiments with reporter plasmids
containing different promoter sequences as well as studies with GATA-1- and GR-specific
antibodies indicate that the mGR may affect mGATA-1 function due to a protein-protein
interaction. Studies with mutant constructs of mGR which lack the ability to inhibit globin
gene and FLV expression suggest that a region in the N-terminal 106 amino acids is
involved in this interaction. A GRE motif nearby a GATA-RE may intensify GR-mediated
inhibition. Since GATA-1 up-regulates its own transcription, an interaction of mGATA-1
and the mGR could explain the DEX-mediated inhibition of all MEL cell GATA-1-
regulated, erythroid gene expression although DEX-mediated inhibiton of GATA-1-
regulated structrual genes also comfortably explains the inhibition.

MATERIALS AND METHODS
PLASMIDS

An mGATA-1 cDNA-expressing plasmid (a 1.8 Kb cDNA X#hol insert in the mammalian
expression vector, pXM) and a series of mutant mGATA-1 plasmids @110 , @249,
@308, deleted from amino acid 1 to 110, 249 to 290, and 308 to the end, which eliminate
the N-terminal region, a critical zinc finger-DNA-binding region, and the C-terminal
region, respectively (59), and a reporter plasmid containing a synthetic 20-mer o1-globin
promoter including a GATA-RE octamer with six flanking nucleotides
(GGGCAACTGATAAGGATTCC) on each side inserted into a human growth hormone
(HGH)-plasmid were obtained from S.H. Orkin. A 550 bp HinclII 8—maj globin fragment
containing globin regulatory sequences (5'-promoter and cap-site) inserted into the HindIII
site of a PSV-CAT plasmid, a 702 bp BamHI-HincII 8-min globin fragment fused into the
HindIII site of PSV-CAT plasmid, and a 700 bp Ncol a;—globin fragment fused into the
HindIII site of a PSV-CAT (126) were obtained from M. Sheffery. A CAT-expressing
plasmid containing a 5'-sequence consisting of a Sau3A-Kpnl approximately 380 bp
fragment of the FLV LTR (158) was obtained from E. Golemis. The wild-type mGR
cDNA expression plasmid and the series of GR mutant plasmids, NA (a hormone-binding
domain point mutant, Glus4e to Gly), NB (a DNA-binding domain point mutant, Argaqgs to
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His), Dd (an N-terminal mutant lacking amino acids 1 to 421), and N1 (an N-terminal
mutant lacking amino acids 1 to 106) were obtained from M. Danielsen (140).

CELL CULTURE

MEL cell line DS-19 (33) at the 100-160 passage, was grown in Glasgow minimal
essential medium (BHK) (GIBCO) with 15% fetal bovine serum (FBS) (HY CLONE).

The cell number was determined with a Zf particle counter with an attached channelyzer and
XY plotter (COULTER Electronics, Inc., Hialeah, FL)). MEL cells were induced to
differentiate along the erythroid pathway by adding 5 mM HMBA (Sigma Chemical Co.,
St. Louis, MO) to the culture medium for 4 or 5 days (unless noted) and then monitored for
the presence of both hemoglobin-containing (benzidine-positive) and viable, trypan blue-
excluding, cells (3, 24). CV-1 cells were obtained from ATCC and grown in DMEM
medium (GIBCO) with 10% FBS (HYCLONE). Steroid-reduced serum (159, 160) was
prepared by mixing 100 ml serum with 0.5 gm activated charcoal (EM Science) at 4°C
overnight and then passing it through a Nalgene 45 p filter. Because commercial serum
present in the cell culture medium contains significant amounts of steroids and possibly
other compounds (161) that can influence the activity of transacting factors such as
glucocorticoid receptors, experiments were generally performed with charcoal-treated FBS
in place of untreated FBS to reduce the levels of these possible "contaminants” (159, 160).

CELL TRANSFECTION

CV-1 cells were seeded at a density of 100 cells per 10 cm dish, grown for a day, then 3 hr
before transfection the medium (DMEM) containing 10% steroid-free FBS was changed.
For each dish, 10 ug of a CAT-containing plasmid, 5 ug of plasmid pCH110 coding for 8-
galactosidase (Pharmacia) and 10 ug of each expression plasmid were cotransfected with
calcium phosphate added to the medium according to a standard procedure (54). Sixteen
hours later the medium was exchanged for fresh steroid-free medium and DEX (1 pM)
added where indicated. Forty-eight hours after transfection, cells were harvested, washed
with PBS, pelleted, and resuspended in 100 pl of 0.25 M Tris.HCI, pH 7.8. Total cell
extracts were prepared utilizing 3 freeze-thaw cycles followed by centrifugation. The
resulting supernatant fluids were tested for the presence of GR by determining the level of
specific [3H] DEX-binding, i.e., binding that can be "competed-out" by non-radiolabeled
DEX (162). Only supernatant fluid samples derived from cultures transfected with the
mGR-expressing plasmid demonstrated specific [3H] DEX-binding (data not shown).
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Supernatant fluid samples were also tested for the presence of mMGATA-1 by Western
blotting with an anti-mGATA-1 antibody: cell extract protein samples (100 pg) were
electrophoresed on 10% polyacrylamide/sodium dodecyl sulfate gels and the proteins were
transferred to filters that had been "blocked" by incubation in BSA (1%) overnight at 4°C.
The following procedures were performed at room temperature. The filters were washed
twice with T/S/T (10 mM Tris, pH 8, 150 mM NaCl, 0.05% Tween 20) for 5 min and then
incubated for 90 min with anti-GATA-1 antibody, obtained from S.H. Orkin, (diluted
1:1000 in T/S/T plus 1% BSA). The filters were further washed and developed using the
Proto-blot system (Promega, Madison, WI) containing an anti-IgG alkaline phosphatase
conjugate. Only samples derived from CV-1 cultures transfected with the mGATA-1-
expressing plasmid were found to contain mGATA-1 (data not shown). Then the
posttransfection supernatant fluid samples were assayed for B-galactosidase activity as a
transfection level control (163) and for CAT or HGH activity.

To assay CAT activity (164), a volume of cell extract containing 30 units of B-
galactosidase activity was mixed with 80 ul of the CAT reaction mixture: 50 ul of 1 M
Tris-HC], pH 7.8, 10 ul of 14C-labeled choramphenicol, 0.1 mCi/ml (New England
Nuclear Research Products, Boston, MA), 20 pl acetyl coenzyme A (3.5 mg/ml in HyO)
and incubated at 37°C for 1 hr. Ethylacetate (1 ml) was added to the mixture which was
then vortexed and centrifuged. The supernantant fluid samples were vacuum-dried and
;esuspended in 15 Wl of ethylacetate, spotted on a silica gel thin layer plate and
chromatographed in chloroform-methanol (19:1) for 1 hr to separate native
chloramphenicol from its acetylated derivatives. After autoradiography overnight, the spots
were scraped off and their radioactivity determined in order to quantitate the amount of
chloramphenicol converted into acetylated forms. The CAT activity was expressed as the
fold-increase over a base-line value of an acetylated form of chloramphenicol.

Growth hormone levels were determind according to the Allégro radioimmunoassay
kit protocol (Nichols Institute, San Juan Capistrano, CA). The medium of CV-1 cells 48
hr after HGH plasmid transfection was directly assayed for growth hormone activity.
Medium (100 pl) was incubated with 100 ul of 125I-antibody solution and beads at room
temperature for 4 h. The beads were washed twice and the radioactivity levels were
determined with a gamma counter.

