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The nuclear distribution of GATA transcription factors
in murine haemopoietic cells was examined by indirect
immunofluorescence. Specific bright foci of GATA-1
fluorescence were observed in erythroleukaemia cells
and primary murine erythroblasts and megakaryo-
cytes, in addition to diffuse nucleoplasmic localization.
These foci, which were preferentially found adjacent
to nucleoli or at the nuclear periphery, did not represent
sites of active transcription or binding of GATA-1 to
consensus sites in the B-globin loci. Immunoelectron
microscopy demonstrated the presence of intensely
labelled structures likely to represent the GATA-1 foci
seen by immunofluorescence. The GATA-1 nuclear
bodies differed from previously described nuclear
structures and there was no co-localization with
nuclear antigens involved in RNA processing or other
ubiquitous (Spl, c-Jun and TBP) or haemopoietic
(NF-E2) transcription factors. Interestingly, GATA-2
and GATA-3 proteins also localized to the same nuclear
bodies in cell lines co-expressing GATA-1 and -2 or
GATA-1 and -3 gene products. This pattern of distribu-
tion is, thus far, unique to the GATA transcription
factors and suggests a protein—protein interaction with
other components of the nuclear bodies via the GATA
zinc finger domain.
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Introduction

The GATA nuclear transcription factors comprise a family
of proteins which bind the DNA sequence (A/T)GATA-
(A/G) via a highly conserved zinc finger domain (Wall
et al., 1988; Evans and Felsenfeld, 1989; Tsai et al., 1989;
Orkin, 1992). Currently six members have been identified
in avians, with homologues in mammals and amphibians
(Laverriere et al., 1994). GATA binding proteins have
also been cloned from fungi, yeast, flies and worms (Kudla
et al., 1990; Cunningham and Cooper, 1991; Spieth et al.,
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1991; Abel et al., 1993), attesting to the evolutionary
conservation of this class of genes. Through their expres-
sion profiles the GATA proteins may be distinguished
as haemopoietic (GATA-1 to -3) and non-haemopoietic
(GATA-4 to -6), a functional grouping which mirrors their
structural similarities. Cells of the erythroid, megakaryo-
cytic and mast cell lineages are the major sites of GATA-1
expression, but the protein is also expressed at low levels
in multipotential cells and in the Sertoli cells of the testis
(Crotta et al., 1990; Martin et al., 1990; Romeo et al.,
1990; Yamamoto et al., 1990; Sposi et al., 1992; Ito et al.,
1993; Weiss and Orkin, 1995). Whilst GATA-2 shares
expression in megakaryocytes and mast cells, it is also
found in populations enriched for haemopoietic stem and
progenitor cells, endothelial cells and embryonic brain
(Wilson et al., 1990; Yamamoto et al., 1990; Lee et al.,
1991; Dorfman et al., 1992). In the chicken GATA-3 is
expressed in erythroid cells, but mammalian expression
is mainly restricted to T lymphocytes and the embryonic
nervous system (Yamamoto et al., 1990; Ho et al., 1991;
Joulin et al., 1991; Ko et al., 1991). Consistent with
these patterns of expression, functionally important GATA
binding sites are present in the cis regulatory elements of
many haemopoietically restricted genes in erythroblasts,
megakaryocytes, mast cells and T cells (Weiss and Orkin,
1995). The non-haemopoietic GATA transcription factors
(GATA-4 to -6) are expressed in the heart, intestine and
diverse tissues such as ovary, liver, lungs or spleen (Arceci
et al., 1993; Kelley er al., 1993; Laverriere et al., 1994).

Our understanding of the normal role of haemopoietic
GATA proteins is largely based on gene ablation studies.
ES cells mutant at the GATA-1 locus fail to contribute to
the erythroid lineage of chimeric mice (Pevny et al., 1991)
and detailed in vitro analyses demonstrate an absence of
erythropoietin-responsive primitive erythroid precursors
and a block in differentiation of definitive erythroid
precursors (defined by their response to the combination
of kit ligand and erythropoietin) at the proerythroblast
stage (Weiss et al., 1994). Interestingly, formation of
other haemopoietic lineages, including mast cells and
megakaryocytes (which express both GATA-1 and
GATA-2) is not affected (Pevny et al., 1995). Expression
of heterologous GATA binding proteins, or even the zinc
fingers alone, under the control of GATA-1 regulatory
sequences is able to rescue the phenotype in vitro, sug-
gesting a degree of functional redundancy within the
family (Blobel er al., 1995). Mice deficient in GATA-2
die at embryonic day 10-11 and display widespread
defects in haemopoiesis (Tsai et al., 1994). These findings
are consistent with a role for GATA-2 at an earlier stage
in haemopoiesis than GATA-1. Finally, GATA-3-deficient
mice also die at embryonic day 11-12 with a failure of
fetal haemopoiesis and defects in the nervous system
(Pandolfi et al., 1995).
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Murine erythroleukaemia (MEL) cells represent neo-
plastic erythroid progenitors derived from the spleens of
susceptible mice infected with the Friend virus complex
(Friend and Pogo, 1985). They proliferate in the absence of
exogenously added growth factors and undergo inducible
erythroid differentiation upon exposure to various chemi-
cals, most notably dimethylsulfoxide (DMSO) and hexa-
methylene bisacetamide (HMBA) (Friend et al., 1971).
Induction faithfully reproduces many of the features of
in vivo erythroid differentiation, including haemoglobin
synthesis, cessation of division and morphological changes
that culminate in enucleation. Thus MEL cells represent
a good in vitro model in which genes influencing erythroid
differentiation may be analysed.

As part of our ongoing investigation into the role of
GATA-1 and related transcription factors in haemopoiesis
we have examined the distribution of GATA proteins
within the nucleus of MEL cells and primary murine
haemopoietic cells. In addition to the anticipated diffuse
nucleoplasmic localization, we show that GATA-1 local-
izes to novel nuclear bodies, distinct from previously
described structures, within erythroleukaemic cells and
also primary murine erythroblasts and megakaryocytes. A
similar localization was demonstrated for GATA-2 and
GATA-3 in cell lines co-expressing GATA-1 and -2 or
GATA-1 and -3 gene products. If the interaction with
nuclear bodies involves the conserved GATA zinc finger
region, the DNA binding domain may also play a role in
protein—protein interactions.

Results

Focal accumulations of GATA-1 protein in MEL
cells

Staining of C88 MEL cells (Deisseroth and Hendrick,
1978) with a GATA-1-specific monoclonal antibody (N6)
(Ito ez al., 1993) demonstrated an unexpected finding: one
or two discrete foci of intense fluorescence were present
in most cells, in addition to the anticipated pattern of
diffuse granular nucleoplasmic fluorescence which was
excluded from the nucleoli (Figure 1A). Up to six GATA-1
foci/cell were observed when different MEL cell lines
were stained (Figure 1B and data not shown), although
the modal number of foci remained between one and
three. In the occasional multinucleate erythroblast (see
Figure 1C for an example) there was a clear correlation
between nuclear ploidy and the number of foci. Close
examination revealed that the GATA-1 foci were not
randomly distributed, but were preferentially located adja-
cent to nucleoli or at the nuclear periphery. This is readily
appreciated in the single optical section through the
multinucleate erythroblast shown in Figure 1D, where
several foci clustering around a nucleolus are arrowed
and foci at the nuclear periphery are indicated with an
arrowhead. Infrequently foci were present side by side in
pairs (arrowed in Figure 1E), as if they had undergone
‘replication’.

Epitope-tagged GATA-1 co-localizes with
endogenous GATA-1

To ensure that our findings did not represent an antibody
staining artefact we constructed GATA-1 expression
vectors in which sequences from the human myc gene or

320

Fig. 1. Confocal images of immunofluorescent staining of MEL cell
lines with anti-GATA-1 antibody demonstrating (A) 1-2 foci/cell in
C88 cells and (B) up to 5 foci/cell in Buf707 cells. (C) A multi-
nucleate erythroblast in a Buf707 culture displays numerous foci
commensurate with its ploidy, whilst a single optical section through
the same cell (D) highlights the propensity for foci to cluster around
nucleoli (arrow) or at the nuclear periphery (arrowhead). (E) Some
foci were ‘paired’ (arrowed), as if they had undergone replication.

(F) Anti-GATA-1 staining of B lymphoid cell line A20L is shown as a
negative control. Scale bar, 10 pm (A-D and F) or 5 um (E).

the influenza virus haemagglutinin gene were fused in-
frame to the N-terminal of a murine GATA-1 minigene
(Figure 2A). These genes were then incorporated into the
human B-globin locus control region (BLCR) expression
vector (Collis et al., 1990; Needham et al., 1992) and
used to generate stable transfectants of C88 MEL cells
which were then cloned in soft agar. The BLCR conferred
copy number-dependent high level expression on the
linked gene when the MEL cells were induced to undergo
erythroid differentiation with DMSO.

