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GATA-1 directly regulates p21 gene expression

during erythroid differentiation
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Lineage-determination transcription factors coordinate cell differentiation and proliferation by controlling the synthesis
of lineage-specific gene products as well as cell cycle regulators. GATA-1 is a master regulator of erythropoiesis. Its role
in regulating erythroid-specific genes has been extensively studied, whereas its role in controlling genes that regulate
cell proliferation is less understood. Ectopic expression of GATA-1 in erythroleukemia cells releases the block to their
differentiation and leads to terminal cell division. An early event in reprogramming the erythroleukemia cells is induction
of the cyclin-dependentkinase inhibitor p21. Remarkably, ectopic expression of p21 also induces the erythroleukemia cells
to differentiate. We now report that GATA-1 directly regulates transcription of the p21 gene in both erythroleukemia cells
and normal erythroid progenitors. Using reporter, electrophoretic mobility shift, and chromatin immunoprecipitation
assays, we show that GATA-1 stimulates p21 gene transcription by binding to consensus binding sites in the upstream
region of the p21 gene promoter. This activity is also dependent on a binding site for Sp1/KLF-like factors near the
transcription start site. Our findings indicate that p21 is a crucial downstream gene target and effector of GATA-1 during

red blood cell terminal differentiation.

Introduction

Differentiation of precursor cells into more mature cells involves
both the expression of tissue-specific functions and progressive
restriction of proliferative capacity. Ultimately, both processes
are controlled by specific master regulatory transcription fac-
tors. The regulation of tissue-specific gene expression programs
by such factors has been studied extensively. On the other hand,
much less is known about their role in regulating genes involved
in cell proliferation.

GATA-1 is a Zn-finger DNA binding protein that is required
for development of erythrocytes and megakaryocytes.”> Many
tissue-specific genes that are directly regulated by GATA-1 have
been described, including globins and components of the heme
biosynthetic pathway in red cells, as well as platelet factor 4 and
GPIbp in megakaryocytes (reviewed in refs. 1 and 2). GATA-1
is also likely to be involved, either directly or indirectly, in con-
trolling proliferation in cells undergoing terminal differentiation.
For example, female mice heterozygous for a hypomorphic muta-
tion in the X-linked GATA-1 gene accumulate immature cells in
hematopoietic organs and exhibit a disorder similar to myelodys-
plastic syndrome which progresses to acute leukemia.* GATA-1
mutations in humans with Trisomy 21 are associated with tran-
sient myeloproliferative disorder and acute megakaryoblastic
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leukemia,’*® as well as other disorders of the megakaryocytic and
erythrocytic lineages (reviewed in ref. 9).

Several cell culture systems in which GATA-1 levels can be
modulated directly are available and have been used to study its
effects on erythroid differentiation and cell proliferation. For
example, G1E cells are an immortalized GATA-1 null erythroid
line that proliferates indefinitely as immature erythroblasts until
GATA-1 activity is restored, whereupon the cells undergo differ-
entiation and terminal arrest.” Murine erythroleukemia (MEL)
cells are transformed erythroblasts that are blocked from differ-
entiating due to spleen focus forming virus (SFFV) insertional
activation of the PU.I transcription factor.'"> PU.1 binds to and
inhibits GATA-1’s ability to promote transcription and erythroid
differentiation.'*'® Remarkably, simply expressing an activated
form of ectopic GATA-1 (GATA-1/ER) in these highly malig-
nant cells reverses the block to differentiation and leads to termi-
nal cell division and loss of tumorigenicity."”