NUCLEAR EXTRACT PREPARATION
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Nuclear extracts were prepared according to the procedure of K. Ullmann and G. Crabtree
(Stanford University Medical School, CA, personal communication) with slight
modifications. All procedures were performed at 4°C. Cells were collected by
centrifugation, washed in phosphate-buffered saline (PBS, GIBCO) containing Ca2* and
Mg2+ and once in PBS without these cations, and suspended in 1 ml lysis buffer A [10.0
mM HEPES, pH 7.8, 15.0 mM KClI, 2.0 mM MgCl,, 1.0 mM dithiothreitol (DTT), 0.1
mM EDTA, 1.0 mM phenylmethanesulfonyl flouride (PMSF), 0.2% nonidet P 40 (NP-
40), and 1 pg/ml each of antipain, leupeptin, N-tosyl-L-phenylalanine (TPCK), and
diisopropyl fluorophate (DFP). The suspension was centrifuged and the nuclear pellet was
resuspended in 150 pl of lysis buffer B {50.0 mM HEPES, pH 7.8, 50.0 mM KCl, 0.1
mM EDTA, 1.0 mM DTT, 10% glycerol, 1.0 mM PMSF, and 1 pg/ml each of antipain,
leupeptin, TPCK, and DFP]. Nuclear proteins were precipitated by adding an ammonium
sulfate solution to a final concentration of 0.3 M and the supernatant fluid was obtained
after centrifuging in a TLA 100.3 rotor in a Beckman TL100 centrifuge at 70K rpm for 15
min. Ammonium sulfate was added to the supernatant fluid to a final concentration of 1.8
M and the suspension was centrifuged at 50 K rpm for 10 min. The pellet was suspended
in buffer B, assayed for protein concentration with Bio-Rad protein assay reagent utilizing
bovine serum albumin (BSA) as a standard, and stored in aliquots at -80°C.

DNA ELECTROPHORETIC MOBILITY-SHIFT ASSAY (EMSA)

Ten pg of nuclear extract was incubated with 1 pg each of salmon sperm DNA and
poly dI-dC in binding buffer [10.0 mM Tris-HCl, pH 7.5, 50.0 mM NaCl, 1.0 mM
EDTA, 1.0 mM DTT, 50.0 pg/ml BSA, 2.0 mM MgCly, and 5% (v/v) glycerol] in a total
volume of 20 ul for 20 min at room temperature, followed by a 30 min incubation at room
temperature with a radiolabeled oligonucleotide probe containing 10,000 cpm [the (+)
strand and its complementary (-) strand were synthesized on an automated solid-phase
synthesizer, purified by polyacrylamide gel electrophoresis, and the (+) strand was 5'-end-
labeled with y-32P-ATP, and then annealed with the unlabeled (-) strand]. Then the
reaction mixture was loaded onto a 5% non-denaturing polyacrylamide gel (acrylamide to
bisacrylamide ratio of 29:1) containing 1 x TBE (0.09 M Tris-Cl, 0.09 M borate, 2.0 mM
EDTA). Gels were electrophoresed for 1.5 hr at 10 V/cm, then dried and subjected to
autoradiography.

CHARACTERIZATION OF PROTEINS IN DNA-BINDING
COMPLEXES BY ANTIBODY PRECEPITATION



Protein A-Sepharose CL-4B was prepared for use by swelling 15 min in
0.1 M phosphate buffer, pH 7 and washing twice with the same buffer and stored
at 40C according to the manufacturer's instructions (Pharmacia, Piscataway, NJ).
Rabbit anti-mGATA-1-specific antibody (58) and anti-mGR-specific monoclonal
antibody (MAB) were obtained from S.H. Orkin and Affinity BioReagents,
Neshanic Station, NJ prepared as described (165), respectively. The prepared
protein A-Sepharose suspension (200 ul) was incubated with 100 ul of each
antibody sample with gentle agitation on a rocking shaker for 1 h at room
temperature (166). Each protein A-Sepharose-treated antibody sample was then
incubated with 15 pg nuclear extract protein and constant agitation overnight at 40C

and then centrifuged. Then the supernatant fluid samples were analyzed by EMSA.
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Figure legends

Fig. 1. Sequences of portions of the mouse globin gene promoters studied and the
FLV LTR. GATA-REs and GREs are underlined. Sequences utilized as probes are
indicated by stars.

Fig. 2. Charcoal treatment of FBS alters the effects of HMBA and DEX on MEL
cell differentiation. HMBA and DEX were added, where indicated, at 5 mM and 35 uM,
respectively. MEL cells were seeded at 105/ml in media supplemented with untreated FBS,
cultured for one day to establish logarithmic growth, centrifuged, and then cultured for a
total of 6 days under the following conditions. Growth of cells in Group 1 was continued
throughout the experiment in the same type of medium. After the first and second days of
culture the cells were centrifuged and resuspended in the same volume of fresh medium.
On the second day the medium was supplemented with: lane 1, no agents, lane 2, HMBA,
lane 3, DEX, and lane 4, HMBA and DEX and the cultures continued for 4 days. The cells
in Groups 2 and 3 were grown for the experiment in medium supplemented with charcoal-
treated FBS. After 1 day of culture the cells were centrifuged and resuspended in the same
type of medium without (Group 2) or with the addition of DEX (Group 3). After a second
day of culture, the cells were centrifuged again and resuspended in media supplemented
with: lane 1, no agents, lane 2, HMBA, lane 3, DEX, and lane 4, HMBA and DEX and
the cultures continued for 4 days. Then the percentages of hemoglobin-containing
(benzidine-positive, B+) cells were determined as described in Materials and Methods.
Neither HMBA nor DEX treatment reduced cell yields or viability (not shown).

Fig. 3. The effects of mGATA-1 on globin gene promoters and FLV LTR
transactivation. CV-1 cells were cotransfected with 8-maj (diamonds), 8-min (open
squares), or a1- (filled squares) globin promoter sequences linked to CAT reporter
plasmids (A) or a synthetic 20-mer «1- globin promoter sequence lacking a GRE motif
linked to a human growth hormone (HGH) reporter plasmid (B) or FLV LTR sequence
linked to CAT reporter plasmid (C) described in Materials and Methods, and various
amounts of an mGATA-1-expressing plasmid as indicated. After 48 hr, the CV-1 cells
were harvested and CAT levels determined or 100 ul of medium were collected and HGH
levels determined. Data are expressed as the fold-increase over the values obtained in the
absence of transfection with the mGATA-1-expressing plasmid. All the experiments
presented here have been performed in duplicate and repeated at least two times with similar
results. '
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Fig. 4. Interference of mGATA-1 transactivation by "DEX-activated" mGR. Asin
Fig. 3, CV-1 cells were cotransfected with 8-maj (diamonds), 8-min (open squares), or a;-
(filled squares) globin-linked to CAT plasmids (A) or a synthetic 20-mer a- globin
promoter sequence lacking a GRE motif linked to HGH reporter plasmid (B) or FLV LTR
sequence linked to CAT reporter plasmid (C) and mGATA-1- and mGR-expressing
plasmids as indicated. Various concentrations of DEX were added as indicated 16 hr after
transfection. After a total of 48 hr, the cells were harvested and CAT levels determined or
100 pl medium were collected and HGH levels determined. Data are expressed as the
fold-increase over the values obtained in the absence of transfection with the mGATA-1-
expressing plasmid.

Fig. 5. Binding of MEL cell nuclear factors to GATA-RE and GRE motifs in
mouse globin promoters. MEL cell nuclear extracts were prepared, incubated with a 32P-
labeled probe, and EMSAs were performed as described in Methods. The incubations
contained: (lanes 1-3), nuclear extracts and the 30-mer a-globin promoter sequence probe
(shown in Fig. 1), (lane 2), an 100-fold excess of non-radiolabeled "competitor" GATA-
RE-containing 30-mer oligonucleotide, (lane 3), an 100-fold excess of non-radiolabeled
"competitor” GRE-containing 30-mer oligonucleotide composed of five repeats of the
sequence TCTTGT, (lanes 4-6), the 30-mer B-min globin labeled 32P-probe (shown in Fig.
1), (lane 5), an 100-fold excess of non-radiolabeled "competitor" GATA-RE-containing
oligonucleotide, and (lane 6), an 100-fold excess of non-radiolabeled "competitor" GRE-
containing oligonucleotide.