Nuclear extracts made from parental and transfected
MEL clones and from the T cell line EL-4 were immuno-
blotted and probed with anti-GATA-1 antibody or anti-
bodies specific for the epitope tags. As shown in Figure
2B, the anti-GATA-1 antibody specifically recognized
endogenous GATA-1 in both uninduced (Figure 2B, lanes
2 and 4) and induced cells (lanes 3 and 5). Note that
GATA-3 in extracts of the T cell line EL-4 (lane 1)
was not detected. Epitope-tagged GATA-1 was readily
distinguished from endogenous GATA-1 by its slightly
slower electrophoretic mobility (lane 5). Equal quantities
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Fig. 2. (A) Inducible GATA-1 expression vectors composed of the human BLCR and —400 B-globin promoter driving a murine GATA-1 minigene
(mGATA-1) carrying an N-terminal epitope for influenza virus haemagglutinin (HA) or human c-myc (myc). Amino acids encoded by the epitope
tags are indicated in bold type and the GATA-1 exons are shown in Roman numerals, beginning with the haematopoietic cell-specific untranslated
exon IE. A G418 antibiotic resistance gene under the control of the thymidine kinase promoter (tk neo) is carried on the same plasmid. (B and C)
Western blots of 30 ug nuclear protein from EL-4 thymoma cells (lane 1), uninduced and induced C88 MEL cells (lanes 2 and 3) and uninduced and
induced 3.36 myc—GATA cells which carry the myc epitope-tagged GATA-1 vector (lanes 4 and 5). The mobilities of molecular weight markers (in
kDa) are indicated at the right of each gel. The membrane was probed (B) with anti-GATA-1 antibody or (C) with anti-myc antibody. (D) Indirect
immunofluorescence of DMSO-induced 3.36 myc—GATA cells double stained with anti-GATA-1 (left) and anti-myc (centre) antibodies. The
overlayed image demonstrating confocality of the GATA-1 foci is shown on the right. Scale bar, 10 um.
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Fig. 3. Expression of GATA-1 (a-GATA-1) in uninduced (UI) and DMSO-induced (I) C88 cells (left) and 3.36 myc—GATA cells (right). All samples
were stained and analysed simultaneously and the same laser settings were used to capture the images, thus allowing comparison of the relative
fluorescence intensities. Staining of cells with anti-haemoglobin antibodies (c-Hb) is shown as a control for differentiation induction. Scale bar,

10 um.

of nuclear extracts loaded on the gel resulted in endogenous
GATA-1 signals of approximately equal intensity in all
lanes, although on a ‘per cell’ basis GATA-1 expression
decreased following 4 days of induced differentiation,
since the induced extracts were derived from twice the
number of cells. Very little of the epitope-tagged protein
was present in uninduced clone 3.36 (a MEL clone
harbouring the myc epitope-tagged GATA-1 gene), but,
following DMSO treatment, abundant protein was pro-
duced (Figure 2C, lanes 4 and 5). Identical results were
obtained with MEL clones harbouring inducible haemag-
glutinin-tagged GATA-1 (data not shown). There was no
evidence for down-regulation of endogenous GATA-1
protein following induction of the tagged gene.

We next examined GATA-1 expression in clone 3.36
cells by immunofluorescence. When uninduced cells were
double stained with antibodies to native and myc-tagged
GATA-1 endogenous GATA-1 was readily detectable in
all cells, but the tagged protein was only apparent in rare
cells, consistent with the low frequency of spontaneous
differentiating MEL cells observed in culture (data not
shown). Following induction both anti-GATA-1 and anti-
myc antibodies showed the same focal pattern of fluores-
cence (Figure 2D, left and centre). The foci detected
by both antibodies co-localized when the images were
overlayed (Figure 2D, right), demonstrating that myc-
tagged GATA-1 protein was present in all the foci targetted
by the endogenous protein. The same findings were
documented with the haemagglutinin-tagged GATA-1 gene
(data not shown).

Thus GATA-1-associated nuclear foci were observed
with three independent antibodies and the epitope-tagged
and endogenous proteins co-localized, establishing that
this finding was neither spurious nor artefactual.
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GATA-1 foci and protein level decrease with
differentiation

The terminal differentiation of MEL cells is marked by a
dramatic alteration in the transcriptional status of the cell,
resulting in a decrease in total RNA and protein per cell,
but a large increase in the synthesis of erythroid-specific
products such as globins (Antoniou, 1991). These changes
are paralleled by a major reorganization in the pre-mRNA
splicing machinery within the nucleus (Antoniou et al.,
1993). Therefore, we examined C88 MEL and clone 3.36
cells by immunofluorescence (Figure 3) during differentia-
tion to investigate the decrease in GATA-1 protein per
cell predicted by Western blotting (Figure 2B and C). All
samples were stained simultaneously and the same laser
settings were used to capture and process the images, to
allow comparison of the relative fluorescence intensities.
The cells were stained for haemoglobin expression to
monitor the degree of erythroid induction. Following
treatment with DMSO we observed a decrease in the
intensity of GATA-1 staining in untransfected C88 cells,
consistent with the immunoblot analysis shown in Figure
2, though there was considerable cell-to-cell variation
(Figure 3, left). Interestingly, the number of cells con-
taining GATA-1 foci decreased from 98 to 77% (Table I). In
contrast, the overall level of GATA-1 immunofluorescence
increased in DMSO-treated 3.36 cells (Figure 3, right),
consistent with the induction of tagged GATA-1 regulated
by the BLCR. In these cells there was no decrease in the
percentage of cells with GATA foci (Table I), suggesting
that visualization of the foci depended upon high levels
of GATA-1, not the stage of MEL cell differentiation.

GATA-1 foci are present throughout the cell cycle
The high frequency of foci in unsynchronized cells
(>95%) and in terminally differentiated cultures (>75%)



Table 1. GATA-1 foci in cell lines and primary cell cultures

Cells (n) Foci (%)
C88 MEL

Uninduced (n = 200) 98

Induced (n = 200) 77
3.36 my¢GATA

Uninduced (n = 200) 97

Induced (n = 200) 96
Primary haemopoietic cells

Primitive (day 10.5 embryonic blood) erythroblasts 86

(n = 412)
Definitive (day 12.5 fetal liver) erythroblasts (n = 213) 77
Megakaryocytes (n = 30) 73

Prevalence of GATA-1 foci in MEL cells and primary haemopoietic
cells, showing the percentage of cells with foci in each category. The
total number of cells counted (n) in several experiments is indicated.

suggested they remain present throughout the Gy, G,, S
and G, phases of the cell cycle. When mitotic cells were
examined foci could be identified in ~80% of cases. In
the example shown (Figure 4) a telophase cell double
stained with antibodies to GATA-1 (in green) and to the
mitotic spindle protein a-tubulin (in red) clearly displays
GATA-1 foci, physically distinct from the mitotic spindle,
in both forming daughter nuclei. GATA-1 staining was
invariably weak in mitotic cells (which do not have an
intact nuclear membrane), presumably because much of
the soluble nuclear protein was lost during the
permeabilization and fixation steps.

GATA-1 foci are seen in murine primary
erythroblasts and megakaryocytes
To determine whether the GATA-1 foci observed in MEL
cells reflected the staining pattern of primary haemopoietic
cells, nucleated erythroblasts at different developmental
time points were stained for GATA-1 expression. Bright
foci of GATA-1 fluorescence were observed in cells from
embryonic day 10.5 yolk sac and blood. (Figure 5A and
B) (examples of primitive erythropoiesis) and fetal liver
erythroblasts from days 11.5 to 14.5 (Figure SC-E) (repre-
senting definitive erythropoiesis). The proportion of cells
with GATA-1 foci was lower than in uninduced cultures
of MEL cells (Table I), perhaps because most of the cells
were more differentiated and expressed relatively lower
levels of GATA-1. Furthermore, most cells only contained
one bright GATA-1 focus, in contrast to cells from the
MEL cell lines, most of which contained two or more foci.
We determined whether mast cells and megakaryocytes
also displayed GATA-1 foci. Only weak GATA-1 fluores-
cence was observed in primary mast cells grown from
murine bone marrow and GATA-1 foci were not detected
(Figure 5F). Conversely, prominent GATA-1 foci were
present in primary megakaryocytes, identified in fetal
liver samples of days 12.5-14.5 by their polyploidy and
histochemical staining for acetylcholinesterase (see Figure
5G-I for examples). Therefore, our experiments demon-
strated that GATA-1 foci were present in primary haemo-
poietic cells and are not restricted to leukaemic cell lines.

GATA-1 foci are not sites of active transcription
and do not represent DNA binding

We reasoned that foci detected by immunofluorescence
may reflect protein binding to regions of DNA bearing a

GATA proteins associate with novel nuclear bodies

Fig. 4. Telophase cell in a C88 MEL cell culture double stained with
antibodies to GATA-1, demonstrating two green foci in both daughter
cells (arrowed) and a-tubulin (showing the mitotic spindle) in red. The
yellowing of one GATA-1 focus in each daughter nucleus results from
the overlay of tubulin staining present in adjacent optical sections and
does not represent true co-localization. Note the low level of GATA-1
staining in this mitotic cell (see text). Magnification X5000.

high density of GATA binding sites, the most likely region
being the PB-globin locus (deBoer et al., 1988; Wall
et al., 1988; Grosveld et al., 1993). Furthermore, GATA-1
binding might be associated with active transcription of
genes from the loci. If so, such an association should be
more pronounced during terminal erythroid differentiation,
when transcription of GATA-1-dependent globin genes is
markedly induced.

To address these points nascent RNA transcripts in
uninduced and induced MEL cells were labelled in vitro
with bromouridine triphosphate (BrUTP) and the cells
stained with antibodies specific for BrUTP and GATA-1.
In the representative experiment shown in Figure 6A
GATA-1 fluorescence of doubly stained cells is depicted
in green in the left panels and the sites of transcription
are seen as a granular red nucleoplasmic fluorescence in
the central panels. When the images were overlayed (right)
no co-localization of nascent transcripts with the bright
GATA-1 foci could be detected. This finding was anticipa-
ted in undifferentiated MEL cells, because globin transcrip-
tion is at a low level, even though the GATA sites in the
B-globin locus are occupied (Ikuta and Kan, 1991; Strauss
and Orkin, 1992). The more significant observation was
that enhanced globin transcription following induction did
not lead to foci of transcription which co-localized with
the GATA foci.