The ability of GATA-1 to induce terminal growth arrest, as
well as to activate expression of phenotypic markers of mature
erythroid cells, suggests that it may exert control over regula-
tors of cell proliferation. Indeed, gene expression profiling of
GIE cells undergoing erythroid differentiation in response to
GATA-1 showed that it induces changes in expression of numer-
ous genes involved in cell cycle regulation, including core cell
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Figure 1. GATA-1 stimulates the p21 promoter. (A) Left: luciferase reporter assays were carried out in HeLa cells transfected with 7.5 ng of the -4.6 kb
p21 promoter-luciferase reporter with and without (-) the indicated amounts of pXM-GATA-1 expressing murine GATA-1. 48 hours after transfection
cell extracts were prepared and analyzed for luciferase activity as described in Materials and Methods. Luciferase activity was normalized with respect
to the protein content of the cell extracts. GATA-1-stimulated reporter activity is expressed relative to that of the -4.6 kb reporter construct in the ab-
sence of pXM-GATA-1. Right: luciferase reporter assays using 7.5 ng of the -4.6 kb p21 or -65 bp chicken a-globin (D3) promoter-reporter constructs
with or without (- GATA-1) 45ng pXM-GATA-1. (B) A series of luciferase reporter plasmids containing the indicated regions of the murine p21 promoter
were constructed in pGL3-Basic as described in Materials and Methods and were assayed as in (A) with or without (no GATA-1) 45 ng pXM-GATA-1.
Luciferase activity was expressed relative to that of the -4.6 kb reporter construct in the presence of pXM-GATA-1. EV : empty vector (pGL3 Basic vector
without p21 promoter). The diagram below the figure indicates the positions of potential GATA-1 binding sites (G1-G11) in the p21 promoter. Error bars
indicate the standard deviations of triplicate assays. Similar results were obtained in at least three experiments.

cycle components such as cyclin-dependent kinases (CDKs) and
CDK inhibitors (CDKIs), ¢-Myc, and other genes associated
with changes in the rate of cell proliferation.'® Likewise, the lev-
els of many of the same core cell cycle components were observed
to change during reprogramming of MEL cells by GATA-1/ER.”
Nevertheless, it is not known whether these changes in cell cycle
regulators are due to direct effects of GATA-1 on the correspond-
ing genes or due to other processes, for example indirect effects
mediated by downstream gene targets of GATA-1.
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A clue to which cell cycle regulators may be directly controlled
by GATA-1 was provided by our previous report in which we
tested the ability of several CDKIs to affect the differentiation
program of MEL cells. Among four CDKIs tested (p15, p16, p21
and p27), only p21 was sufficient to reprogram the leukemia cells
to terminal differentiation."” The differentiation program induced
by p21 in MEL cells is similar to that induced by GATA-1/ER
in these cells, including synthesis of hemoglobin, morphological
differentiation and terminal arrest. Thus, p21 mimics the actions
of GATA-1 in promoting differentiation of MEL cells.
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The observation that ectopic expression of either of two such
disparate molecules as p21 and GATA-1 alone leads to resump-
tion of terminal differentiation in MEL cells prompted us to
ask whether GATA-1 controls p21 gene expression. We report
here that GATA-1 regulates transcription of the p21 gene. These
results illustrate how a master transcriptional regulator restricts
cell proliferation while also promoting a tissue-specific gene
expression program during terminal differentiation.

Results

GATA-1 transactivates the p21 promoter. To investigate a poten-
tial role for GATA-1 in regulating p21 transcription, we exam-
ined the murine p21 promoter sequence for consensus GATA-1
binding sites (WGATAR).?>?! Within the 4.5 kb DNA sequence
upstream of the p21 transcription start site there are eleven con-
sensus GATA-1 binding sites (Fig. 1B). To determine whether
GATA-1 is able to regulate the transcriptional promoter activity
of this segment, we carried out transfection experiments to study
the effect of GATA-1 on reporter activity of a plasmid consisting
of this segment, which includes the transcription start site and 90
bp of the p21 5'UTR (+117 downstream of the TATA box). The
p21 promoter reporter plasmid was co-transfected along with a
GATA-1 expression plasmid into HeLa cells that do not express
endogenous GATA-1. Asshown in Figure 1A, GATA-1 stimulated
production of luciferase activity in a dose-dependent manner and
to a similar extent as its stimulation of the chicken alpha-globin
promoter (aD3), a well-characterized GATA-1 target gene.”
GATA-1 stimulation of p21 promoter activity-is independent of
the tumor suppressor p53 because similar results were obtained
in reporter assays with a p21 promoter construct harboring muta-
tions in each of the two p53 binding sites at -2,809 bp and -1,915
bp (data not shown). To identify the GATA-1 responsive region
within the -4.6 kb p21 promoter fragment, reporter plasmids
containing progressively smaller portions of the -4.6 kb fragment
were constructed and assayed. Removal of nearly 1 kb from the
5" end of the fragment, eliminating four potential GATA-1 bind-
ing sites, had no effect on reporter activity. However, removing
sequences between -3.6 kb and -2.2 kb and between -2.2 kb and
-839 bp (relative to the TATA box) substantially reduced reporter
activity (Fig. 1B). These deletions remove two and four potential
GATA-1 binding sites, respectively. The -839 bp promoter seg-
ment contains a single consensus GATA-1 site. However, remov-
ing it by deleting the p21 promoter fragment to either -464 bp or
-58 bp did not further affect reporter activity. These results indi-
cate that sequences lying between -3.6 kb and -839 bp (relative to
the TATA box) are primarily responsible for GATA-1-mediated
stimulation of p21 promoter activity.