Fig. 6. Effects of induction and inhibition of MEL cell differention on nuclear
levels of GATA-RE- and GRE-binding activities. Nuclear extracts were prepared (see
Materials and Methods) from MEL cells grown as in Fig. 2 The extracts of Group A, B,
and C were prepared from cultures grown as in Fig. 2, Group 2, 3, and 1, respectively.
The extracts were incubated with the 32P-labeled 8-min globin promoter probe (shown in
Fig. 1) and EMSAs were performed as described in Materials and Methods. All EMSA
incubations contained the B-min globin promoter probe, and (lane 1) no nuclear extract,
(lanes 2, 6, 10) nuclear extracts from cells not exposed to DEX or HMBA, (lanes 3, 7)
extracts from HMBA-treated cells, (lanes 4, 8) extracts from DEX-treated cells, (lanes 5, 9)
extracts from HMBA- and DEX-treated cells, (lanes 11, 12) extracts from cells not exposed
to DEX or HMBA were preincubated with an 100-fold excess of "competitor" non-
radiolabeled GATA-RE- (lane 11) or GRE- (lanel2) containing oligonucleotides,
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respectively. The upper and lower arrows indicate GATA- and GRE-binding complexes,
respectively.

Fig. 7. Antibody characterization of protein binding to a 3-min promoter region
sequence. Protein A-Sepharose or a complex of protein A-Sepharose with mouse IgG2a,
rabbit preimmune serum, or an antibody to mGATA-1 or to mGR was incubated with a
MEL cell nuclear extract. Then EMSAs were performed with the 32P-labeled 8-min globin
probe as described in Fig. 6 and Materials and Methods. All of the samples, except in lane
1, contained MEL cell nuclear extract. Lane 2 contained nuclear extract incubated with
Protein A-Sepharose, but not an antibody preparation, lane 3, mGATA-1-specific
antibody, lane 4, mGR-specific MAB, lane 5, mouse IgG2A- and lane 6, rabbit preimmune
serum.

Fig. 8. Effects of the GR and deletion mutants of mGATA-1 on globin gene
promoter and FL'V LTR transactivation. As in Fig. 3, CV-1 cells were transfected with 8-
min (A), and B-maj (B) globin-linked to CAT plasmids, or a synthetic 20-mer o.1- globin
promoter sequence lacking a GRE moitif linked to HGH reporter plasmid (C) or FLV LTR
sequence linked to CAT reporter plasmid (D). Ten pg of the mGR-expressing plasmid was
cotransfected (except in indicated lanes of Panel C) along with 10 ng wild type (WT)
mGATA-1 or a truncated mGATA-1 construct;, @110, @249, and @308, as indicated, and
16 hr after transfection, DEX, 1 uM, was added to the indicated samples. After a total of
48 hr, the cells were harvested and CAT levels determined (A, B, and D) or 100 ul
medium were collected and HGH levels determined (C). Rectangular cartoons of the
mGATA-1 portion of these constructs are pictured to the left with the numbers representing
the position of amino acids. The filled squares within the rectangular bars indicate the zinc
finger domains.

Fig. 9. Effects of mGR mutant constructs on the regulation of 8-globin promoters
and FLV LTR by mGATA-1. CV-1 cells were cotransfected with 8-min (A), the 8-maj (B)
globin-linked to CAT plasmids, or FLV LTR sequence linked to CAT reporter plasmid (C)
as described in Fig. 2 and mGATA-1-and WT mGR- and four different mutant mGR-
expressing plasmids as indicated; one with a point mutation (Glus4g altered to Gly) in the
hormone-binding domain (NA), one with a point mutation (Argsg4 altered to His) in the
DNA-binding domain (NB), one with an extensive N-terminal deletion (from amino acid 1
to 421) which removed the transactivation domain (Dd), and one with a less extensive N-
terminal deletion of the transactivation domain from amino acid 1 to 106 (N1). DEX, 1
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uM, was added to the indicated samples 16 hr after transfection. After a total of 48 hr, the
cells were harvested and CAT levels determined. Rectangular cartoons of the mGR portion
of these constructs are displayed to the left. The box enclosed within the rectangular bars
indicates the DNA-binding domain.

Fig. 10. Four possible types of interactions between mGATA-1 and activated
mGR that might be responsible for the down-regulation of mGATA-1 activity by mGR.
(1) A complex of activated mGR bound to mGATA-1 and to both response elements. (2)
A complex of mGATA-1 and activated mGR bound to a GATA response element. (3) A
complex of MGATA-1 and activated mGR bound to a GRE. (4) A complex of mGATA-1
and activated mGR not bound to a response element. Any of these hypothesized
complexes could include a protein(s) in addition to mGATA-1 and the mGR. The oval
represents GATA-1, the notched square, the GR, the small black square, a glucocorticoid,
the rectangular bar, a mGATA-1-responsive gene, and the dark and hatched rectangles
enclosed within the bar represent a GATA-RE and GRE, respectively.



32
B-minor globin

5'-~—CTGCGAGGATAAGAACAGACACTACTCAGA---154bp—~TATA-25bp—~CAP3"
3'~=—GACGCTCCTATICTTGTCTGTGATGAGTCT = —mm —mmm o — e e e - 5

AAKAKRAAKRAhkAIAR AR A AR AR XA Ak A Kd%
B-major globin

5'-—-GACAGIGITCTCTGCACAGATAAGGACAAACATTATT-162bp~TATA-26bp—-—CAP3"

3'--CTGTCACAAGAGACGTGTCTATTCCTGTTTGTAATAA~———— == ——— 5!
AA kAR KA KAKRKAKRKAKR KR KRR KKK A kKK K

al-globin

5'-GTCCGGGCAACTGATAAGGATTCCCTG-134bp-AGGACA-14bp—TATA-290bp—-CAP3"
3'-CAGGCCCGTTGACTATTCCTAAGGGAC——=—=~—— ITCCTGT— === ———— e 5!

ol-globin probe

TGTGTCCGGGCAACTGATAAGGATTCCCTG

ACACAGGCCCGTTGACTATTCCTAAGGGAC
Kk Rk ARk AR AAkhRkkhR Kk kkkkkkk kK *

FLV-LTR

5'-~—GGGCCAAGAACAGATACGCTGGGCCAA---120bp——-TATA~——24bp-~—CAP3"
3'~=—CCCGGTICTTGTCTATGCGACCCEGTT— === mm— mm e 5¢

kAhkhkkhkhkhkkhkhkhkkhkhkhkkhhkkhkhkkhk

Fig.|



33

100

(%) si90 +g

Fig.2



>

CAT actlvity (fald)

HGH secretlon (fold)

20
10
Q T T v T M 1 M ]
0 4 6 8 10 i2
mGATA-1 plasmid (ug)
20
10 -
o T T M 1 i ] M
0 4 6 8 10 12
mGATA-1 plasmid (ug)

Fig.3

34



@]

CAT activity (fold)

20

o+ —TT——T

0 2 4 6 8 10
mGATA-1 plasmid (ug)

Fig.3

12

35



| AE!