Since we may have failed to detect co-localizing sites
of transcription because the foci of fluorescence produced
were too faint, we formally excluded the possibility that
the GATA foci represented binding to the B-globin loci
by imaging MEL cells after sequential hybridization with
a DNA probe for the murine -major globin gene followed
by staining with anti-GATA-1 antibody (Figure 6B). In
this experiment the GATA-1 foci (arrowed, in green) were
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Fig. 5. Anti-GATA-1 immunofluorescence of primitive erythroblasts from (A) day 10.5 yolk sac and (B) day 10.5 embryonic blood. (C-E) definitive
erythroblasts from day 11.5. 12.5 and 14.5 fetal liver. (F) bone marrow-derived mast cells and (G-I) megakaryocytes from day 12.5 and 14.5 fetal

liver. Scale bar, 10 pm.

quite distinct from the B-globin genes (arrowhead, in red).
The same failure of co-localization was observed when
the experiment was repeated wih a MEL cell line carrying
multiple (>10) tandemly integrated copies of a human
B-globin gene under BLCR control (data not shown). In
this case, despite the apposition of >100 functional GATA
binding sites within a 150 kb stretch of DNA, there was
no co-localization between the transgene locus and the
GATA-1 foci. Additional circumstantial evidence against
the hypothesis that the GATA-1 foci represented binding
of the protein to nucleic acid was provided by our failure
to document an increase in the number of foci in MEL
cells following transfection with BLCR-driven GATA-I
constructs in multiple cell lines, a failure of GATA-1 foci
to co-localize with DNA in MEL cells double stained
with anti-GATA-1 and antibodies to DNA and resistance
of the foci to RNase and DNase treatment (data not shown).

The foci represent nuclear bodies containing
GATA-1 transcription factor

Electron microscopy was performed on MEL cells to
determine whether the foci seen by immunofluorescence
specifically localized to a nuclear structure. Cells were
labelled using anti-GATA-1 antibodies and a secondary
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antibody coupled to 5 nm colloidal gold particles.
Numerous small clusters of immunogold particles dis-
persed through the nucleoplasm (Figure 7, small arrows)
probably corresponded to the diffuse nucleoplasmic stain-
ing pattern detected by immunofluorescence. Occasionally
intensely labelled round homogeneous ‘nuclear bodies’
(Bouteille er al., 1974) 0.2-0.4 um in diameter were
observed (Figure 7, large arrows). These were likely
to correspond to the bright foci seen by fluorescence
microscopy. The uniform, compact nature of these
GATA-1-containing structures distinguished them from
the ring-like class of nuclear bodies which contain the
PML protein (see Discussion). Consistent with the
immunofluorescence observations, GATA-1 nuclear bodies
were frequently found near the nuclear periphery, in close
association with chromatin (Figure 7, arrowheads) or close
to nucleoli (data not shown).

GATA-1 foci are distinct from coiled bodies and do
not contain splicing factors

In their number, discrete nature and proximity to the
nucleolus the GATA-1-associated structures were reminis-
cent of coiled bodies, subnuclear domains containing the
small nuclear ribonucleoproteins (snRNPs) involved in
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Overlay

Fig. 6. (A) Single optical sections of uninduced (UI) and DMSO-induced (I) C88 MEL cells double stained with antibodies to GATA-1 (a-GATA-1)
on the left in green, anti-bromouridine (a-BrUTP) in the centre in red and the overlayed images on the right. Magnification X2000. (B) Detection of
the murine B-globin gene loci by in situ DNA hybridization (in red, arrowhead) and immunofluorescent localization of GATA-1 staining with anti-
GATA-1 antibody (in green), demonstrating that the GATA-1 foci (arrows) are clearly separate from the B-globin loci. Magnification X5000.

pre-messenger RNA splicing (Lamond and Carmo-
Fonseca, 1993a). This prompted us to examine whether
GATA-1 associated with coiled bodies or other proteins
involved in RNA processing. Double staining of C88
MEL cells with anti-GATA-1 and antibodies to the major
coiled body protein, p80 coilin, demonstrated that the
GATA-1 nuclear bodies were distinct structures which did
not co-localize with coiled bodies either before or after
induced differentiation (Figure 8). Similarly, GATA-1 did
not co-localize with fibrillarin, a 34 kDa protein expressed
in the nucleolus and in coiled bodies (Reimer et al., 1987,
data not shown). Specific antisera which recognized the

snRNP splicing factors gave nuclear staining broadly
coincident with the general GATA-1 staining and accumu-
lated within coiled bodies, but did not specifically detect
the GATA-1 nuclear bodies. Finally, the GATA-1 foci
were not related to interchromatin granules, structures
intimately associated with splicing factors (Lamond and
Carmo-Fonseca, 1993b; Spector, 1993; data not shown).

All haemopoietic GATA transcription factors
localize to nuclear bodies

A series of double staining experiments was performed in
MEL cells to determine whether other transcription factors
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Fig. 7. (A-D) Electron microscopy of MEL cells immunogold labelled with anti-GATA-1 antibody. Nuclear bodies are intensely stained (large
arrows; note that gold particles are restricted to the periphery of the body because labelling was performed using a pre-embedding procedure, which
limits access of the particles to the interior of the compact structures) and localized near the nuclear periphery in close association with chromatin
(arrowheads). Scattered small clusters of gold particles are present throughout the nucleoplasm (small arows). NL, nuclear lamina; P, nuclear pore
complex; Chr, chromatin. Scale bar, 0.25 pm.
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Fig. 8. Single optical sections of uninduced (Ul) and DMSO-induced
(I) C88 MEL cells double stained with antibodies to GATA-1
(a-GATA-1) on the left and to p80 coilin (a-coilin) on the right.
Magnification X1000.

were associated with nuclear bodies. Although regional
variation in the intensity of immunofluorescence within
the nucleus was sometimes evident. in no instances were
well-defined nuclear bodies observed using antibodies to
the TATA binding protein (TBP), the ubiquitously
expressed transcription factors Spl, c-Jun and USF and
the haemopoietic-restricted factor NF-E2 (data not shown).

To determine whether other haemopoietically expressed
GATA proteins localized to nuclear bodies we examined
the GATA-1 ts Wehi-Epo cell line, a factor-dependent
adult murine erythroid cell line which expresses both
GATA-1 and GATA-2 (Cairns et al.. 1994). Immuno-
fluorescent staining with antibodies to GATA-1 demon-
strated an average of 3-6 nuclear bodies in 50-80% of
cells. Double staining with anti-GATA-1 and a specific
monoclonal anti-GATA-2 antibody revealed that 30% of
the population were also GATA-2-positive and both GATA
proteins localized to the nuclear bodies in these cells (see
examples in Figure 9A-F). In most instances anti-GATA-1
fluorescence was stronger than anti-GATA-2, though in
the small percentage (~1%) of cells which stained brightly
for GATA-2, GATA-1 immunofluorescence was often
weak or even absent (see Figure 9D-F for an example).
One interpretation of this data is that cells expressing
higher levels of GATA-2 may be immature precursors and
that as differentiation proceeds GATA-1 increases and
GATA-2 is reciprocally down-regulated.

We extended this observation by introducing GATA-2
and GATA-3 expression vectors into MEL cells and
examining stably transfected pools for GATA protein
expression by immunofluorescence. In all cases the trans-
fected GATA proteins (detected by specific anti-GATA-2
and anti-GATA-3 monoclonal antibodies) localized to
the same nuclear bodies detected by antibodies to the
endogenous murine GATA-1 (several examples are
arrowed in Figure 9G-L). It was interesting to note that

GATA proteins associate with novel nuclear bodies

high levels of transfected GATA-2 or GATA-3 were
frequently associated with lower expression of endogenous
GATA-1 (evident as an overall ‘green’ hue to some cells
in the overlayed images in Figure 91 and L), similar to
the reciprocal staining intensities seen in the GATA-] ts
Wehi-Epo cell line.

The demonstration that murine GATA-1, murine and
human GATA-2 and human GATA-3 proteins localize to
the same nuclear structures strongly suggests interaction
via a shared domain. Since the most conserved region
among the proteins encompasses the DNA binding domain,
the possibility of a non-DNA binding role for the GATA
zinc fingers is raised (see Discussion).

Discussion

We have demonstrated a unique distribution of GATA-1
protein within the nuclei of murine erythroblasts and
megakaryocytes; as well as a nucleoplasmic immuno-
fluorescence staining pattern with nucleolar exclusion, one
to six discrete foci of intense staining adjacent to nucleoli
or at the nuclear periphery were also observed. Epitope-
tagged GATA-1 proteins, detected by independent anti-
bodies, gave the same immunofluorescence pattern as
the endogenous GATA-1 protein. The presence of these
structures in primary haemopoietic cells (albeit it in lower
numbers per cell) excluded the possibility that they were
solely a transformation-related phenomenon and justified
the subsequent use of MEL cells to study the foci in
more detail.

Our initial hypothesis was that these bright foci of
GATA-1 fluorescence represented binding of GATA-1
protein to DNA within the globin loci. However, we were
unable to demonstrate an association between the GATA-1
foci and sites of transcription or with murine or human
B-globin loci, even though the latter were present in
multiple tandemly integrated copies in a MEL cell line
and thus contained an array of >100 GATA binding sites.
While it has not been possible to exclude an association
with another undefined region of DNA, the nuclease
resistance of the foci and the absence of co-localization
between the foci and DNA in cells stained with anti-DNA
antibodies argues against this.