To determine whether the six potential consensus GATA-1
binding sites lying between -3.6 kb and -839 bp in the p21 pro-
moter are actually able to bind GATA-1, we performed elec-
trophoretic mobility shift assays with 20 bp oligonucleotides
containing sequences encompassing each of the sites (Suppl.
Table 1). An oligonucleotide encompassing the GATA-1 binding
site in the chicken alpha globin promoter (0D3) served as a posi-
tive control. The source of GATA-1 was an extract of 293T cells

www.landesbioscience.com

Cell Cycle

transfected with the GATA-1 expression plasmid. GATA-1 bound
oligonucleotides corresponding to several sites, including G6, G8
and GI10 at -2,678 to -2,673 bp, -1,650 to -1,645 bp, and -1,153
to -1,148 bp, respectively, relative to the TATA box (Fig. 2A).
However, the extent of binding of GATA-1 to these sequences
was substantially less than to the GATA-1 binding sequence in
the chicken alpha globin promoter. The sequence at site G10 at
-1,153 to -1,148 bp appeared to bind most strongly (Fig. 2A).
Similar results were obtained in EMSAs with a GST-GATA-1
fusion protein expressed in bacteria (data not shown). The bind-
ing was specific as demonstrated by competition with the corre-
sponding unlabeled competitor oligonucleotide (Fig. 2A) and the
requirement for GATA-1 expression in the 293T cell lysate (Fig.
2B). Specificity for GATA-1 was further demonstrated by show-
ing that extracts of 2937 cells transfected with a mutant GATA-1
defective in DNA binding? are unable to bind the probes (Fig.
2C). Binding of GATA-1 to the G10 probe is due to the GATA-1
consensus sequence in the probe, and not to interactions with
other residues of the probe, as shown by the failure of GATA-1 to
bind to a mutant G10 oligonucleotide in which the core G residue
is mutated to T and the inability of mutations outside of the core
GATA-1 motif to disrupt this interaction (Fig. 2D).

The presence of six GATA-1 binding sequences within the two
GATA-1 responsive promoter segments between -3.6 kb and -839
bp, and the observation that GATA-1 can bind several of these
sites, makes it unlikely that a single GATA-1 consensus sequence
is responsible for the GATA-1 stimulation of p21 promoter activ-
ity. Since site G10 appeared to have the highest binding affinity
for GATA-1, we constructed a 4.6 kb promoter-reporter plasmid
in which site G10 was mutated so that it cannot bind GATA-1
(Fig. 3B). GATA-1 stimulated activity of this reporter as well as
the unmutated reporter plasmid. Similar results were obtained
with a G5, G6 doubly mutated plasmid (Fig. 3A). These results
suggest that GATA-1 can use more than one of the six consen-
sus sequences between -3.6 kb and -839 bp to stimulate p21
transcription.