(w) x30

HGH

secrotlon ({loid)

- 01

A

oz

et

(wt) x3a

CAT activily (fold)

o

o
)

a

~ 02

c'i

>

se



CAT activity (fold)

20

0.0

T T

0.2 0.4 0.6 0.8 1.0

DEX (uM)

Fig. 4

37



38

g N M mieae e

I

Fig.5




Fig.6

7

8

39



40

2 3 4 5 6

Fig.7



A

mGATA plasmid expressed

wrop = w—
@110 i —
e "
L —

B

mGATA plasmid expressed

WT 1 W 413

a1 """
148 201, 413
e 'C = i —

ew '
C

Plasmid expressed

mGATA
mGATA
@110
@249

@308

mGR

mGR
mGATA+mGR
mGATA+mGR

Fig.8

DEX

+1 +1 +1

+ 1

+1 +10 +0

+1

P4+ b+

+ 401

o i

T T

T T v
2000 4000 6000 8000 1000012000
3-Acetyl chloramphenicol (cpm)

U
10000 20000
3-Acetyl chloramphenicol (cpm)

“ OPWANANHWN -

-

HGH (ng/mi)

a1



42

D

mGATA plasmid expressed

DEX
WwT I l_'——ﬂ?_——l‘m ; //////////////////
@1y | fR—n o+ ‘
U — + t K

v . v
0 10000 20000
3-Acetyl chioramphenicol (cpm)

Fig.8



A

mGR plasmid expressed

WT - 1 7783
Na S— 783

T*GTu546-Gly)
NB | — l“ﬁggﬁd-mﬁ)l783
Dd "
N1 "B 1T 783

B

mGR plasmid expressed

! 783
WT - IT ]
1 783
NA [ 1=
‘ (*GIU546-Gly)
[ = 7
NB
Dd "
102 783
N1 { IT ]

Fig.9

o
m
>

LRI R B o B SR I o B o B

F1H 4+

mGATA plasmid
expressed

—

(77777777 77777777 77777777
Y7777 77 7777777777277 7777

TIITITIIIIIIIIIII LI IIY S

N o o s w N

0 t0 20

VILTINI I IO IIIIINEIL.

vllllljlllllllllllllla

0 10 20 ao
CAT activity (fold)

+ + + + + +

+ + + + + +

a3



C

mGR plasmid expressed

WT ' T 783
NA ' 1= 783
, TS
NB C El ]
Dd B o e
NI ' m 783

m
»

+1 4+ H L+

mGATA plasmid

~N @@ W & W N

0 10

TIITEETETETEITETETITN S
7T T T T T T
777777 7777 777772777

77777 77T T I 7T 77
77777 77777777 7777

20
CAT actlvity (toid)

Fig.9

expressed

+ + + + + +

30



GATA-1

GR
® Y =

Glucocorticoid

R ANNN\N

GATA-RE GRE

N

N

N

N

Fig.10



46

Bibliography

1.

10.

Scher W, Tsuei D, Sassa S, Price P, Gabelman N, Friend C 1978 Inhibition of
dimethyl sulfoxide-stimulated Friend cell erythrodifferentiation by hydrocortisone and
other steroids. Proc Natl Acad Sci USA 75:3851-3855.

Lo S-C, Aft R, Ross J, Mueller GC 1978 Control of globin gene expression by
steroid hormones in differentiating Friend leukemia cells. Cell 15:447-453.

Scher W, Tsuei D, Friend C 1980 The structural basis for steroid modulation of
DMSO-stimulated erythrodifferentiation. Leuk Res 4:217-229.

Chang T-J, Scher BM, Waxman S, Scher W 1993 Inhibition of mouse GATA-1
function by the glucocorticoid receptor: possible mechanism of steroid inhibition of
erythroleukemia cell differentiation. Molec Endocrinol in press, see Appendix.

Evans T, Felsenfeld G, Reitman M 1990 Control of globin gene transcription. Ann
Rev Cell Biol 6:95-124.

Komberg RD, Lor_ch Y 1991 Irresistible force. Cell 67:833-836.

Felsenfeld G 1992 Chromatin as an essential part of the transcriptional mechanism.
Nature 355:219-224.

Razin A, Levine A, Kafri T, Agostinin S, Gomi T, Cantoni GL 1988 Relationship
between transient DNA hypomethylation and erythroid differentiation of murine
erythroleukemia cells. Proc Natl Acad Sci USA 85:9003-9006.

Enver T, Zhang J-W, Papayannopoulou T, Stamatoyannopoulos G 1988 DNA
methylation: a secondary event in globin gene switching. Genes Devel 2:698-706.

Michalowsky LA, Jones PA 1989 DNA methylation and differentiation. Environ
Health Perspect 80:189-197.



47

11.  Seyfert VL, McMahon SB, Glenn WD, Yellen AJ, Sukhatme VP, Cao X, Monroe
JG 1990 Methylation of an immediate-early inducible gene as a mechanism for B cell
tolerance induction. Science 250:797-800.

12.  Sawyer CL, Denny CT, Witte ON 1991 Leukemia and the disruption of normal
hematopoiesis. Cell 64:337-350.

13.  Wilson C, Bellen H, Gehring WJ 1990 Position effects on eukaryotic gene
expression. Annu Rev Cell Biol 6:679-741.

14.  Orkin SH 1990 Globin gene regulation and switching: circa 1990. Cell 63:665-672.

15. Nicolas RH, Partington G, Major GN, Smith B, Carne AF, Huskisson N,
Goodwin G 1991 Induction of differentiation of avian erythroblastosis virus-
transformed erythroblasts by the protein kinase inhibitor H7; analysis of the
transcription factor EF-1. Cell Grow Diff 2:129-135.

16.  Stamatoyannopoulos G 1991 Human hemoglobin switching. Science 252:383.

17.  Ley TJ 1991 The pharmocology of hemoglobin switching: of mice and men. Blood
77:1146-1152.

18.  Carr BI, Rahbar S, Doroshow JH, Blayney D, Goldberg D, Leong L, Asmeron Y
1987 Fetal hemoglobin gene activation in a phase II study of 5,6-dihydro-5-azacytidine
for bronchgenic carcinoma. Cancer Res 47:4199-4201.

19.  Al-Khatti A, Veith RW, Papayannopoulou T, Fritsch EF, Goldwasser E,
Stamatoyannopoulos G 1987 Stimulation of fetal hemoglobin synthesis by
erythropoietin in baboons. New Eng J Med 317:415-420.

20.  Whimey JB 1977 Differential control of the synthesis of two hemoglobin 8 chains
in normal mice. Cell 12:863-871.

21.  Barker JE, Pierce JE, Nienhuis AW 1980 Hemoglobin switching in sheep: a
comparison of the erythro-poietin-induced switch to HbC and the fetal to adult
hemoglobin switch. Blood 56:488-494.



48

22.  Alter BP, Campbell AS, Holland JG, Friend C 1982 Increased mouse minor
hemoglobin during erythroid stress: a model for hemoglobin regulation. Exp Hematol
10:754-760.

23.  Friend C, Scher W, Holland JG, Sato T 1971 Hemoglobin synthesis in murine
virus-induced leukemic cells in vitro: stimulation of erythroid differentiation by dimethyl
sulfoxide. Proc Natl Acad Sci USA 68:378-382.

24.  Scher W, Waxman S 1983 Effects of dexamethasone and phorbol myristate acetate
on the induction of differentiation in mouse eythroleukemic cells by dimethyl sulfoxide,
proteases, and other compounds. NY Acad Sci 411:180-190.

25. Longmore GD, Lodish HF 1991 An activating mutation in the murine
erythropoietin receptor induces erythroleukemia in mice: a cytokine receptor superfamily
oncogene. Cell 67:1089-1102.

26. Levy SB, Blankstein LA, Vinton EC, Chambers TJ, Biologic and biochemical
characteristics of Friend leukemic cells representing different stages of a malignant
process, in Oncogenic Viruses and Host Cell Genes, Y. Ikawa and T. Odaka, Editor.
1979, Academic Press, Inc.: New York. p. 409-428.

