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Article

Erythroid GATA1 function revealed by genome-wide
analysis of transcription factor occupancy, histone
modifications, and mRNA expression
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The transcription factor GATA1 regulates an extensive program of gene activation and repression during erythroid
development. However, the associated mechanisms, including the contributions of distal versus proximal cis-regulatory
modules, co-occupancy with other transcription factors, and the effects of histone modifications, are poorly understood.
We studied these problems genome-wide in a Gata1 knockout erythroblast cell line that undergoes GATA1-dependent
terminal maturation, identifying 2616 GATA1-responsive genes and 15,360 GATA1-occupied DNA segments after res-
toration of GATA1. Virtually all occupied DNA segments have high levels of H3K4 monomethylation and low levels of
H3K27me3 around the canonical GATA binding motif, regardless of whether the nearby gene is induced or repressed.
Induced genes tend to be bound by GATA1 close to the transcription start site (most frequently in the first intron), have
multiple GATA1-occupied segments that are also bound by TAL1, and show evolutionary constraint on the GATA1-
binding site motif. In contrast, repressed genes are further away from GATA1-occupied segments, and a subset shows
reduced TAL1 occupancy and increased H3K27me3 at the transcription start site. Our data expand the repertoire of
GATA1 action in erythropoiesis by defining a new cohort of target genes and determining the spatial distribution of cis-
regulatory modules throughout the genome. In addition, we begin to establish functional criteria and mechanisms that
distinguish GATA1 activation from repression at specific target genes. More broadly, these studies illustrate how a ‘‘master
regulator’’ transcription factor coordinates tissue differentiation through a panoply of DNA and protein interactions.

[Supplemental material is available online at http://www.genome.org. The gene expression data and the Illumina ChIP-seq
sequencing read data from this study have been submitted to NCBI Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo/) under accession nos. GSE18042 and GSE18164, respectively. The results on occupancy, chromatin modifi-
cations, and expression are available at http://main.genome-browser.bx.psu.edu/.]

Control of gene expression occurs initially through regulatory

proteins binding to specific DNA sequences and modulating the

ability of RNA polymerase to transcribe a target gene (Pardee et al.

1959). Diverse mechanisms are employed for this regulation,

ranging from direct interactions with RNA polymerase to re-

cruitment of large enzymatic complexes that lead to activation or

repression by altering histone modifications or chromatin struc-

ture (Maston et al. 2006; Jiang and Pugh 2009). Some cis-regulatory

modules (CRMs), containing clusters of binding sites for tran-

scription factors (Maniatis et al. 1987), are close to the transcrip-

tion start sites (TSSs) of genes. A survey of 1% of the human ge-

nome (The ENCODE Project Consortium 2007) showed that the

major biochemical signatures of gene regulatory regions are

strongest within 1 to 2 kb of TSSs. Other CRMs are distal to the TSS.

Genes encoding developmental regulatory proteins frequently

have multiple enhancers (Jiang et al. 1991; Gottgens et al. 2002;

Nobrega et al. 2003), which can be as much as 1000 kb from the

TSS (Lettice et al. 2003).

Detailed investigations of individual genes have revealed

many of the proteins and basic mechanisms that regulate gene

expression. For example, hematopoietic transcription factors such

as GATA1 and TAL1 bind both proximal and distal CRMs to regulate

erythroid genes such as those encoding hemoglobin (Cantor and

Orkin 2002). Among the distal CRMs are locus control regions that

are needed for activation of all the genes within a locus, such as the

beta-globin gene (HBB) cluster (Grosveld et al. 1987) and the alpha-

globin gene (HBA) cluster (Vyas et al. 1992). While these range from

15 to 70 kb away from their target promoters, the effects of regu-

latory proteins binding to distal CRMs are exerted by close in-

teraction with the core promoters in the interphase nucleus (Carter

et al. 2002; Tolhuis et al. 2002; Vakoc et al. 2005; Dostie et al. 2006).
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However, these studies do not provide a comprehensive view

of how CRMs and transcription factors interact to orchestrate

tissue development. This can only be approached through large-

scale, genome-wide studies to define the spatiotemporal relation-

ships among transcription factor occupancy to DNA, chromatin

modifications, gene expression, and cellular responses. Recent

studies of steroid hormone receptors (Carroll et al. 2006; So et al.

2007) and STAT proteins (Hartman et al. 2005; Robertson et al.

2007) revealed correlations between positions of DNA segments

occupied by a transcription factor and the response in gene ex-

pression, but the results appear to be distinctive to each tran-

scription factor. Additional comprehensive studies of transcription

factor occupancy and clearly defined biological responses are

needed to determine common and distinctive features of regula-

tion in mammals.