GATA-1 occupies the p21 promoter in normal erythroid
progenitors and erythroleukemia cells. The data presented in
the previous section strongly suggest that GATA-1 directly regu-
lates transcription of the p21 gene. If this conclusion is correct,
then GATA-1 should be detectable at the p21 promoter in eryth-
roid cells in which GATA-1 promotes terminal differentiation.
To determine whether GATA-1 occupies the p21 upstream regu-
latory region in such cells, we carried out quantitative chroma-
tin immunoprecipitation (qChIP) experiments with a GATA-1
antiserum. Because we and others have reported that p21 gene
expression is induced during erythroid differentiation,"”"*** we
studied GATA-1 occupancy of the p21 promoter in differentiat-
ing erythroid cells. qChIP was performed with chromatin from
both normal embryonic stem cell-derived erythroid progenitors
(ES-EP) undergoing erythroid differentiation??¢ and differenti-
ating MEL cells. GATA-1 was found to occupy the region near
the G5 GATA-1 consensus binding site (see Fig. 1) in differen-
tiating ES-EP and MEL cells (Fig. 4). It was not observed near
the G10 site that exhibited the strongest in vitro binding. These
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Figure 2. For figure legend, see page 5.

results indicate that GATA-1 binds the p21 promoter in vivo and
regulates the p21 gene in differentiating erythroid cells.
GATA-1 transactivation of the p21 promoter depends on
a binding site for Sp1/KLF-like factors near the transcription
start site. Despite the relatively weak in vitro binding of GATA-1
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to its consensus sequences between -3.6 kb and -839 bp (Fig.
2), the ability of GATA-1 to stimulate the p21 promoter-reporter
plasmid is quite robust in vivo. These observations suggest that
GATA-1-mediated transactivation of the p21 promoter may
depend upon other factors. GATA-1 is known to functionally
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Figure 2 (See opposite page). GATA-1 binds WGATAR sequences in the p21 promoter. (A) EMSA assays were performed as described in Material and
Methods with 0.5 ng of 20 bp 3P end-labeled DNA probes corresponding to the indicated sequences in the p21 promoter (G5-G11, see the legend to
Fig. 1 and Suppl. Table 1) or the GATA-1 binding sequence in the chicken c-globin promoter (aD3). Each probe was incubated with 15 g of a protein
extract from 293T cells transfected with pXM-GATA-1. Where indicated, a 125-fold molar excess of unlabeled competitor oligonucleotide was included
in the reaction mixture. (B) EMSAs were performed as in (A) with oeD3 and G10 probes and untransfected (- GATA-1) or pXM-GATA-1-transfected (+
GATA-1) 293T lysates. (C) EMSAs were performed with o:D3 and G10 probes as in (A) except that the protein extracts consisted of 293T cells transfected
with either pXM-GATA-1 (wt) or a version of pXM-GATA-1 encoding a mutant GATA-1 (mt) in which the first 2 cysteines of the C-terminal Zn finger
domain were mutated to glycine.? Left panel shows a western blot of 293T cell lysates transfected with pXM-GATA-1 (wt—left lane) or pXM-GATA-1
encoding the mutated GATA-1 (mt—right lane) using rat anti-GATA-1 (N6, Santa Cruz). (D) EMSA assays were performed as in (A) except that G10
probes with both wild-type (wt) and mutated (mt 1-4) sequences (shown on top) were used. Asterisk indicates free probe, and arrowhead indicates
shifted complex.

interact with other zinc-finger transcription factors,

including the widely expressed Spl and the related
Kruppel-like, erythroid-specific factor KLF1.2%%8
There are several reports of the involvement of Sp1/
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KLF family members in p21 gene transcription,
including its cooperation with other transcrip-
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tion factors through interactions in the proximal
region of the p21 promoter.”-** Spl is expressed in