Immunoelectron microscopy studies showed the GATA-
associated foci to be discrete, electron dense structures
located adjacent to nucleoli or at the nuclear periphery.
They may thus be classified as nuclear bodies, a generic
term coined to describe subnuclear structures 0.3-1.5 pm
in diameter which can be detected by transmission electron
microscopy in most cell types (Bouteille er al., 1974;
Padykula and Clark, 1981). In many cases nuclear bodies
are associated with nucleoli and may be present as paired
structures, two features in common with our findings.
Additional features, such as presence in primary cells (i.e.
normal erythroblasts and megakaryocytes), a correlation
with nuclear ploidy and an increase in number in trans-
formed cells, have also been described for other nuclear
bodies (see Brasch and Ochs, 1992, and references therein).
It is now realized that nuclear bodies are a heterogeneous
group, some of which can be classified by the presence
of specific proteins.

Most relevant to our studies are coiled bodies, the
‘nuclear accessory bodies’ first described in silver stained
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Fig. 9. Expression patterns of GATA-1 and GATA-2 in GATA-1 ts Wehi-Epo cells (A-F). For two fields of doubly stained cells anti-GATA-2
staining in green (A and D), anti-GATA-1 staining in red (B and E) and the overlayed images (C and F) are shown. Immunofluorescence of MEL
cells transfected with hGATA-2 (G-I), showing anti-GATA-2 in green (G), anti-GATA-1 in red (H) and the overlayed image (I). Inmunofluorescence
of MEL cells transfected with hGATA-3 (J-L), showing anti-GATA-3 in green, anti-GATA-1 in red and the overlayed image (L). Examples of
GATA nuclear bodies are arrowed. Magnification: (A-F), X1000; (G-I), X1500; (J-L), X3000.

neurons by Ramon-y-Cajal (Lamond and Carmo-Fonseca, in the nucleus, often in close proximity to the nucleolus.
1993a). Coiled bodies share some characteristics with However, there are some important differences. First,
GATA nuclear bodies, as both are present in low numbers whilst coiled bodies are dynamic structures which dis-
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assemble during mitotis and are not visible again until
late G, (Andrade et al., 1993; Carmo-Fonseca et al.,
1993), GATA bodies are retained in all phases of the cell
cycle. Secondly, none of the components identified in
coiled bodies, namely p80 coilin (a protein specifically
detected by sera from some patients with autoimmune
disease), small nuclear ribonucleoproteins (snRNPs) and
fibrillarin, were detected in GATA nuclear bodies.

The most recently characterized nuclear body is associa-
ted with the PML protein, the fusion partner for retinoic
acid receptor o in acute promyelocytic leukaemia. Typic-
ally, between five and 30 of these spheroid or doughnut-
shaped nuclear bodies are dispersed throughout the cell
nucleus (Dyck er al., 1994; Koken et al., 1994; Weis
et al., 1994). Two protein components within these struc-
tures have been identified thus far, PML itself and Sp100,
a nuclear protein with homology to several transcription
factors (Szostecki et al., 1990; Ascoli and Maul, 1991;
Stuurman et al., 1992; Xie er al, 1993). Near its
N-terminus PML has a RING finger domain which co-
ordinates two zinc atoms in a -C3HC,- structure similar
to DNA binding zinc finger proteins (Sdnchez-Garcia and
Rabbitts, 1994). The requirement for an intact RING
finger to target PML to nuclear bodies (Kastner et al.,
1992; Borden et al., 1995) may indicate, by analogy, that
the GATA-1 zinc finger can also be involved in protein—
protein interactions, even though the NMR solution struc-
tures of the PML RING finger domain (Borden et al.,
1995) and the chicken GATA-1 C-terminal zinc finger
(Omichinski er al., 1993) are not very similar. Our
preliminary immunofluorescence data indicate that GATA
nuclear bodies are distinct from PML bodies and the
structures do not co-localize (M.Carmo-Fonseca et al.,
unpublished results).

It is known that viral infections can perturb normal
nuclear architecture. For example, the SV40 T antigen
and the retinoblastoma protein co-localize by immuno-
fluorescence to numerous punctate nuclear foci in COS
cells (Jiang et al., 1991) and retinoblastoma and EBNA-
5 proteins form similar structures in Epstein-Barr virus-
immortalized lymphoblastoid cell lines (Jiang et al., 1991).
In adenovirus-infected HeLa cells specific nucleolar
proteins and snRNP antigens are found in multiple intra-
nuclear foci which coincide with sites of adenovirus DNA
replication (Walton et al., 1989). Finally, the Herpes
simplex virus immediate early protein Vmw110 (itself a
RING finger protein) has recently been shown to alter the
distribution of PML-containing nuclear bodies (Everett
and Maul, 1994). Not only do these patterns of immuno-
fluorescence differ from those seen for GATA-1, but the
demonstration of GATA-1 foci in primary haemopoietic
cells argues against an aetiological role for viruses in the
formation of the GATA nuclear bodies.

The major region of homology between GATA-1, -2
and -3 (Tsai et al., 1989; Ko et al., 1991; Lee et al., 1991;
Dorfman et al., 1992) encompasses the zinc finger domain,
with human GATA-2 and GATA-3 sequences 84 and 82%
identical to murine GATA-1 between amino acids 200 and
315. In contrast, the GATA proteins show only 16-23%
identity across their N- and C-terminal regions. Our
experimental data demonstrating that murine GATA-1,
murine and human GATA-2 and human GATA-3 localize
to the same nuclear structures in MEL cells raises the
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possibility of a non-DNA binding role for the zinc fingers.
However, because of difficulties in expressing GATA-1
cDNA constructs in MEL cells we have so far been unable
to test our hypothesis directly.

Utilization of a zinc binding domain for protein—protein
interactions is not without precedent. For example, the
zinc finger domains of steroid/nuclear receptors take part
in dimerization as well as DNA binding (Luisi et al.,
1991; Rastinejad et al., 1995) and direct interactions have
been demonstrated between the zinc fingers of YY1 and
Spl (Lee er al., 1993; Seto et al., 1993), the zinc finger
of E1A and TBP (Geisberg et al., 1994), the zinc finger-
like region of raf and an annexin-like domain of 14-3-3
proteins (Freed er al., 1994; Irie et al., 1994) and the zinc
finger domain of the yeast Gal4 protein and the bZIP
domain of c-Jun (Sollerbrant et al., 1995). Furthermore,
the metal binding domains of the LIM protein family,
structurally very similar to the GATA zinc fingers (Pérez-
Alvarado et al., 1994), appear to be exclusively involved
in protein—protein interaction (Feuerstein er al., 1994;
Schmeichel and Beckerle, 1994; Valge-Archer et al.,
1994; Wadman et al., 1994). Particularly relevant to
haemopoiesis, the LIM domains of rbtn 1 and rbtn 2 form
complexes with the basic helix-loop-helix regions of scl,
tal2 or lyll (Valge-Archer et al., 1994; Wadman et al.,
1994). In the light of these data it is interesting that the
GATA bodies were not targeted by antibodies to the
leucine zipper proteins c-Jun or NF-E2, nor was there an
association with all zinc finger proteins, since Spl was
not visibly enriched in the GATA nuclear bodies.

It is noteworthy that the rescue of haemopoietic differen-
tiation in GATA-1-negative embryonic stem cells in vitro
is possible with the zinc finger domain of GATA-1 alone
(Blobel et al., 1995). One interpretation is that the metal
binding domain of GATA-1 has a protein interactive role
in addition to its DNA binding. In a similar vein, 416B
myeloid cells exhibit megakaryocytic differentiation
following expression of the C-terminal zinc finger of
GATA-1 alone (Visvader et al., 1995).

Whilst this manuscript was in preparation Crossley
et al. (1995) demonstrated GATA-1 homodimerization
in vitro requiring the C-terminal zinc finger and showed
that the same region mediated heterotypic interactions
between GATA-1 and GATA-2 or GATA-3. Also, GATA-1
was shown to interact functionally with the Kriippel family
zinc finger proteins Spl and EKLF in a zinc finger-
dependent fashion (Merika and Orkin, 1995). In both
studies the authors demonstrated that this interaction was
not compromised by GATA-1 mutations which abolished
DNA binding. These observations contrast with the find-
ings of Yang and Evans (1995), who used a chimeric
GATA-1 protein (in which the DNA binding domain of
the bacterial repressor protein LexA replaced the
C-terminal zinc finger) to suggest that GATA-1 homo-
dimerization and GATA-1/GATA-2 (but not GATA-1/
GATA-5) heterodimerization were possible in vitro in the
absence of the GATA-1 C-terminal zinc finger.

Although our studies do not directly address these
apparently conflicting data, the intense focal accumulations
of GATA-1 protein and its physical co-localization with
GATA-2 and GATA-3 in the GATA nuclear bodies would
be consistent with homo- or heterotypic interactions
occurring between haemopoietic GATA family members
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in vivo and we would favour the hypothesis that interaction
primarily occurs via the shared DNA binding domain. Of
course we cannot exclude the possibility that the GATA
proteins in these structures exclusively interact with hetero-
logous proteins.