In this paper, we studied the genome-wide effects of GATA1,

a transcription factor that regulates many erythroid genes and is

essential for the differentiation and survival of this lineage. We used

a mouse erythroid cell line (G1E) derived from Gata1 knockout

embryonic stem cells. G1E cells are frozen at the proerythroblast

stage of differentiation and undergo GATA1-dependent terminal

maturation (Weiss et al. 1997). Restoration of GATA1 function in

G1E cells, by gene transfer and activation of an estrogen-inducible

fusion protein (GATA1-ER), triggers an extensive program of gene

activation and repression, in many cases due to direct transcrip-

tional effects. Simultaneously, the cells undergo G1 arrest and ac-

quire a late-stage erythroid phenotype (Welch et al. 2004). In this

paper, we measured the levels of stable RNA from 19,000 genes in

a time course after activation of GATA1 and concurrently ascer-

tained genome-wide DNA occupancy of GATA1. In addition,

a large segment of chromosome 7 was interrogated for occupancy

by TAL1 (SCL), a transcription factor that participates in ery-

throid differentiation, at least in part by complexing with GATA1

(Shivdasani et al. 1995); this latter feature is associated with posi-

tive regulation of target genes (Tripic et al. 2009). Furthermore,

given the important role of histone modifications in gene regula-

tion and the established functions for GATA1 in this process, we

examined the levels of histone H3K4 monomethylation, which is

associated with gene activation through enhancers (The ENCODE

Project Consortium 2007; Heintzman et al. 2007), and trimeth-

ylation of histone H3K27, a modification catalyzed by the Poly-

comb repressor complex 2 (Muller et al. 2002) and associated with

down-regulation.

Our study is among the first in mammals that correlates

spatial patterns in occupancy genome-wide with the effects of

a transcription factor on gene expression. The results reveal con-

sistent features for positive regulation but indicate multiple path-

ways for negative regulation.

Results

Gene expression profile after activation of GATA1
in G1E-ER4 cells

Earlier transcriptome studies after restoration of GATA1 activity in

G1E-ER4 cells interrogated only about half the genes that are

represented on current microarrays (Welch et al. 2004). Thus, we

determined the kinetics of GATA1-regulated gene expression using

45,000 probe sets on the GeneChip Mouse Genome 430 2.0 Array

from Affymetrix, representing 19,000 mouse genes. The mRNA of

G1E-ER4 cells was extracted at progressive time points after estra-

diol-induced activation of the GATA1-ER hybrid protein. The ex-

pression responses were determined by hybridization of triplicate

samples of cDNA from each time point to the microarray.

The new data confirm previous expression results and expand

the number of interrogated genes considerably. For the probe sets

that could be mapped across the two platforms, the expression

signals of the earlier and the current data sets are substantially

correlated (Pearson’s correlation coefficient R = 0.6; Supplemental

Fig. 1). In the previous microarray study (Welch et al. 2004), the

change in expression level of six genes was validated by a Northern

blot analysis; these six genes show the same response in the new

data set. Also, the categories of genes responding to GATA1 are

similar to those observed before (Yu et al. 2009). Thus, we conclude

that the new expression profiles accurately reflect the trends in

gene expression, and they are much more comprehensive than the

previous data sets (45,000 probe sets compared with 12,500;

19,000 genes compared with 9266).

Genes whose expression level changed significantly in re-

sponse to restoration and activation of GATA1-ER were identified

in a multistep process (for details, see Methods and Supplemental

Tables 1, 2). First, probe sets with a change in expression level at

any time after activation of GATA1-ER of at least twofold (for most

analyses) or exceeding a false discovery rate (FDR) threshold of

0.001 (compared with the level at zero time) were identified. The

responsive probe sets were then divided into those with either

a continuous upward or a continuous downward trend, using the

program Oriogen (Peddada et al. 2005). These comprised 84% of

the responsive probe sets; only a small minority had a biphasic

response, and these were not considered further. The responsive

probe sets were then filtered to remove those with low signals

throughout the time course. Finally, the filtered probe sets were

matched back to the RefSeq (Pruitt and Maglott 2001) and Ensembl

(Curwen et al. 2004) gene models for mouse genome assembly

mm8 to find annotated genes corresponding to the probe sets. This

mapping produced 1048 up-regulated genes, 1568 down-regulated

genes, and 5903 genes with no response (less than a 1.1-fold

change at any point in the time course). Over half the genes

(10,418) had expression changes between the thresholds for no

response (1.1-fold) and change in expression (twofold); these are

not assigned to any of the three categories.

Confirming the previous studies of Welch et al. (2004), the

number of repressed genes is notably higher than the number of

activated genes after restoration of GATA1. This is consistent with

a terminal differentiation process in which the repertoire of gene

expression becomes streamlined for erythroid cell functions.