HeLa cells used in the reporter assays.?” Spl and
KLFI are also known to bind directly to GATA-1
and to tether it to promoters, increasing GATA-1-
stimulated transcription.” Interestingly, reporter
constructs containing -464 bp and -58 bp of the
p21 promoter region that lack GATA-1 consensus Figure 3. The G5 + G6 or G10 GATA-1 binding sites alone are not required for GATA-1-
stimulated transcription of the p21 promoter. Luciferase reporter assays were per-
formed in Hela cells as in Figure 1 with -4.6 kb p21 promoter-reporter plasmids contain-
T . . . ing either the wild-type (wt) sequence or one in which the G5 + G6 sites (A) or the G10
sensus binding sites for Spl/KLF-like factors in the site (B) was mutated (WGATAR — WTATAR). Error bars indicate the standard deviations
p21 promoter at -78 to -71 bp and at -21 to -13-bp~ | of triplicate assays. Similar results were obtained in three experiments.
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Figure 4. GATA-1 occupies the p21 promoter in erythroid cells. qChIP
was performed as described in Materials and Methods on cross-linked
chromatin from (A) MEL cells expressing a GATA-1-estrogen receptor
(ER) fusion protein treated with 173-estradiol for 48 hours and (B) ES-
EP, with anti-GATA-1 antibody or anti-HA antibody as a control. ES-EP
were induced to differentiate for 24 hours as described in Materials &
Methods. The amounts of the indicated specific DNA fragments pres-
ent in immunoprecipates were quantitated by real-time PCR. The bars
indicate the percentages of input DNA fragments present in specific 0.01 1
immunoprecipitates. Error bars indicate the standard deviations of
triplicate PCRs. Similar results were obtained in three experiments. For
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Figure 5. GATA-1 stimulation of the p21 promoter depends upon a binding site
for Sp1/KLF-like factors near the transcription start site. (A) Luciferase reporter
assays were performed in Hela cells as in Figure 1 with -4.6 kb p21 promoter-re-
porter plasmids containing either the wild-type sequence (-4.6 kb) or sequences
in which the consensus binding site for Sp1/KLF-like factors at -78 to -71 bp or -21
to -13 bp is mutated from GGGCGG to GTTTTG. (B) The wild-type p21 promoter-
reporter plasmid (-4.6 kb) and the reporter plasmid in which the -21 to -13 bp
sequence is mutated were stably transfected into MEL cells expressing a GATA-1-
estrogen receptor (ER) fusion protein. Pools of transfected cells were isolated as
described in Materials and Methods. GATA-1 was activated by treatment of the
cells with 17B-estradiol (+ Est) and at the indicated times cell extracts were pre-
pared and luciferase activity was assayed as described in Materials and Methods.
Luciferase activity is expressed relative to the activity present in untreated cells

Having found that two such disparate molecules as
GATA-1, a transcription factor, and p21, a CDK inhibi-
tor, both can reprogram MEL tumor cells into termi-
nal differentiation, we were prompted to ask whether
GATA-1 controls p21 gene expression. Several lines
of evidence presented here demonstrate that GATA-1
directly controls transcription of the p21 gene. The evi-
dence includes: (1) reporter assays showing that the p21
promoter is highly stimulated by ectopic expression of
GATA-1 in heterologous cells (Fig. 1). This reporter is
also induced by activation of ectopic GATA-1/ER in dif-
ferentiating MEL cells (Fig. 5). (2) EMSA analysis show-

that is capable of recognizing the site at -21 to -13 bp plays an
important role in GATA-1-stimulated transcription of the p21
promoter. Such a factor(s) might stabilize binding of GATA-1 to
one or more of the relatively weak GATA-1 consensus sites in the
upstream regulatory region.