There remain many puzzling aspects to the GATA
nuclear bodies. We have been unable to detect GATA
nuclear bodies in primary mast cells or in an immortalized
mast cell line (data not shown). Nor are the structures seen
in GATA-1-transfected 416B cells, despite the induction of
significant megakaryocytic differentiation (Visvader et al.,
1992; data not shown). One explanation for these observa-
tions is that the formation of GATA nuclear bodies requires
additional lineage-restricted proteins not present in mast
cells or in 416B myeloid cells, even after GATA-1-induced
differentiation. This model would predict that GATA-I
expression alone in a non-erythroid/megakaryocytic cell
would be insufficient to allow formation of the GATA
nuclear bodies. To test this hypothesis anti-GATA-1 anti-
body staining of somatic cell hybrids between MEL cells
and B lymphoid cell lines (Murrell and Green, 1995) was
compared with the staining pattern seen following GATA-1
transfection into the B lymphoid fusion partner alone
(A.G.Elefanty, A.M.Murrell and A.R.Green, unpublished
results). In the somatic cell hybrids, which expressed a
range of erythroid proteins, GATA nuclear bodies were
clearly present. Although most of the lymphoblasts
expressing GATA-1 in transient transfections displayed
only diffuse nuclear fluorescence, a small subset (~10%)
did show focally bright staining similar to GATA nuclear
bodies. The significance of this finding is currently unclear.

A major unanswered question relates to the role the
GATA nuclear bodies may play in erythroid and
megakaryocytic development and differentiation. Despite
considerable analysis, the function of two other well-
defined nuclear bodies, coiled bodies and PML bodies,
still remains elusive. Coiled bodies are postulated to play
a role in spliceosome assembly or recycling or in the
processing of snRNA transcribed from the excised introns
of other genes (Lamond and Carmo-Fonseca, 1993). The
absence of antigens associated with RNA processing
argues against a transcription-related role for the GATA
nuclear bodies. PML localization to nuclear bodies is
disrupted in acute promyelocytic leukaemia, whilst differ-
entiation induced by retinoic acid leads to normalization
of the staining pattern (Dyck et al., 1994; Koken et al.,
1994; Weis et al., 1994). We have yet to define an
analogous situation in which there is perturbation of the
GATA nuclear bodies. Hence, at this stage the function
of these nuclear bodies remains obscure and characteriza-
tion of other constituent proteins will be necessary to shed
light on this issue.

Materials and methods

Cell culture

The APRT- MEL cell line C88 (Deisseroth and Hendrick, 1978) was
maintained, transfected and induced to undergo erythroid differentiation
following addition of 2% DMSO to the culture medium as previously
described (Antoniou, 1991). Buf707 MEL cells, a thymidine kinase-
deficient subclone of clone 707 (Friend et al., 1971) and the murine B
cell line A20L (Kim et al., 1979), both supplied by Dr A.R.Green, and
the murine thymoma cell line EL-4 (Gorer, 1950) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
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calf serum (FCS), with the addition of 2X 107 M 2-mercaptoethanol to
the latter. GATA ts Wehi-Epo cells (Cairns er al., 1994), a gift from Dr
S.Ottolenghi, were maintained in 10% FCS in RPMI with 10% WEHI-3
conditioned medium (as a source of IL-3) and 0.5 U/ml erythropoietin
(Boehringer Mannheim Biochemica, Mannheim, Germany) at 32°C.

Fetal erythroblasts were harvested from embryonic circulation, yolk
sac and fetal liver between days 10.5 and 14.5 of gestation. The morning
of discovery of the vaginal plug was considered day 0.5. Megakaryocytes
were detected in fetal liver cell populations by their staining for
acetylcholinesterase as described (Metcalf, 1984). Mast cells were
expanded from adult bone marrow by culturing cells in DMEM with
10% FCS and 10% WEHI-3 conditioned medium for several weeks.
Purity of the cultures was verified by staining with May-Griinwald—
Giemsa.

Transfections were performed by electroporating 3x107 MEL cells
with 50 pg Pvul-linearized plasmids using a Bio-Rad Gene Pulser (Bio-
Rad Laboratories, Richmond, VA) set at 960 uF, 250 V as described
(Antoniou, 1991). Following selection in 1 mg/ml G418, clonal cell
lines were established by expanding single colonies grown in 0.3% agar
as described (Metcalf, 1984).

Plasmids

To generate the epitope-tagged myc—GATA-1 and HA-GATA-1 inducible
vectors, oligonucleotides encoding the human C-terminal myc peptide
recognized by the monoclonal antibody 9E10 (Evan et al., 1985) (sense
strand, 5'-CATGGAGCAGAAGCTTATCTCGGAGGAGGACCTGGG-
3') or the influenza virus haemagglutinin peptide recognized by the
monoclonal antibody 12C5 (Field er al., 1988) (sense strand, 5'-
CATGGGATATCCATACGACGTGCCAGATTACGCCGTG-3')  were
cloned into the unique Ncol site of the murine GATA-1 cDNA (Tsai
et al., 1989) in Bluescript (Stratagene Cloning Systems, La Jolla, CA)
and verified by sequencing across the region. For the HA-GATA-I
construct the Ncol site was first blunted with mung bean nuclease
(Sambrook et al., 1989). The epitope-tagged GATA-1 minigenes were
generated by replacing the GATA-1 cDNA downstream of the Stul site
in the second exon with a 4.3 kb genomic fragment of murine GATA-1
(a gift from Dr D.Whyatt), which included the remaining exons, introns
and polyadenylation sequences. To complete the plasmids the modified
GATA-1 genes were cloned as 4.6 kb Norl-Asp718 fragments into the
11 kb Notl-Asp718 fragment of a human B-globin microlocus expression
vector (pEV3) containing the human B-globin promoter (Needham et al.,
1992) under the control of the human BLCR (Collis ef al., 1990).

The plasmids GATA-2/pEF-MClneo and GATA-3/pEF-MClneo,
encoding human GATA-2 and GATA-3 cDNAs respectively, were a gift
from Dr Jane Visvader and have been described previously (Visvader
and Adams, 1993).

Immunofiuorescence and in situ hybridization

Staining of cell lines and primary haemopoietic cells was as previously
described (Antoniou et al., 1993), except that pre-extraction with
0.5% Triton X-100 for 30-60 s at 4°C prior to fixation in 3.7%
paraformaldehyde in CSK buffer (10 mM PIPES, pH 6.8, 100 mM
NaCl, 300 mM sucrose, 3 mM MgCl,, 2 mM EGTA) was required to
ensure uniform penetration of antibodies into the nucleus. For day 14.5
fetal liver erythroblasts optimal staining was achieved by fixing cells in
3.7% paraformaldehyde in CSK buffer and then permeabilizing in 0.2%
SDS buffer as described (Carmo-Fonseca et al., 1992).

The following monoclonal antibodies were used: anti-mouse GATA-1
(clone N-6) (Ito et al., 1993); anti-GATA-2 (clone CG2-96) and anti-
GATA-3 (clone HG3-31) (both from Santa Cruz Biotechnology Inc.,
Santa Cruz, CA); anti-myc (clone 9E10) (Evan er al., 1985); anti-
haemagglutinin (clone 12C5) (Field er al., 1988); anti-fibrillarin (clone
72B9) (Reimer et al., 1987); anti-interchromatin granule (clone 3C5)
(Turner and Franchi, 1987); anti-a-tubulin (clone B-5-1-2) (Sigma
Chemical Co., St Louis, MO); anti-DNA and anti-bromodeoxyuridine
(both from Boehringer Mannheim Biochemica, Mannheim, Germany).
Polyclonal rabbit antisera to p80 coilin (a gift from Dr K.Bohmann),
Spl (serum 2892-E) (a gift from Dr S.Jackson), p45 NF-E2 (a gift from
Dr N.Andrews) (Andrews et al., 1993) and c-Jun (a gift from Dr
S.Philipsen), human autoimmune serum (Kung) recognizing the Sm
epitope (a gift from Dr K.Weis) and affinity-purified goat anti-mouse
haemoglobin (Kirkegaard and Perry Laboratories Inc., Gaithersburg, VA)
were used. Species-specific antibodies coupled to FITC or Texas red
were used in the second stage of staining, except for anti-GATA-2
staining, when incubation with biotinylated anti-rat antibodies (Vector
Laboratories Inc., Burlingame, CA) followed by FITC-conjugated avidin
was sometimes used to enhance the signal.



For in sine hybridization a 7 kb EcoRI fragment ot genomic DNA
containing the murine B-major globin gene (Tilghman er al.. 1977) was
labelled with digoxigenin-11-UTP (Boehringer Mannheim Biochemica.
Mannheim. Germany) and in sitne hybridization was performed as
described (Zirbel er al.. 1993).

Samples were examined using a Bio-Rad MRC 600 confocal micro-
scope (Bio-Rad Laboratories. Richmond. VA). the EMBL compact
confocal microscope (Stelzer er al.. 1992) and a Leica confocal laser
scaning microscope (Leica Lasertechnik. Heidelberg. Germany).

Electron microscopy

Immunoelectron microscopy of C88 MEL cells was performed using a
pre-embedding technique as described (Ferreira er al.. 1994). The cells
were sequentially incubated with rat anti-GATA-1 monoclonal antibody
[diluted 1:200 in 0.1% gelatin. 1% bovine serum albumin (BSA). 0.15 M
NaCl. 0.1 M Tris-HCI. pH 7.4]. rabbit anti-rat 1gG [Dako A/S. Glostrup.
Denmark: diluted 1:50 in phosphate-buftered saline (PBS). 0.05% Tween
20] and goat anti-rabbit IgG coupled to 5 nm gold particles (Amersham.
Litdle Chalfont. UK: diluted 1:10 in 0.1% gelatin. 1% BSA. 0.15 M
NaCl. 0.1' M Tris=HCI. pH 7.4). Following immunogold labelling the
cells were post-fixed. dehydrated and embedded in Epon as described
(Ferreira et al.. 1994). Ultrathin sections were observed with a Jeol
100CXII electron microscope (JEOL USA. Peabody. CA) operated
at 80 keV.