Within the up- or down-regulated cohorts, the groups revealed by

k-means clustering (MacQeen 1967) differ primarily in the kinetics

of the response, with some groups responding earlier and others

later (Fig. 1A).

Occupancy of DNA segments by GATA1 in G1E-ER4 cells

To investigate how well the expression patterns could be explained

by binding of GATA1 to specific sites, we mapped the locations of

DNA segments occupied by this transcription factor by chromatin

immunoprecipitation (ChIP) (Fig. 1B). The GATA1 ChIP experi-

ments were performed on G1E-ER4 cells, 24 h after activation of the

GATA1-ER hybrid protein. This time was chosen because the largest

changes in expression occur by 21 and 30 h (Fig. 1A) and it is

expected that GATA1 occupancy will coincide with or precede the

expression response. We produced two genome-wide GATA1 ChIP

data sets. First, we employed the sequence census methodology of

ChIP with massively parallel sequencing (ChIP-seq) (Wold and
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Myers 2008), using Illumina GAII technology to produce 23 million

reads (36 nucleotides long) uniquely mapped to the mouse genome

(mm8 assembly) for the GATA1 ChIP DNA and 15 million mapped

reads for the input DNA. Second, we hybridized an independent

GATA1 ChIP sample to the NimbleGen HD2 tiling array for the

mouse genome (mm8 assembly). These data, along with the ex-

pression results, can be viewed and downloaded from a custom

genome browser at http://main.genome-browser.bx.psu.edu/, on

the mouse mm8 (Feb 2006) genome assembly. A summary view

from a 66-Mb region of mouse chromosome 7 studied previously

(Cheng et al. 2008; Zhang et al. 2009) shows substantial ChIP sig-

nal above the background and a striking congruence of the signals

for GATA1 occupancy between the two genome-wide data sets

(Fig. 1B).

The peak-calling program MACS (Zhang et al. 2008) was ap-

plied to the GATA1 ChIP-seq and input sequence data to identify

14,351 potential GATA1 occupied segments (GATA1 OSs) (Fig. 2A).

This set includes 56 out of the 63 validated GATA1 OSs determined

previously (Cheng et al. 2008), indicating a sensitivity of 90%,

while none of the 70 false-positive regions (i.e., ChIP with micro-

array hybridization [ChIP-chip] peaks not validated by quantita-

tive PCR) are included, indicating high specificity.

The results of analyzing the ChIP-chip data by three different

peak-calling programs, Mpeak (Zheng et al. 2007), TAMALPAIS

(Bieda et al. 2006), and PASS (Zhang 2008), were combined to

generate a set of 3558 potential GATA1 OSs across the erythroid

mouse genome (see Supplemental material). Over two-thirds of the

ChIP-chip peak data set overlaps with the ChIP-seq peak data set

(2524 out of 3558, or 71%, Fig. 2A). As expected, the raw ChIP-chip

and ChIP-seq signals are both high in the peaks in the intersection

of the two data sets (Fig. 2B). In addition, GATA1 OSs identified by

only one technology are also supported by the signal from the

other; e.g., peaks identified only by ChIP-seq also have notable

signal in the ChIP-chip data (Fig. 2B). Given this strong support for

the GATA1 OSs identified by either technology, we then tested

DNA intervals in all three categories for validation by independent

quantitative PCR assays. The peaks were validated at a high rate.

Occupancy was confirmed for all the 68 tested peaks identified by

both technologies, for 29 of the 32 tested peaks (91%) found only

by ChIP-chip, and for 28 of the 32 tested peaks (88%) identified

only by ChIP-seq (Fig. 2C).

The high validation rates and supportive evidence from both

methods indicate that peaks present in only one of the two ge-

nome-wide data sets are not false positives, but many are low-

occupancy sites that are hard to detect consistently, using different

peak calling programs set for high stringency (Johnson et al. 2008).

Indeed, the aggregated raw signals (Fig. 2B) and the quantitative

PCR results (Fig. 2C) suggest lower occupancy for most of the

GATA1 OSs in the nonintersection sets. Therefore, we made

a union of the ChIP-seq and ChIP-chip peaks, followed by merg-

ing of overlaps to generate a set of 15,360 GATA1 OSs. This set

of GATA1 OSs is highly accurate based on comparisons with pre-

viously characterized DNA segments occupied by GATA1, in-

cluding the well-known CRMs for globin genes (data not shown).

Three examples (Fig. 2D) show that the genome-wide GATA1 oc-

cupancy data match well with CRMs predicted and experimentally

validated as enhancers (e.g., Btg2; Wang et al. 2006), the GATA1-

bound CRMs regulating the gene for miR-144 and miR-451 (Dore

et al. 2008), and validated GATA1-occupied segments active as

enhancers (e.g., Fbxl19; Cheng et al. 2008).