Discussion

GATA-1 is a Zn-finger DNA binding transcription factor that is
required for development of erythrocytes and megakaryocytes.
Numerous genes that are expressed specifically in these lineages
have been shown to be regulated by GATA-1.'%3% In addition
to promoting differentiation of these cell types, expression of
GATA-1 also leads ultimately to cessation of cell proliferation.
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ing that GATA-1 can bind to several different sequences
found in the upstream region of the p21 promoter (Fig.
2). These sequences conform to the WGATAR consensus bind-
ing sequence for GATA-1. Although in vitro binding of GATA-1
to these sequences is weaker than to a well-characterized GATA-1
site in the chicken a-globin promoter, binding is strictly depen-
dent upon the core G nucleotide in the sequence. The stronger
binding of GATA-1 to the chicken o-globin probe may be due
to the presence of both a consensus WGATAR motif as well as
an overlapping direct repeat minor site (GGATAA) that has been
shown to increase the affinity of GATA-1 for DNA by interacting
with the GATA-1 N-terminal Zn finger.’* This arrangement is
not present in the p21 promoter probes (see Suppl. Table 1). (3)
qChIP assays showing that GATA-1 occupies the p21 promoter
in both differentiating MEL cells and normal erythroid pro-
genitors undergoing differentiation in response to erythropoietin
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(Fig. 4). The fact that GATA-1 occupies the p21 promoter in
normal erythroid cells suggests that p21 plays an important role
not only in MEL cells, but also during the later stages of normal
erythroid differentiation. Indeed, p21 mRNA levels increase dur-
ing GATA-1-stimulated differentiation of GIE cells."® Induction
of p21 was also seen during differentiation of ES-EP, as well as
normal fetal liver erythroid cells (Olga Ujhelly and AIS, unpub-
lished observations).

The p21 gene can be activated by both p53-dependent and
p53-independent mechanisms.? Our data indicate that GATA-1
activation of the p21 promoter is independent of p53. Mutation
of the two consensus p53 binding sites in the p21 promoter does
not attenuate GATA-1 stimulation of the promoter in reporter
assays performed in HeLa cells (data not shown). The observed
occupancy of GATA-1 at the p21 promoter in MEL cells by ChIP
(Fig. 4) is also very likely to be independent of p53 because most
Friend virus-induced murine erythroleukemia cell lines con-
tain inactivated forms of p53.%%” These results suggest that the
occupancy of the p21 promoter by GATA-1 in normal erythroid
progenitors (Fig. 4), which presumably contain wild-type p53,
as well as GATA-1-stimulated p21 promoter activation in these
cells, is similarly independent of p53.

Our results suggest that GATA-1 is able to bind weakly to
several consensus binding sites in the p21 promoter and that it
does not depend on the presence of a particular site to stimulate
promoter activity. Progressive removal of segments containing
multiple consensus GATA-1 binding sites decreased-GATA-1-
stimulated promoter activity (Fig. 1), indicating that this activity
depends upon the overall number of available GATA-1 binding
sites, especially those between -3.6 and -839 bp. Mutation of the
G5 + G6 or G10 binding sites did not affect GATA-1-stimulation
of the full-length, -4.6 kb p21 promoter (Fig. 3), suggesting that
although GATA-1 can bind these sequences, in their absence it
can bind other sites and activate the promoter. However, in vivo
there may be a preference for the G5 binding site since qChIP
assays demonstrated GATA-1 binding in this region (Fig. 4).

Our results also suggest that GATA-1-stimulated transcription
of the p21 gene depends on other transcription factors. We found
that full activation of the p21 promoter by GATA-1 is dependent
on the presence of an intact Spl/KLF-like factor binding site at
-21 to -13 bp (relative to the TATA box). Spl and the erythroid-
specific factor KLF1 can physically interact with GATA-1, and
they have been shown to synergistically activate promoters by two
mechanisms: (i) at low concentrations, Spl/KLF1 and GATA-1
cooperatively bind their respective DNA binding sites, even when
separated by hundreds of base pairs, and (ii) at high concentra-
tions, Spl/KLF1 tether GATA-1 to a promoter devoid of consen-
sus GATA-1 binding sites, and vice versa.” There are now many
reports of interactions between Spl family members and other
transcription factors, including GATA-1,%® that lead to synergis-
tic regulation of transcription of target genes.*® Given the rela-
tively weak in vitro binding of GATA-1 to the consensus GATA-1
binding sites in the p21 promoter, compared with its binding to
the chicken a-globin promoter, it is tempting to speculate that
Sp1/KLF family members, in particular KLF1, physically inter-
act with GATA-1 on the p21 promoter and stabilize its binding

1978

Cell Cycle

to consensus GATA-1 binding sites. A looping mechanism sug-
gested by Merika et al.?® to account for synergy between Spl/
KLF1 and GATA-1 could explain the dependence we observed
for GATA-1-stimulated transcription of the p21 promoter on the
-21 to -13 bp GGGCGG site in both Hela cells and erythroid
cells.