In vitro transcription

Nascent RNA transcripts were labelled with BrUTP by a modification
of the method of Wansink er al. (1993). MEL cells were washed in PBS
and then allowed to adhere to poly(L-lysine)-coated (Sigma Chemical
Co.) glass coverslips before permeabilization with glycerol/0.05% Triton
X-100 containing 1 mM phenylmethylsulfonyl fluoride (PMSF) for
3 min at room temperature. The coverslips were incubated with transcrip-
tion buffer [100 mM KCL. 50 mM Tris-=HCl. pH 7.4. 5 mM MgCl-.
0.5 mM EGTA. 25% glycerol. 25 uM  S-adenosyl-L-methionine
(Boehringer Mannheim Biochemica). 5 U/ml RNasin (Promega Corpora-
tion. USA). I mM PMSF. 0.5 mM ATP. 0.5 mM CTP. 0.5 mM GTP
and 0.2 mM BrUTP (Sigma Chemical Co.)] for 15 min at room
temperature. the cells re-permeabilized for 1 min with PBS/0.5% Triton
X-100 containing 5 U/ml RNasin and 1 mM dithiothreitol (DTT) and
the reaction stopped by fixing the cells in 3.7% paraformaldehyde/CSK/
I mM DTT. After three washes in PBS/RNasin/DTT immunofluorescent
staining to detect GATA-1 protein and BrUTP incorporated into RNA
transcripts was performed. RNasin at 25 U/ml and | mM DTT were
included in all the antibody solutions and 5 U/ml RNasin and 1 mM
DTT were included in all the washes.

Protein extracts and Western blotting

MEL cell extracts enriched in nuclear proteins were produced as
described by Dale er al. (1989). Briefly. ~5x 107 cells were harvested.
washed in PBS and then snap frozen at =70°C. The cell membranes
were lysed by thawing into low salt extraction buffer (10 mM HEPES.
pH 7.9. 1.5 mM MgCl.. 0.1 mM EGTA. 0.5 mM DTT. 0.5 mM PMSF.
5% glycerol) and then pelleting the nuclei. After one more wash the
nuclei were resuspended in the same buffer. the salt concentration was
adjusted 10 0.35 M NaCl and the nuclear proteins were extracted on ice
for 30 min. Nuclear debris was pelletted at 14 000 ¢ at 4°C for 25 min
and the supernatant stored at -70°C.

For Western blotting 30 ug protein were electrophoresed through a
10% SDS-polyacrylamide gel. transferred to nitrocellulose (Hybond
C-Extra. Amersham. Little Chalfont. UK). incubated overnight at 4°C
with anti-GATA-1 or anti-myce antibodies at 2 pg/ml followed by
horseradish peroxidase-coupled secondary antibodies and detected by
ECL according to the manufacturer’s instructions (Amersham).

Acknowledgements

We thank Dr A.R.Green for providing But707 and A20L cells and for
MEL/B cell and MEL/T cell lines prior to publication. Dr S.Ottolenghi
for providing GATA ts Wehi-Epo cells. Dr J.Visvader for the plasmids
GATA-2/pEF-MClInco and GATA-3/pEF-MC Inco. Dr J.D.Engel for the
anti-GATA-I antibody (N6). Dr G.Evan for the anti-myc antibody (9E10).
Dr S.Ley for anti-haemagglutinin antibody (12C5). Dr S.Kearsey for
anti-3C5 antibody. Dr K.Bohman for anti-p80 coilin serum. Dr S Jackson
for anti-Sp! serum. Dr N.Andrews for anti-p45 NF-E2 serum and Dr
K.Weis for Kung serum. A.G.E. thanks Dr P.Bailey and Ms E.Hirst for
training in the use of the Bio-Rad confocal microscope. We thank Dr

GATA proteins associate with novel nuclear bodies

A.Lamond for helptul discussions and the use of microscopy facilities
at EMBL and Drs D.Metcalf. S.Cory. G.Begley and W.Robinson for
critically reading the manuscript. A.G.E. was supported by a Neil
Hamilton Fairley Fellowship from the National Health and Medical
Research Council of Australia and the Roche Fellowship from the Roval
Australasian College of Physicians. This work was also supported by
the Medical Research Council (UK). the Howard Hughes Foundation
(FG) and the EC (Biotech).

References

Abel.T.. Michelson.A.M. and Maniatis.T. (1993) A Drosophila GATA
factor family member that binds to Adh regulatory sequences is
expressed in the developing fat body. Development. 119. 623-633.

Andrade.L.E.C.. Tan.E.M. and Chan.E.K.L. (1993) Immunocytochemical
analysis of the coiled body in the cell cycle and during cell proliferation.
Proc. Natl Acad. Sci. USA. 90. 1947-1951.

Andrews N.C.. Erdjument-Bromage H.. Davidson.M.B.. Tempst.P. and
Orkin.S.H. (1993) Erythroid transcription factor NF-E2 is a haemato-
poietic-specific basic-leucine zipper protein. Nature, 362, 722-728.

Antoniou.M. (1991) Induction of erythroid-specitic expression in murine
erythroleukemia (MEL) cell lines. In Murray.E.J. (ed.). Gene Transfer
and Expression Protocols. The Humana Press. Clifton. NJ. pp.
421434,

Antoniou.M.. Carmo-Fonseca.M.. FerreiraJ. and Lamond.A.l. (1993)
Nuclear organization of splicing snRNPs during differentiation of
murine erythroleukemia cells in vitro. J. Cell Biol.. 123. 1055-1068.

Arceci.RJ.. King A AJ. SimonM.C.. Orkin.S.H. and Wilson.D.B.
(1993) Mouse GATA-4: a retinoic acid inducible GATA-binding
transcription factor expressed in endodermally derived tissues and
heart. Mol. Cell. Biol.. 13. 2235-2216.

Ascoli.C.A. and Maul.G.G. (1991) Identification of a novel nuclear
domain. J. Cell Biol.. 112, 785-795.

Blobel.G.A.. Simon.M.C. and Orkin.S.H. (1995) Rescue of GATA-1-
deficient embryonic stem cells by heterologous GATA-binding
proteins. Mol. Cell. Biol.. 15. 626-633.

Borden.K.L.B.. Boddy.M.N.. LallyJ.. O"Reilly.N.J.. Martin.S.. Howe.K..
Solomon.E. and Freemont.P.S. (1995) The solution structure of the
RING finger domain from the acute promyelocytic leukaemia proto-
oncoprotein PML. EMBO J.. 14. 1532-1541.

Bouteille.M.. Laval M. and Dupuy-Coin.A.M. (1974) Localization of
nuclear functions. In Busch.H. (ed.). In the Cell Nucleus. Academic
Press. New York. NY. Vol. L. pp. 5-64.

Brasch.K. and Ochs.R.L. (1992) Nuclear bodies (NBs): a newly
‘rediscovered” organelle. Exp. Cell Res.. 202, 211-223.

Cairns.L.A. er al. (1994) Immortalization of multipotent growth-factor
dependent hemopoietic progenitors from mice transgenic for GATA-
I driven SV40 tsAS8 gene. EMBO J.. 13. 4577—4586.

Carmo-Fonseca.M.. Pepperkok.R.. Carvalho.M.T. and Lamond.A.lL
(1992) Transcription-dependent colocalization of the Ul. U2, U4/U6.
and US snRNPs in coiled bodies. J. Cell Biol.. 117, 1-14.

Carmo-Fonseca.M.. FerreiraJ. and Lamond.A.l. (1993) Assembly of
snRNP-containing coiled bodies is regulated in interphase and
mitosis—evidence that the coiled body is a kinetic nuclear structure.
J. Cell Biol.. 120. 841-852.

Collis.P.. Antoniou.M. and Grosveld.F. (1990) Detinition of the minimal
requirements within the human B-globin gene and the dominant control
region for high level expression. EMBO J.. 9. 233-240.

Crossley.M.. Merika.M. and Orkin.S.H. (1995) Self-association of the
erythroid transcription factor GATA-1 mediated by its zinc finger
domains. Mol. Cell. Biol.. 15. 2448-2456.

Crotta.S.. Nicolis.S.. Ronchi.A.. Ottolenghi.S.. Ruzzi.L.. Shimada.Y..
Migliaccio.A.R. and Migliaccio.G. (1990) Progressive inactivation of
an erythroid transcriptional factor in GM- and G-CSF-dependent
myeloid cell lines. Nucleic Acids Res.. 18. 6863-6869.

Cunningham.T.S. and Cooper.T.G. (1991) Expression of the DALSO
gene. whose product is homologous to the GATA factors and is a
negative regulator of multiple nitrogen catabolic genes in
Saccharomyces cerevisiae. is sensitive to nitrogen catabolite repression.
Mol. Cell. Biol.. 11. 6205-6215.

Dale. T.C.. Imam. AM.A.. KerrIM. and Stark.G.R. (1989) Rapid
activation by interferon ot of a latent DNA-binding protein present in
the cytoplasm of untreated cells. Proc. Natl Acad. Sci. USA. 86.
1203-1207.

deBoer.E.. AntoniouM.. Mignotte.V.. Wall.L. and Grosveld.F. (1988)
The human B-globin promoter: nuclear protein factors and erythroid
specitic induction of transcription. EMBO J.. 7. 4203212,

331



A.G.Elefanty et al.

Deisseroth,A. and Hendrick,D. (1978) Human a-globin gene expression
following chromosomal dependent gene transfer into mouse
erythroleukemia cells. Cell, 15, 55-63.

Dorfman,D.M., Wilson,D.B., Bruns,G.A.P. and Orkin,S.H. (1992) Human
transcription factor GATA-2. Evidence for regulation of prepro-
endothelin-1 gene expression in endothelial cells. J. Biol. Chem., 267,
1279-1285.