27.  Tambourin P, Wendling F, Moreau-Gachelin F 1981 Friend leukemia as a multiple-
step disease. Blood Cells 7:133-144.

28.  Waxman S, Scher W, Scher BM 1986 Basic principles for utilizing combination
differentiation agents. Cancer Detect Prevent 9:395-407.

29. Nudel U, Salmon JE, Terada M, Bank A, Rifkind RA, Marks PA 1977 Differential
effects of chemical inducers on expression of 8 globin genes in murine erythroleukemia
cells. Proc Natl Acad Sci USA 74:1100-1104.

30.  Curtis P, Finnigan AC, Rovera G 1980 The 8 major and 8 minor globin nuclear
transcripts of Friend erythroleukemia cells induced to differentiate in culture. J Biol
Chem 255:8971-8974.



49

31.  Scher W, Scher BM, Hellinger N, Waxman S 1985 The proportions of hemoglobin
types induced in mouse erythroleukemia cells vary with the inducer or combination of
inducers, the inducer concentration and the time of induction. Hemoglobin 9:577-596.

32.  Gusella JF, Weil SC, Tsiftsoglou AS, Volloch V, Neumann JR, Keys C,
Housman DE 1980 Hemin does not cause commitment of murine erythroleukemia
(MEL) cells to terminal differentiation. Blood 56:481-487.

33. Ohta Y, Tanaka M, Terada M, Miller OJ, Bank A, Marks PA, Rifkind RA 1976
Erythroid cell differentiation: murine erythroleukemia cell variant with unique pattern of
induction by polar compounds. Proc Natl Acad Sci USA 73:1232-1236.

34. Rovera G, Surrey S 1978 Use of resistant or hypersensitive variant clones of
Friend cells in analysis of mode of action of inducers. Cancer Res 38:3737-3744.

35.  Zitnik G, Hines P, Stamatoyannopoulos G, Papayannopoulou T 1991 Murine
erythroleukemia cell line GM979 contains factors that can activate silent chromosomal
human gamma-globin genes. Proc Natl Acad Sci USA 88:2530-2534.

36.  Scher W, Hellinger N, Waxman S 1985 Protease induction of hemoglobin
synthesis but not terminal cell division in K562 cells. Exp Hematol 13:36-43.

37. Marks PA, Rifkind RA, Gambari R, Epner E, Chen Z-X, Banks J, Commitment to
terminal differentiation and the cell cycle, in Current Topics in Cellular Regulation, B.L.
Horecker and E.R. Stadtman, Editor. 1982, Academic Press: New York. p. 189-203.

38.  Bar-Ner M, Messing LT, Cultraro CM, Birrer MJ, Segal S 1992 Regions within
the c-myc protein that are necessary for transformation are also required for inhibition of

differentiation of murine erythroleukemia cells. Cell Grow Diff 3:183-190.

39.  Vedeckis WV 1992 Nuclear receptors, transcriptional regulation, and oncogenesis.
Proc Soc Exptl Biol Med 199:1-12.

40.  Beato M 1989 Gene regulation by steroid hormones. Cell 58:335-344.



50

41. Kaneda T, Murate T, Sheffery M, Brown K, Rifkind RA, Marks PA 1985 Gene

expression during terminal differentiation: dexamethasone suppression of inducer-
mediated alpha;- and B-maj-globin gene expression. Proc Natl Acad Sci USA 82:5020-

5024.

42.  Glauber JG, Wandersee NJ, Little JA, Ginder GD 1991 5'-Flanking sequences
mediate butyrate stimulation of embryonic globin gene expression in adult erythroid
cells. Molec Cell Biol 11:4690-4697.

43.  Strauss EC, Andrews NC, Higgs DR, Orkin SH 1992 In vivo footprinting of the
human alpha-globin locus upstream regulatory element by guanine and adenine ligation-
mediated polymerase chain reaction. Mol Cell Biol 12:2135-2142.

44.  Bohan CA, Robinson RA, Luciw PA, Srinivasan A 1989 Mutational analysis of
sodium butyrate inducible elements in the human immunodeficiency virus type I long
terminal repeat. Virology 172:573-583.

45.  Trawick JD, Kraut N, Simon FR, Poyton RO 1992 Regulation of Yeast COX6 by
the general transcription factor ABF1 and separate HAP2- and heme-responsive
elements. Mol Cell Biol 12:2302-2314.

46. Macleod K, Plumb M 1991 Derepression of mouse 3-major globin gene
transcription during erythroid differentiation. Molec Cell Biol 11:4324-4332.

47. Lin HJ, Anagnou NP, Rutherford TR, Shimada T, Nienhuis AW 1987 Activation
of the human B-globin promoter in K562 cells by DNA sequences 5' to the fetal gamma-
or embryonic zeta-globin genes. J Clin Invest 80:374-380.

48. Sorrentino B, Ney P, Bodine D, Nienhuis AW 1990 A 46 base pair enhancer
sequence within the locus activating region is required for induced expression of the
gamma-globin gene during erythroid differentiation. Nucl Acid Res 18:2721-2731.

49.  Ikuta T, Kan YW 1991 In vivo protein-DNA interactions at the B-globin gene
locus. Proc Natl Acad Sci USA 88:10188-10192.



50.  McDonagh KT, Nienhuis AW 1991 Induction of the human gamma-globin gene
promoters in K562 cells by sodium butyrate: reversal of repression by CCAAT
displacement protein. Blood 78(Suppl 1):Suppl 1, 255a.

51.  Antoniou M, deBoer E, Habets G, Grosveld F 1988 The human 8-globin gene
contains multiple regulatory regions: identification of one promoter and two
downstream enhancers. EMBO J 7:377-384.

52. deBoer E, Antoniou M, Mignotte V, Grosveld F 1988 The human B-globin
promoter; nuclear protein factors and erythroid specific induction of transcription.
EMBO J 7:4203-4212.

53.  Stuve LL, Myers RM 1990 A directly repeated sequence in the 8-globin promoter
regulates transcription in murine erythroleukemia cells. Molec Cell Biol 10:972-981.

54. Wright S, Rosenthal A, Flavell R, Grosveld F 1984 DNA sequence required for
regulated expression of B-globin genes in murine erythroleukemia cells. Cell 38:265-
273.

55.  Orkin SH 1992 GATA-binding transcription factors in hematopoietic cells. Blood
© 80:575-581.

56. Zon LI, Gurish MF, Stevens RL, Mather C, Reynolds DS, Austen S, Orkin SH

51

1991 GATA-binding transcription factors in mast cells regulate the promoter of the mast

cell carboxypeptidase A. J Biol Chem 266:22948-22953.

57.  Pevny L, Simon MC, Robertson E, Klein WH, Tsai S-F, D'Agati V, Orkin SH,
Costantini F 1991 Erythroid differentiation in chimaeric mice blocked by a targeted
mutation in the gene for transcription factor GATA-1. Nature 349:257-260.

58.  Whitelaw E, Tsai SF, Hogben P, Orkin SH 1990 Regulated expression of globin
chains and the erythroid transcription factor GATA-1 during erythropoiesis in the
developing mouse. Molec Cell Biol 10:6596-6606.



52

59. Tsai SH, Martin DIK, Zon LI, D'Andrea AD, Wong GG, Orkin SH 1989 Cloning
of cDNA for the major DNA-binding protein of the erythroid lineage through expression
in mammalian cells. Nature 339:446-451.

60. WallL, deBoer E, Grosveld F 1988 The human beta-globin gene 3' enhancer
contains multiple binding sites for an erythroid-specific protein. Genes Dev 2:1089-
1100.

61.  Martin DIK, Zon LI, Mutter G, Orkin SH 1990 Expression of an erythroid
transcription factor in megakaryocytic and mast cell lineages. Nature 344:444-447.