The results reported here confirm and extend the observa-
tions of Rylski et al."® indicating that GATA-1 plays a major role
in coordinating the proliferation and differentiation programs
in erythroid cells. The involvement of GATA-1 in regulating
erythroid-specific expression of genes such as globins and heme
biosynthetic enzymes is well established. As mentioned, Rylski
et al.”® found that expression of GATA-1 in GIE cells also causes
changes in expression of numerous genes involved in cell cycle
control. At least one of those genes, the pro-proliferation c-Myc
gene, was suggested to be directly repressed by GATA-1. The
studies reported here demonstrate that GATA-1 directly stimu-
lates transcription of the anti-proliferation p21 gene. Importantly,
both ¢-Myc and p21 have been shown to have profound effects
on the ability of MEL cells to resume erythroid differentiation.
Ectopic expression of c-Myc in MEL cells blocks differentia-
tion,”*” whereas ectopic expression of p21, like GATA-1, is suffi-
cient to drive MEL cells into terminal erythroid differentiation.”
These results suggest that GATA-1 coordinates the proliferation
and differentiation programs in erythroid cells by regulating a
network of genes, at least some of which, like c-Myc and p21, can
themselves control the decision of the cells to proliferate versus
differentiate. This principle of network control initiated by the
erythroid master regulator GATA-1 is likely to be a general prop-
erty of lineage-determination transcription factors. Recently, we
reported that the transcription factor PU.1, which promotes myel-
oid differentiation but inhibits erythroid differentiation, directly
stimulates transcription of the CDKG6 gene.”® Interestingly,
CDKG6, like PU.1, can block erythroid differentiation.”” In the
future, it will be very interesting to determine what proportion
of the direct gene targets, like c-Myc, p21 and CDKG, of such
master regulatory transcription factors actually participate in the
cross-talk between the proliferation and differentiation programs
in lineage-committed cells. An even greater challenge will be to
define the network and the control mechanisms that link the two
programs regulated by these crucial, lineage-determination tran-
scription factors.

Materials and Methods

Cell culture, transfection and differentiation. HeLa cells and
MEL cells (clone DS19) were grown in DMEM (Gibco) supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine, 100
units/ml penicillin, and 100 pug/ml streptomycin at 37°C, in a
humidified chamber containing either 5% CO, (HeLa) or 10%
CO, (MEL). MEL cells stably expressing a GATA-1-estrogen
receptor (ER) fusion protein in which GATA-1 is fused to the
ER ligand binding domain (GATA-1/ER MEL cells) were gener-
ated, cultured and differentiated with 17f-estradiol as described
previously.” Embryonic stem cell-derived erythroid progenitors
(ES-EP) were isolated, cultured and differentiated as described
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previously.?** To generate stable transfectants of GATA-1/ER
MEL cells, 2.5 x 10° cells were transfected as described previ-
ously®® with a 1:10 molar ratio of pGK-Neo’ and either the -4.6
kb p21 promoter-luciferase reporter plasmid or a plasmid in
which the potential Spl/KLF1 binding site at -21 bp to -13 bp
(relative to the 5" nucleotide of TATA box) of the p21 promoter
was mutated. Pools of cells representing approximately 25 stably
transfected clones were selected for 10~14 days in 5 pg/ml puro-
mycin and 1 mg/ml G418 and propagated in the same medium.
Stable integration of the luciferase reporter gene into cellular
DNA was verified by PCR for the luciferase coding sequence
using purified genomic DNA as a template. For EMSAs, 293T
cells were transfected with 5 pg wild-type or mutated GATA-1
in 100 mm dishes using Lipofectamine Plus (Invitrogen) as
described by the manufacturer.