Dyck.J.A., Maul,G.G., Miller,W.H.Jr, ChenJ.D., Kakizuka,A. and
Evans,R.M. (1994) A novel macromolecular structure is a target
of the promyelocyte-retinoic acid receptor oncoprotein. Cell, 76,
333-343.

Evan,G.L, Lewis,G.K., Ramsay,G. and Bishop.J.M. (1985) Isolation of
monoclonal antibodies specific for human c-myc proto-oncogene
product. Mol. Cell. Biol., 5, 3610-3616.

EvansT. and Felsenfeld,G. (1989) The erythroid-specific transcription
factor Eryfl: a new finger protein. Cell, 57, 877-885.

Everett,R.D. and Maul,G.G. (1994) HSV-1 IE protein Vmw 110 causes
redistriburion of PML. EMBO J., 13, 5062-5069.

Ferreira,J.A., Carmo-Fonseca,M. and Lamond.A.l. (1994) Differential
interaction of splicing snRNPs with coiled bodies and interchromatin
granules during mitosis and assembly of daughter nuclei. J. Cell Biol.,
126, 11-23.

Feuerstein,R., Wang X., Song,D., Cooke,N.E. and Liebhaber,S.A. (1994)
The LIM/double zinc-finger motif functions as a protein dimerization
domain. Proc. Natl Acad. Sci. USA, 91, 10655-10659.

Field,J., Nikawa,J.-1., Broek,D., MacDonald,B., Rodgers,L., Wilson,L.A.,
Lerner,R.A. and Wigler,M. (1988) Purification of a RAS-responsive
adenylyl cyclase complex from Saccharomyces cerevisiae by use of
an epitope addition method. Mol. Cell. Biol., 8, 2159-2165.

Freed,E., Symons,M., MacDonald,S.G., McCormick,F. and Ruggieri,R.
(1994) Binding of 14-3-3 proteins to the protein kinase raf and effects
on its activation. Science, 265, 1713-1716.

Friend,C. and Pogo,B.G.-T. (1985) The molecular pathology of Friend
erythroleukemia virus strains. Biochim. Biophys. Acta, 780, 181-195.

Friend,C., Scher,W., Holland,J.G. and Sako,T. (1971) Hemoglobin
synthesis in murine virus-stimulated leukemic cells in vitro: stimulation
of erythroid differentiation by dimethyl sulfoxide. Proc. Natl Acad.
Sci. USA, 68, 378-382.

Geisberg,J.V., Lee,W.S., Berk,A.J. and Ricciardi,R.P. (1994) The zinc
finger region of the adenovirus E1A transactivating domain complexes
with the TATA box binding protein. Proc. Natl Acad. Sci. USA, 91,
2488-2492.

Gorer,P.A. (1950) Studies in antibody response of mice to tumour
innoculation. Br. J. Cancer, 4, 372-379.

Grosveld,F. et al. (1993) Regulation of human globin gene switching.
Cold Spring Harbor Symp. Quant. Biol., 58, 7-13.

Ho,L.-C., Vorhees,P., Marin,N., Oakley,B.K., Tsai,S.-F., Orkin,S.H. and
LeidenJ. M. (1991) A lineage-restricted transcription factor that
regulates the expression of the T cell receptor o gene. EMBO J., 10,
1187-1192.

Ikuta,T. and Kan,Y.W. (1991) In vivo protein-DNA interactions at the
B-globin gene locus. Proc. Natl Acad. Sci. USA, 88, 10188-10192.
Irie,K., Gotoh, Y., Yashar,B.M., Errede,B., Nishida,E. and Matsumoto,K.
(1994) Stimulatory effects of yeast and mammalian 14-3-3 proteins

on the raf protein kinase. Science, 265, 1716-1719.

Ito,E., Toki,T., Ishihara,H., Ohtani,H., Gu,L., Yokoyama,M., Engel,J.D.
and Yamamoto,M. (1993) Erythroid transcription factor GATA-1 is
abundantly transcribed in mouse testis. Nature, 362, 466—468.

Jiang,W.-Q., Szekely,L., Wendel-Hansen,V., Ringertz,N., Klein,G. and
Rosén,A. (1991) Co-localization of the retinoblastoma protein and the
Epstein-Barr virus-encoded nuclear antigen EBNA-5. Exp. Cell Res.,
197, 314-318.

Joulin,V., Bories,D., Eleouet,J.-F., Labastie,M.C., Chretien.S., Mattei,M.-
G. and Romeo,P-H. (1991) A T cell-specific TCR § binding protein
is a member of the human GATA family. EMBO J., 10, 1809-1816.

Kastner,P, Perez,A., Lutz,Y., Rochette-Egly,C., Gaub,M.-P., Durand,B.,
Lanotte,M., Berger,R. and Chambon,P. (1992) Structure, localization
and transcriptional properties of two classes of retinoic acid receptor
o fusion proteins in acute promyelocytic leukemia (APL): structural
similarities with a new family of oncoproteins. EMBO J., 11, 629-642.

Kelley,C., Blumberg,H., Zon,L.I. and Evans,T. (1993) GATA-4 is a novel
transcription factor expressed in the endocardium of the developing
heart. Development, 118, 817-827.

Kim,K.J., Kanellopoulos-Langevin,C., Merwin,R.M., Sachs.D.H. and
Asofsky,R. (1979) Establishment and characterization of BALB/c
lymphoma lines with B cell properties. J. Immunol., 122, 549-554.

KoLJ.. YamamotoM., Leonard M.W., George.K.M.. Ting,P. and

332

EngelJ.D. (1991) Murine and human T-lymphocyte GATA-3 factors
mediate transcription through a cis-regulatory element within the
human T-cell receptor & gene enhancer. Mol. Cell. Biol., 11, 2778-2784.

Koken,M.H.M. et al. (1994) The t(15;17) translocation alters a nuclear
body in a retinoic acid-reversible fashion. EMBO J., 13, 1073-1083.

Kudla,B., Caddick,M.X., Langdon,T., Martinez-Rossi,N.M., Bennett,
C.F. Sibley.S., Davies,R.W. and Arst.H.N.Jr (1990) The regulatory
gene areA mediating nitrogen metabolite repression in Aspergillus
nidulans. Mutations affecting specificity of gene activation alter a
loop residue of a putative zinc finger. EMBO J., 9, 1355-1364.

Lamond,A.I. and Carmo-Fonseca,M. (1993a) The coiled body. Trends
Cell Biol., 3, 198-204.

Lamond,A.l. and Carmo-Fonseca,M. (1993b) Localisation of splicing
snRNPs in mammalian cells. Mol. Biol. Rep., 18, 127-133.

Laverriere.A.C., MacNeill,C., Mueller,C., Poelman.R.E., Burch,J.B.E.
and Evans,T. (1994) GATA-4/5/6, a subfamily of three transcription
factors transcribed in developing heart and gut. J. Biol. Chem., 269,
23177-23184.

Lee.J.S., Galvin,K.M. and Shi,Y. (1993) Evidence for physical interaction
between the zinc-finger transcription factors YY1 and Spl. Proc. Narl
Acad. Sci. USA, 90, 6145-6149.

LeeM.-E., Temizer,D.H., Clifford,J.A. and Quertermous,T. (1991)
Cloning of the GATA-binding protein that regulates endothelin-1 gene
expression in endothelial cells. J. Biol. Chem., 266, 16188-16192.

Luisi,B.E., Xu,W.X., Otwinowski,Z., Freedman,L.P., Yamamoto,K.R. and
Sigler,P.B. (1991) Crystallographic analysis of the interaction of the
glucocorticoid receptor with DNA. Nature, 352, 497-505.

Martin,D.1.K., Zon,L.I., Mutter,G. and Orkin,S.H. (1990) Expression of
an erythroid transcription factor in megakaryocytic and mast cell
lineages. Nature, 344, 444-447.

Merika,M. and Orkin,S.H. (1995) Functional synergy and physical
interactions of the erythroid transcription factor GATA-1 with the
Kruppel family proteins Spl and EKLF. Mol. Cell. Biol.. 15, 2437-
2447.

Metcalf,D. (1984) Clonal Culture of Hemopoietic Cells: Techniques and
Applications. Elsevier, Amsterdam, The Netherlands.

Murrell, A.M. and Green,A.R. (1995) Regulation of lineage restricted
haemopoietic transcription factors in cell hybrids. Oncogene, 10,
631-639.

Needham M., Gooding,C., Hudson,K., Antoniou,M., Grosveld,F. and
Hollis, M. (1992) LCR/MEL: a versatile system for high-level
expression of heterologous proteins in erythroid cells. Nucleic Acids
Res., 20, 997-1003.

Omichinski,J.G., Clore,G.M., Schaad,0., Felsenfeld,G., Trainor,C.,
Appella,E., Stahl,S.J. and Gronenborn,A.M. (1993) NMR structure of
a specific complex of Zn-containing DNA binding domain of GATA-
1. Science, 261, 438-446.

Orkin,S.H. (1992) GATA-binding transcription factors in hematopoietic
cells. Blood. 80, 575-581.

Padykula,H.A. and Clark,J.H. (1981) Nuclear bodies as functional
indicators in the target cells of sex steroid hormones. In Busch,H.
(ed.), In the Cell Nucleus. Academic Press, New York, NY, Vol. IX,
pp. 309-339.

Pandolfi,P.P., RothM.E., Karis,A., Leonard M.W., Dzierzak,E.,
Grosveld F.G., EngelJ.D. and Lindenbaum,M.H. (1995) Targeted
disruption of the GATA3 gene causes severe abnormalities in the
nervous system and in fetal liver haematopoiesis. Nature Genet., 11,
40-44.