62. Plumb M, Frampton IMW, Walker M, Macleod K, Goodwin G, Harrison P 1989
GATAAG: a cis-control region binding an erythroid-specific nuclear factor with a role
in globin and non-globin expression. Nucl Acid Res 17:73-92.

63.  Mignotte V, Wall L, deBoer E, Grosveld F, Romeo P-H 1989 Two tissue-specific
factors bind the erythroid promoter of the human porphobilinogen deaminase gene. Nucl
Acid Res 17:37-54.

64.  Youssoufian H, Zon LI, Orkin SH, D'Andrea AD, Lodish HF 1990 Genomic
structure and transcription of the mouse erythrpoietin receptor gene. Mol Cel Biol
10:3675-3682.

65. Crotta S, Nicolis S, Ronchi A, Ottolenghi, Ruzzi L, Shimada Y, Migliaccio AR
1990 Progressive inactivation of the expression of an erythroid transcription fActor in
 GM- and G-CSF-dependent cell line. Nucleic Acids Res 18:6864-6869.

66.  Sposi NM, Zon LI, Careé A, Valtieri M, Testa U, Gabbianelli M, Mariani G,
Bottero L, Mather C, Orkin SH, Peschle C 1992 Cell cycle-dependent initiation and
lineage-dependent abrogation of GATA-1 expression in pure differentiating
hematopoietic progenitors. Proc Natl Acad Sci USA 89:6353-6357.

67.  Martin DIK, Orkin SH 1990 Transcriptional activation and DNA binding by the
erythroid factor GF-1/NF-E1/Eryf 1. Genes Devel 4:1886-1898.



53

68. Romeo P-H, Prandini M-H, Joulin V, Mignotte V, Prenant M, Vainchenker W,
Marguerie G, Uzan G 1990 Megakaryocytic and erythrocytic lineages share specific
transcription factors. Nature 344:447-449.

69. Higgs D, Wood WG, Jarman AP, Sharpe J, Lida J, Pretorius IM, Ayyub H 1990
A major positive regulatory region located far upstream of the human alpha-globin gene
locus. 4:1588-1601.

70.  Vyas P, Vicker MA, Simmons DL, Ayyub H, Craddock CF, Higgs DR 1992 Cis-
acting sequences regulating expressing of the human alpha-globin cluster lie within
constitutively open chromatin. Cell 69:781-793.

71. Grosveld F, van Assendelft GB, Greaves DR, Kollias B 1987 Position-
independent, high-level expression of the human beta-globin gene in transgenic mice.
Cell 51:975-985.

72.  Moon AM, Ley TJ 1990 Conservation of the primary structure, organization, and
function of the human and mouse B-globin locus-activating regions. Proc Natl Acad Sci
USA 87:7693-7697.

73. Talbot D, Philipsen S, Fraser P, Grosveld F 1990 Detailed analysis of the site 3
region of the human B-globin dominant control region. EMBO J 9:2169-2178.

74. Yamamoto M, Ko LJ, Leonard MW, Beug H, Orkin SH, Engel JD 1990 Activity
and tissue-specific expression of the transcription factor NF-E1 family. Genes DEV
4:1650-1662.

75.  Wilson DB, Dorfman DM, Orkin SH 1990 A non-erythroid GATA-binding protein
is required for function of the human preproendothelin-1 promoter in endothelial cells.
Mol Cell Biol 10:9854-9862.

76. Arceci RJ, King AAJ, Simon MC, Orkin SH, Wilson DB 1993 Mouse GATA-4: a
retionic acid-inducible GATA-binding transcription factor expressed in endodermally
deriverd tissues and heart. Mol Cell Biol 13:2235-2246.



54

77. Ho IC, Vorhees P, Marin N, Tasi SF, Orkin SH 1991 Human GATA-3: A lineage-
restricted transcription factor that regulates the expression of the T cell receptor alpha
gene. EMBO J 10:1187-1192.

78.  Dorfam DM, Wilson DB, Burns G, Orkin SH 1992 Human transcription factor
GATA-2: Evidence for regulation of preproendothelin (PPET-1) gene expression in
endothelial cells. J. Biol Chem 267:1279-1285.

79.  Mitchell PJ, Tjian R 1989 Transcriptional regulation in mammalian cells by
sequence-specific DNA binding proteins. Science 245:371.

80. Zon LI, Mather C, Burgess S, Bolce ME, Harland RM, Orkin SH 1991 Expression
of GATA-binding proteins during embryonic develpment in Xenopus laevis. Proc Natl
Acad Sci USA 88:10642-10646.

81.  Chiba T, Ikawa Y, Todokoro K 1991 GATA-1 transactivates erythropoietin
receptor gene, and erythropoietin receptor-mediated signals enhance GATA-1 gene
expression. Nucl Acid Res 19:3843-3848.

82.  Tsai S-F, Strauss E, Orkin SH 1991 Functional analysis and in vivo footprinting
implicate the erythroid transcription factor GATA-1 as a positive regulator of its own
promoter. Genes Devel 5:919-931.

83.  Evans RM 1988 The steroid and thyroid hormone receptor superfamily. Science
240:889-895.

84. Ham J, Parker MG 1989 Regulation of gene expression by nuclear hormone
receptor. Curr Opin Cell Biol 1:503-511.

85.  Picard D, Yamamoto KR 1987 Two signals mediate hormone-dependent nuclear
localization of the glucocorticoid receptor. EMBO J 6:3333-3340.

86.  Danielsen M, Northop JP, Jonklaas J, Ringold GM 1987 Domains of the
glucocorticoid receptor involved in specific and nonspecific deoxyribonucleic acid

binding, hormone activation, and transcriptional enhancement. Molec Endocrinol 1:816-
822. '



55

87.  Hollenberg SM, Giguere V, Sequi P, Evans RM 1987 Colocalization of DNA
binding and transcriptional activation functions in the human glucocorticoid receptor.
Cell 49:39-46.

88.  Miesfeld R, Godowski PJ, Maler BA, Yamamoto KR 1987 Glucocorticoid receptor
mutants that define a small region sufficient for enhancer activation. Science 236:423-
427.

89. Rusoni S, Yamamoto KR 1987 functional dissection of the hormone and DNA
binding activities of the glucocorticoid receptor. EMBQO J 6:1309-1315.

90.  Gehring U, Arndt H 1985 Heteromeric nature of glucocoticoid receptors. FEBS
Lett 179:138-142.

91.  Eriksson P, Wrange O 1990 Protein-protein contacts in the glucocrotcoid receptor
homodimer influence its DNA binding properties. J Biol Chem 265:3535-3542.

92. Freedman LP, Luisi BF, Korszun ZR, Basavappa R, Sigler PB, Yamamoto KR
1988 The function and structure of the metal coordination sites within the glucocorticoid
rec eptor DNA binding domain. Nature 334:543-546.

93.  Sigler P 1988 Acid blobs and negative noodles. Nature 333:210-212.

94.  Hahn S 1993 Structure(?) and function of acidic transcription activators. Cell
72:481-483.

95.  Payvar F, Wrange O 1984 Relative selectivities and efficiencies of DNA binding by
purified intact and protease cleaved glucocorticoid receptor, Steroid hormone receptor:
structure and function. Elserier/North Holland Biomedical press, Amsterdam, p 267-
282.

96. Hard T, Kellenbach E, Boelens R, Maler BA, Dahlman K, Freedman LP,
Carlstedt-Duke J, Yamamoto KR, Gustafsson J-A, Kaptein R 1990 Solution structure
of the glucocorticoid receptor DNA-binding domain. Science 249:157-160.



56

97. Danielson M, Hinck L, Ringold GM 1989 Two amino acids within the Knuckle of
the first zinc finger specify DNA response element activation by the glucocorticoid
receptor. Cell 57:1131-1138.