Reporter assays. Hel a cells, plated the night before at 30,000
cells per well in 24-well plates, were transfected with 7.5 ng of the
indicated p21 promoter-reporter plasmid and, where indicated,
45 ng of GATA-1/pXM>? using Lipofectamine Plus (Invitrogen).
The total DNA content per well was maintained at 225 ng
with addition of plasmid pEBB.* 48 hours after transfection,
cell lysates were prepared as described by the manufacturer and
assayed for luciferase activity using Luciferase Assay Substrate
(Promega) and a TD-20/20 (Turner Designs) or LMax II 384
(Molecular Devices) luminometer. Luciferase activity was nor-
malized to the protein content of each extract. Luciferase activ-
ity present in cell extracts of stable MEL: cell transfectants was
assayed by the same procedure.

Construction of p21 promoter luciferase reporter plasmids.
The -4.6 kb p21 promoter-luciferase reporter plasmid (p21/
pGL3) contains -4,542 bp to +117 bp (relative to the 5' nucle-
otide of TATA box) of the murine p21 promoter subcloned into
pGL3 Basic (Promega). The wild-type construct and one deleted
of both p53 binding sites were originally constructed by Xiao et
al>* and were gifts of Dr. Jill Pelling (Northwestern University
Feinberg School of Medicine, Chicago, IL). Promoter-luciferase
reporter plasmids containing progressively smaller portions of the
wild-type -4.6 kb fragment were constructed by digesting p21/
pGL3 with either ApaLl, Tth1111, Hincll, Bsml or Smal, creat-
ing blunt ends with Klenow fragment of DNA polymerase I (New
England Biolabs), digesting with HindIII to generate fragments
consisting of -3628/+117, 2230/+117, -839/+117, -464/+117 bp
and -58/+117 of mouse p21 promoter (relative to TATA box), and
ligating gel-purified fragments into pGL3 Basic that had been
digested with HindIII and Smal. Point mutations were intro-
duced by standard techniques® or with the QuickChange Site-
Directed Mutagenesis Kit (Stratagene) and were confirmed by
nucleotide sequencing.

Electrophoretic mobility shift assay (EMSA). Single-stranded
oligonucleotides, corresponding to wild-type or mutated murine
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p21 promoter DNA sequences (sites G5-Gl11) or the GATA-1
binding site of the chicken o-globin promoter (tD3%*?) flanked
by 7 nucleotides on each end, were annealed and end-labeled
using Y- P ATP and polynucleotide kinase (Invitrogen). 10 pl
binding reaction mixtures, consisting of 2 pl (0.5 ng) double-
stranded end-labeled oligonucleotide, 3 ul (15 pg) wild-type
or disrupted C-terminal Zn finger”® GATA-1-transfected 293T
cell lysate, 1 ul (1 pg) poly dI:dC, and 2 ul 5x buffer (50 mM
HEPES pH 7.9, 250 mM KCl, 25 mM MgCl,, 5 mM EDTA, 5
mM DTT, and 25% glycerol), were incubated for 20 minutes at
room temperature in the presence or absence of a 125-fold molar
excess of unlabeled oligonucleotide. The reaction mixtures were
electrophoresed in 6% nondenaturing polyacrylamide gels, and
the dried gels were processed for autoradiography using a Storm
860 Molecular Imager (Molecular Devices) and ImageQuant
software (Molecular Devices).

Quantitative chromatin immunoprecipitation (qChIP).

ChIP was carried out as described previously*® with antisera

against GATA-1 (a gift of Emery Bresnick”) or HA (Santa Cruz
Y11). qPCR was performed with the following primers: MyoD
Fwd: TAA CCT TCC ACT CCC CTC ACA GA, Rev: TGT
TCT GTG TCG CTT AGG GAT GC; p21 amplicon near
GATA-1 site G5 Fwd (-2,931 bp relative to TATA box): TGC
AAG GCT GCA TCA GTC CT, Rev (-2,826 bp relative to
TATA box): TAG TCC CCA CCC AGG ACT GAA; p21 ampl-
icon that includes GATA-1 site G10 Fwd (-1,206 bp relative to
TATA box):GTCTTA CTG CTA TGT CTG TC, Rev (-1,119
bp relative to TATA box): AAG ATC CAG ACA GTC CAC TA
using SYBR green-master mix (ABI) and the ABI Prism 7900HT
real time-PCR machine.
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