Pérez-Alvarado,G.C., Miles,C., Michelsen,J.W., Louis,H.A., Winge,D.R.,
Beckerle,M.C. and Summers,M.F. (1994) Structure of the carboxy-
terminal LIM domain from the cysteine rich protein CRP. Nature
Struct. Biol., 1, 388-398.

Pevny.L., Simon,M.C., Robertson,E., Klein,W.H., Tsai,S.-F., D’Agati,V.,
Orkin,S.H. and 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.

Pevny,L., Chyuan-Sheng,L., D’Agati,V., Simon,M.C., Orkin.S.H. and
Costantini,F. (1995) Development of hematopoietic cells lacking
transcription factor GATA-1. Development, 121, 163-172.

Rastinejad,F., Perlmann,T., Evans,R.M. and Sigler,P.B. (1995) Structural
determinants of nuclear receptor assembly on DNA direct repeats.
Nature, 375, 203-211.

Reimer,G., Pollard,K.M., Penning,C.A., Ochs,R.L., Lischwe,N.A. and
Tan.E.M. (1987) Monoclonal antibody from (New Zealand
BlackXNew Zealand White) F| mouse and some human scleroderma
sera target a M, 34000 nucleolar protein of the U3-ribonucleoprotein
particle. Arthritis Rheum., 30, 793-800.



Romeo.P-H..  Prandini.M.-H.. Joulin.V..  Mignotte.V..  Prenant.M..
Vainchenker.W.. Marguerie.G. and Uzan.G. (1990) Megakaryocytic
and erythrocytic lineages share specific transcription factors. Nature.
344, 17449,

SambrookJ.. Fritsch.E.F. and Maniatis. T. (1989) Molecular Cloning: A
Laboratory: Manual. Cold Spring Harbor Laboratory Press. Cold
Spring Harbor. NY.

Sanchez-Garcral. and Rabbitts. TH. (1994) The LIM domain: a new
structural motif found in zinc-finger-like proteins. Trends Genet.. 10.
315-320.

Schmeichel. K.L. and Beckerle M.C. (1994) The LIM domain is a
modular protein-binding interface. Cell. 79. 211-219.

Seto.E.. Lewis.B. and Shenk.T. (1993) Interaction between transcription
factors Spl and YY 1. Nature. 365, 462164,

Sollerbrant.K.. Akusjirvi.G.. Linder.S. and Svensson.C. (1995) The DNA
binding domains of the veast Gald and human c-jun transcription
factors interact through the zinc-tinger and bZIP motits. Nucleic Acids
Res.. 23, 588-594.

Spector.D.L. (1993) Macromolecular domains within the cell nucleus.
Annu. Rev. Cell Biol.. 9. 265-315.

SpiethJ.. Shim.Y.H.. Lea.K.. Conrad.R. and Blumenthal.T. (1991) elt-1.
an embryonically expressed Caenorhabditis elegans gene homologous
to the GATA transcription family. Mol. Cell. Biol.. 11. 465116359,

SposiN.M. et al. (1992) Cycle-dependent initiation and  lineage-
dependent abrogation of GATA-1 expression in pure differentiating
hematopoictic progenitors. Proc. Natl Acad. Sci. USA. 89, 6353-6357.

Stelzer E.H.K.. Hanninen.P.. Stricker.R.. Pick.R.. Ritter.G.. Bleimling.M.
and Storz.C. (1992) A confocal fluorescence microscope for cell
biological research. In Proceedings of the Sth International Conference
on 3D Image Processing Microscopy. Amsterdam. The Netherlands.

Strauss.E.C. and Orkin.S.H. (1992) In vivo protein-DNA interactions at
hypersensitive site 3 of the human B-globin locus control region.
Proc. Natl Acad. Sci. USA. 89, 5809-5813.

Stuurman.N.. de Graaf.A.. Floore.A.. Josso.A.. Humbel.B.. de Jong.L.
and van Driel.R. (1992) A monoclonal antibody recognizing nuclear
matrix-associated nuclear bodies. J. Cell Sci. 101, 773-784.

Szostecki.C.. Guldner.H.H.. Netter.HJ. and Will.H. (1990) Isolation
and characterization of ¢DNA encoding a human nuclear antigen
predominantly recognized by autoantibodies from patients with
primary biliary cirrhosis. J. Immunol.. 145, 4338—4347.

Tilehman.S.M.. Teimeier.D.C.. Polskyv.F.. Edgell.M.H.. SeidmanJ.G..
Leder.A.. Enquist. L.W.. Norman.B. and LederP. (1977) Cloning
specific segments of the mammalian genome: bacteriophage containing
mouse globin and surrounding gene sequences. Proc. Natl Acad. Sci.
USA. 74, 4406—4410.

Tsai.F-Y.. Keller.G.. Kuo.F.C.. Weiss.M.J.. ChenJ.. Rosenblatt.M..
AlILEW. and Orkin.S.H. (1994) An carly hematopoietic defect in mice
lacking the transcription tactor GATA-2. Nature. 371, 221-226.

Tsai.S.-F.. Martin.D.LK.. Zon.L.. D’Andrea.A.D.. Wong.G.G. and
Orkin.S.H. (1989) Cloning of ¢DNA for the major DNA-binding
protein of the erythroid lineage through expression in mammalian
cells. Nature. 339. 446—51.

Turner.B.M. and Franchi.L. (1987) Identification of protein antigens
associated with the nuclear matrix and with clusters of interchromatin
granules in both interphase and mitotic cells. J. Cell Sci.. 87. 269-282.

Valge-Archer V.E.. Osada.H.. Warren.AJ.. Forster.A.. LiJ.. Baer.R. and
Rabbitts. T.H. (1994) The LIM protein RBTN2 and the basic helix-
loop-helix protein TALI are present in a complex in erythroid cells.
Proc. Natl Acad. Sci. USA. 91. 8617-8621.

VisvaderJ.E. and AdamsJ.M. (1993) Megakaryocytic differentiation
induced in 416B myeloid cells by GATA-2 and GATA-3 transgenes
or S-azacytidine is tightly coupled 1o GATA-1 expression. Blood. 82.
1493-1501.

VisvaderJ.E.. Elefanty.A.G.. Strasser.A. and AdamsJ.M. (1992) GATA-
I but not SCL induces megakarvocytic differentiation in an early
myeloid line. EMBO J.. 11. 4557564,

VisvaderJ.E.. Crossley.M.. Hill.J.. Orkin.S.H. and Adams.J.M. (1995)
The C-terminal zinc finger of GATA-1 or GATA-2 is sufficient to
induce megakarvocytic differentiation of an early myeloid cell line.
Mol. Cell. Biol.. 15. 634-641.

Wadman.l.. LiJ.. Bash.R.O.. Forster.A.. Osada.H.. Rabbitts. T.H. and
Baer.R. (1994) Specific in vivo association between the bHLH and
LIM proteins implicated in human T cell leukemia. EMBO J.. 13.
48314839,

Wall.L.. deBoer.E. and Grosveld.F. (1988) The human B-globin gene 3
enhancer contains multiple binding sites for an erythroid specific
induction of transcription. Genes Dev.. 2. 1089-1100.

GATA proteins associate with novel nuclear bodies

Walton.T.H.. Moen.P.T.Jr. Fox.E. and BodnarJ.W. (1989) Interactions
of min virus of mice and adenovirus with host nucleoli. J. Virol.. 63.
3651-3660.

Wansink.D.G.. Schul.W.. van der Kraan.I.. van Steensel.B.. van Driel.R.
and de Jong.L. (1993) Fluorescent labeling of nascent RNA reveals
transcription by RNA polymerase Il in domains scattered throughout
the nucleus. J. Cell Biol.. 122. 283-293.

Weis.K..  Rambaud.S.. Lavau.C.. JansenJ.. Carvalho.T.. Carmo-
Fonseca.C.. Lamond.A. and Dejean.A. (1994) Retinoic acid regulates
aberrant nuclear localization of PML-RARa in acute promyleocytic
leukemia cells. Cell. 76. 345-356.

Weiss.MJ. and Orkin.S.H. (1995) GATA transcription factors: key
regulators of hematopoiesis. Exp. Hematol.. 23. 99-107.

Weiss.M.J.. Keller.GG. and Orkin.S.H. (1994) Novel insights into erythroid
development revealed through in virro differentiation of GATA-1-
embryonic stem cells. Genes Dev.. 8. 1184-1197.

Wilson.D.B.. Dortman.D.M. and Orkin.S.H. (1990) A nonerythroid
GATA-binding protein is required for function of the human
preproendothelin-1 promoter in endethelial cells. Mol. Cell. Biol.. 10.
4854—862.

Xie.K.. Lambie.EJ. and Snyder.M. (1993) Nuclear dot antigens may
specity transcriptional domains in the nucleus. Mol. Cell. Biol.. 13.
6170-6169.

Yamamoto.M.. Ko.LJ.. Leonard M.W.. BeugH.. Orkin.S.H. and
EngelJ.D. (1990) Activity and tissue-specific expression of the
transcription factor NF-EI multigene family. Genes Dev.. 4. 1650-
1662.

Yang.H.-Y. and Evans.T. (1995) Homotypic interactions of chicken
GATA-1 can mediate transcriptional activation. Mol. Cell. Biol.. 15.
1353-1363.

Zirbel R M.. Mathieu.U.R.. Kurz.A.. Cremer.T. and Lichter.P. (1993)
Evidence for a nuclear compartment of transcription and splicing
located at chromosome domain boundaries. Chromosome Res.. 1.
93-106.

Received on August 7, 1995: revised on September 27. 1995

333