98. Webster NJG, Green S, Jin JR, Chambon P 1988 The hormone binding domains
of the estrogen and glucocoticoid receptors contain an inducible transcription activation
function. Cell 54:199-207.

99.  Berns KI, Labow MA 1987 Parvovirus gene regulation. J gen Virol 68:601-614.

100. Young N 1988 Hematologic and hematopoietic consequences of B19 parvovirus
infection. Semin Hematol 25:159-172.

101. Rosenfield SJ, Young N 1991 Viruses and bone marrow failure. Blood Rev 5.

102. Abkowitz JL 1991 Retrovirus-induced feline pure red blood cell aplasia:
pathogenesis and response to suramin. Blood 77:1442-1451.

103. Tambourin PE, Wendling F, Jasmin C, Smadja-Joffe F 1979 The physiopathology
of Friend leukemia. Leuk Res 3:117-129.

104. de Both NJ, Klootwijk E, Verhoef NJ, Schalekamp M, Harrison PR, Stoof TJ
1979 The influence of Rauscher leukemia virus (R-MuLV) on the differentiation of red
blood cells in BABL/c mice. Leuk Res 3:227-238.

105. Gabelman N, Scher W, Friend C 1974 Alteration in macromolecular synthesis and
cellular growth in mouse embryo fibroblasts infected with Friend leukemia virus.
Internatl J Cancer 13:343-352.

106. Toniolo T, Matteucci C, Pistillo MP, Gori Z, Bendinelli M 1980 Early replication
of Friend leukemia viruses in spleen macrophages. J gen Virol 49:203-208.

107. Joesten ME, Royston ME, Pogo BG-T 1989 Tissue specificity in the expression of
Friend erythroleukemic virus sequences in infected mouse tissues. Leuk Res 13:233-
239.



57

108. Albritton LM, Tseng L, Scadden D, Cunningham JM 1989 A putative murine
ecotropic retrovirus receptor gene encodes a multiple membrane-spanning protein and
confers susceptibility to virus infection. Cell 1989:659-666.

109. Scher W, Scher BM, Waxman S, Nuclear events during differentiation of
erythroleukemia cells, in Current Concepts in Erythropoiesis, C.D.R. Dunn, Editor.
1983, John Wiley & Sons Ltd.: Chichester. p. 301-338.

110. Paoletti FP, Mocali A, Vannucchi AM 1992 Acetylcholinesterase in murine
erythroleukemia (Friend) cells: evidence for megakaryocyte-like expression and
potential growh-regulatory role of enzyme activity. Blood 79:788-794.

111. OIlff A, Signorelli K, Collins L 1984 The envelope gene and long terminal repeat
sequences contribute to the pathogenic phenotype of helper-independent Friend viruses.
J Virol 51:788-794.

112. Wolff L, Chung S-W, Ruscetti S, Molecular basis for the pathogenicity of the
Friend spleen focus-forming virus, in Modern Trends in Virology, H. Beuer Klenk, H.-
D., Scholtissek, Ch., Rott, T.I., Editor. 1988, Springer-Verlag: Heidelberg. p. 123-
133.

113. Kabat D 1989 Molecular biology of Friend viral erythroleukemia. Curr Topics in
Microbiol and Immunol 148:1-42.

114. LiJ-P,D'Andrea AD, Lodish HF, Baltimore D 1990 Activation of cell growth by
binding of Friend spleen focus-forming virus gp55 glycoprotein to the erythropoietin
receptor. Nature 343:762-764.

115. Prasad DDK, Rao VN, Reddy ESP 1992 Structure and expression of human Fli-1
gene. Cancer Res 52:5833-5837.

116. Thiesen H-J, Bosze Z, Henry L, Charnay P 1988 A DNA element responsible for
the different tissue specificities of Friend and Moloney retroviral enhancers. J Virol
62:614-618.



58

117. Green AR, Lints T, Visvader J, Harvey R, Begley CG 1992 SCL is coexpressed
with GATA-1 in hemopoietic cells but is also expressed in developing brain. Oncogene
7:653-660.

118. Aplan PD, Nakahara K, Orkin SH, Kirsch IR 1992 The SCL gene product: a
positive regulator of erythroid differentiation. EMBO J 11:4073- 4081.

119. Dai W, Murphy MJ 1993 Downregulation of GATA-1 expression during phorbol
myristate acetate-induced megakaryocytic differentiation of human erythroleukemia.
Blood 81:1214-1221.

120. Van Der Feltz MJM, Kranendonk-Odijk ME, Stark J, De Both NJ 1986 Nucleotide
sequence of the Rauscher murine leukaemia virus long terminal repeat. J gen Virol
67:2785-2790.

121. Nishioka Y, Leder P 1979 The complete sequence of a chromosomal mouse alpha-
globin gene reveals elements conserved throughout vertebrate evolution. Cell 18:875-
882.

122. Shehee WR, Loeb DD, Adey NB, Burton FH, Casavant NC, Cole P, Davies CJ,

" McGraw RA, Schichman SA, Severynse DM, Voliva CF, Weyter FW, Wisely GB,
Edgell MH, Hutchison III CA 1989 Nucleotide sequence of the BALB/c mouse 3-globin
complex. J Mol Biol 205:41-62.

123. Kim CG, Swendeman SL, Barnhart KM, Sheffery M 1990 Promoter elements and
erythroid cell nuclear factors that regulate alpha-globin gene transcription in vitro. Molec
Cell Biol 10:5958-5966.

124. Manley NR, O'Connell MA, Sharp PA, Hopkins N 1989 Nuclear factors that bind
to the enhancer region of nondefective Friend murine leukemia virus. J Virol 63:4210-
4223,

125. Giguere V, Hollenberg SM, Rosenfeld MD, Evans RM 1986 Functional domains
of the human glucocorticoid receptor. Cell 46:645-652.



59

126. Weich N, Marks PA, Rifkind RA 1988 Regulation of murine alpha-, Bmajor-, and
Bminor-globin gene expression. Biochem Biophys Res Commun 150:204-211.

127. Manley NR, O'connell MA, Sharp PA, Hopkins N 1989 Nuclear factors that bind
to the enhancer region of nondefective Friend murine leukemia virus. J. Virol. 63:4210-
4223,

128. Galson DL, Housman DE 1988 Detection of two tissue-specific DNA-binding
proteins with affinity for sites in the mouse B-globin intervening sequence 2. Molec Cell
Biol 8:381-392.

129. Mierendorf RC, Mueller GC 1979 Possible role of glucocorticoid receptors in
globin gene expression in differentiating Friend cells. Molec Cell Endocrinol 13:301-
316.

130. Golde DW, Bersch N, Lippman ME, Friend C 1979 Detection of glucocorticoid
receptors on Friend erythroleukemia cells. Proc Natl Acad Sci USA 76:3515-3517.

131. Osborne HB 1981 Comparison of dexamethasone and resistance to inhibition of
induced differentiation in subclones of murine erythroleukemia cells. Biochem Biophys
Res Commun 101:823-829.

132. Mayeux P, Felix J-M, Billat C, Jacquot R 1985 Effect of the antiglucocorticoid
agent RU 38486 on the dexamethasone inhibition of Friend cell differentiation. Biochim
Biophys Acta 846:413-417.

133. Tsiftsoglou AS, Housman D, Wong W 1986 The inhibition of commitment of
mouse erythroleukemia cells by steroid involves a glucocorticoid-receptor mediated
process(es) acting at the nuclear level. Biochim Biophys Acta 889:251-261.

134.  Schwartzbauer G, Schlesinger K, Evans T 1992 Interaction of the erythroid
transcription factor cGATA-1 with a critical auto-regulatory element. Nucl Acid Res
20:4429-4436.

135. Grandchamp B, Beaumont C, de Verneuil H, Nordmann Y 1985 Accumulation of
porphobilinogen deaminase, uroporphyrinogen decarboxylase, and a- and 8-globin



60

mRNAs during differentiation of mouse erythroleukemic cells. J Biol Chem 260:9630-
9635.

136. Frampton J, Walker M, Plumb M, Harrison PR 1990 Synergy between the NF-E1
erythroid-specific transcription factor and the CACCC factor in the erythroid-specific

promoter of the human porphobilinogen deaminase gene. Molec Cell Biol 10:3838-
3842.

137.  Astrin KH, Kaya AH, Wetmur JG, Desnick RJ 1991 Rsal polymorphism in the
human delta-aminolevulinate dehydratase gene at9q32. Nucl Acid Res 19:4307.

138. Cox TC, Bawden MJ, Martin A, May BK 1991 Human erythroid 5-
aminolevulinate synthase: promoter analysis and identification of an iron-responsive
element in the mRNA. EMBO J 10:1891-1902.

139.  Yang H-Y, Evans T 1992 Distinct roles for the two cGATA-1 finger domains.
Molec Cell Biol 12:4562-4570.

140. Danielsen M, Northrop JP, Ringold GM 1986 The mouse glucocorticoid receptor:
mapping of junctional domains by cloning, sequencing and expression of wild-type and
" mutant receptor proteins. EMBO J 5:2513-2522.

141. Dalman FC, Sanchez ER, Lin A-Y, Perini F, Pratt WB 1988 Localization of
phosphorylation sites with respect to the functional domains of the mouse L cell
glucocorticoid receptor. J Biol Chem 263:804-809.

142. Smith LI, Mendel DB, Bodwell JE, Munck A 1989 Phosphorylated sites within the
functional domains of the -100 KDa steroid-binding subunit of glucocorticoid receptors.
Biochemistry 28:4490-4498.

143.  Hoeck W, Groner B 1990 Hormone-dependent phosphorylation of the
glucocorticoid receptor occur mainly in the amino terminal transactivation domain. J Biol
Chem 265:5403-5408.



61

144. McEwan IJ, Wright APH, Dahlman-Wright K, Carlstedt-Duke J, Gustafsson J-A
1993 Direct interaction of the taul transactivation domain of the human glucocorticoid
receptor with the basal transcriptional machinery. Molec Cell Biol 13:399-407.

145. Miner JN, Diamond MI, Yamamoto KR 1991 Joints in the regulatory lattice:
composite regulation by steroid receptor-AP-1 complexes. Cell Grow Diff 2:525-530.

146. Lucibello FC, Slater EP, Jooss KU, Beato M, Muller R 1990 Mutual
transrepression of Fos and the glucocorticoid receptor: involvement of a functional
domain in Fos which is absent in FosB. EMBO J 9:2827-2834.

147. Jonat C, Rahmsdorf HJ, Park K-K, Cato ACB, Gebel S, Ponta H, Herrlich P
1990 Antitumor promotion and antiinflammation: down-modulation of AP-1 (fos/jun)
activity by glucocorticoid hormone. Cell 62:1189-1204.

148. Schiile R, Rangarajan P, Kliewer S, Ransone LJ, Bolado J, Yang N, Verma IM,
Evans RM 1990 Functional antagonism between oncoprotein c-Jun and the
glucocorticoid receptor. Cell 62:1217-1226.

149. Yang-yen H-F, Chambard J-C, Sin Y-L, Smeal T, Schmidt TJ, Drouin J, Karin M
1990 Transcriptional interference between c-Jun and the glucocorticoid receptor: mutual
inhibition of DNA binding due to direct protein-protein interaction. Cell 62:1205-1215.

150. Diamond M, Miner JN, Yoshinaga SK, Yamamoto KR 1990 Transcriptional factor
interactions: selectors of positive or negative regulation from a single DNA element.
Science 249:1266-1272.

151. Zhang X-K, Hoffmann B, Tran PB-V, Graupner G, Pfahl M 1992 Retinoid X
receptor is an auxiliary protein for thyroid hormone and retinoic acid receptors. Nature
355:441-446.

152. Ponta H, Cato ACB, Herrlich P 1992 Interference of pathway specific transcription
factors. Biochim Biophys Acta 1129:255-261.

153. Kutoh E, Stromstedt P-E, Poellinger L. 1992 Functional interference between the
ubiquitous and constitutive octamer transcription factor 1 (OTF-1) and glucocorticoid



62

receptor by direct protein-protein interaction involving the homeo subdomain of OTF-1.
Molec Cell Biol 12:4960-4969.

154. Chang T-J, Scher BM, Olmedo R, Waxman S, Scher W 1992 Inhibition of GATA-
1 function by glucccorticoid receptor (GR) at the level of B-globin genes: relationship to
glucocorticoid (GC) inhibition of MELC differentiation. Proc Amer Assoc Cancer Res
33:362, abst. 2159.

155. Chang T-J, Scher BM, Olmedo R, Waxman S, Scher W. Regulation by GATA-1
and glucocorticoid receptor {GR) of mouse f3-major (mj) and -minor (mn) globin and
Friend virus (FLV) expression. in The Seventh Internatl Conf of the Internatl Soc of
Differentiation, Cellular Programmes for Growth, Differentiation, and Neoplasia. 1992.
Helsinki, Finland: Helsinki University Printing House.

156. Trentesaux C, Ngo Nyoung M, Aries A, Ronchi A, Ottolenghi S, Jardillier JC,
Jeannesson P 1992 Expression of GATA-1 and NFE-2 erythroid-specific transfactors
during aclacinomycin-mediated differentiation of human erythroleukemic cells. Biomed
Pharmacother 46:300.

157. Simon CS 1993 Transcription factor GATA-1 and erythroid development. Proc Soc
Exper Biol Med 202:115-121.

158. Chatis PA, Holland CA, Silver JE, Frederickson TN, Hopkins N, Hartley JW
1984 A 3' end fragment encompassing the transcriptional enhancers of nondefective
Friend virus confer erythroleukemogenicity on Moloney leukemia virus. J Virol 52:248-
254.

159. Guiochon-Mantel A, Loosfelt H, Lescop P, Sar S, Atger M, Perrot-Applanant M,
Milgrom E 1989 Mechanisms of nuclear location of the progesterone receptor: evidence
for interaction between monomers. Cell 57:1147-1154.

160. Simenatal JA, Sar M, Lane MV, France FS, Wilson EM 1991 Transcriptional
activation and nuclear targeting signals of the human androgen receptor. J Biol Chem
266:510-518. '



63

161. Power RF, Mani SK, Codina J, Conneely OM, O'Malley BW 1991 Dopaminergic
and ligand-independent activation of steroid hormone receptors. Science 254:1636-
1639.

162. PéngFK, Lui W-Y, Chang TJ, Kao H-L, Wu L-H, Liu T-Y, Chi C-W 1988
Glucocorticoid receptors in hepatocellular carcinoma and adjacent liver tissue. Cancer
62:2134-2138.

163. Maniatis T, Fritch E, Sambrook I, , in Molecular Cloning: A Laboratory Manual.
1989, Cold Spring Harbor Laboratory: Cold Spring Harbor. p. 16/57-16/67.

164. Gorman CM, Moffat LF, Howard BH 1982 Recombinant genomes which express
chloramphenicol acetyltransferase in mammalian cells. Molec Cell Biol 2:1044-1051.

165. Gametchu B, Harrison RW 1984 Characterization of a monoclonal antibody to the
rat liver glucocorticoid receptor. Endocrinology 114:274-279.

166. Campbell AM 1991 Monoclonal Antibody and Immunosensor Technology,
Laboratory Techniques in Biochemistry and Molecular Biology. Elsevier Science
Publishers B.V., Amsterdam, p 1-427.