The sequences of GATA1 OSs contain several motifs that

distinguish bound from unbound sites. Using both Discriminatory

Motif Enumerator (Smith et al. 2005) and a hexamer enumeration

method, good discrimination was found for a variant of the ca-

nonical binding site motif (AGATAA), multiple canonical binding

site motifs, and matches to binding sites for transcription factors of

the Krüppel-like zinc finger class and CP2 (for details, see Supple-

mental material). These data confirm the results of a separate study

Figure 1. Gene expression response and chromosomal DNA occupancy after restoring GATA1 in erythroid cells. (A) The expression patterns of GATA1
responsive genes are portrayed as a heat map, with red indicating higher levels and blue indicating lower levels of expression for each gene. Each row
represents the expression level of one gene at the time points after induction indicated for each column. The hybridization signals from three replicates at
each time point were averaged, and the log (base 2) of the average signals were normalized in each row to generate a Z-score. The data matrix was clustered
using the k-means method with k = 6; the results show three clusters of up-regulated genes and three clusters of down-regulated genes (indicated on the
left). (B) Large-scale view of expression response, occupancy by transcription factors, and repressive histone modification in erythroid cells. For a 60-Mb
region of mouse chromosome 7 centered on the Hbb gene complex (outlined in red on the ideogram at the top), the tracks of data show (in order) RefSeq
genes, indicators of the change in expression level (red for up- and blue for down-regulation) in response to restoration of GATA1, the genome-wide GATA1
peak calls, the ChIP-seq data for GATA1 after peak calling by MACS (blue), the raw ChIP-chip hybridization signals for GATA1 (tracks labeled GATA1_HD2
for the genome-wide data and GATA1_66 for chromosome 7 data), TAL1 and LDB1 occupancy, the raw ChIP-chip hybridization data for monomethylation
of H3K4 and trimethylation of H3K27, and the location of the Hbb locus (purple). (Expr change) Change in expression level; (GATA1 peaks) those deduced
from the genome-wide ChIP-chip data. The image was generated on a customized installation of the UCSC Genome Browser (Kent et al. 2002).
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of GATA1 OSs in the 66-Mb region of mouse chromosome 7

(Zhang et al. 2009).

Proximity of target genes to DNA segments occupied by
GATA1

The GATA1-responsive genes tend to occur in clusters separated by

long genomic regions with no responsive genes (Fig. 1B, track

‘‘Expr change’’). This level of clustering of responsive genes is

greater than what would be expected from the gene density

(Supplemental material; Supplemental Fig. 2). A localized region

with responsive genes could represent a regulatory domain. In

support of this, the peaks for occupancy by GATA1 correspond well

to the locations of responsive genes (Fig. 1B, track ‘‘GATA1 peaks’’).

Ideally, the correspondence between occupancy of DNA seg-

ments by GATA1 and the response in gene expression would be

studied in a situation in which the target gene for each occupied

DNA segment is known without ambiguity. Ultimately, that can

only be determined rigorously by genetic knockouts or other ma-

nipulations of all the occupied DNA segments. For this study, we

analyzed the distance between each responsive gene and the

nearest DNA segment occupied by GATA1 to ascertain how the

behavior of a (presumptive) target gene correlates with factor oc-

cupancy at varying distances. The distributions of distances be-

tween GATA1 OSs and the TSS of the nearest genes were compared

between responsive and nonresponsive genes.

Across the mouse genome, over 88% of the responsive genes

have a GATA1 OS within 100 kb of the TSS (Fig. 3A, top). The

distance between the TSS and GATA1 OS required to capture 60%

of the genes in a response category is less than 5 kb for induced

genes, but it is over 33 kb for repressed genes (Fig. 3A, middle). Half

of the induced genes have a GATA1 OS very close to the TSS, shown

by the portion of the cumulative distribution curve with almost

vertical slope. In contrast, the portion of down-regulated genes

Figure 2. Accuracy of GATA1 peaks from high-throughput analysis of ChIPs. (A) The Venn diagram shows the relationships among peaks called from
ChIP-seq and ChIP-chip data on GATA1 in G1E-ER4 cells. (Gc) G1E-ER4 ChIP-chip; (Gs) G1E-ER4 ChIP-seq. (B) Support of raw ChIP-chip and ChIP-seq data
for peaks called from different technologies. The graphs show the mean ChIP-chip and ChIP-seq signals for occupancy for common and unique peaks,
centered on the middle of the called peak and extending 800 bp on each side. (C ) Validation of GATA1 peaks by quantitative PCR. From the peaks called
for the genome-wide GATA1 ChIP data, 68 from the set common to ChIP-seq and ChIP-chip peaks, 32 from the ChIP-chip only peaks, and 32 from the
ChIP-seq only peaks were chosen randomly for validation of occupancy by GATA1 using a qPCR assay, along with 20 negative control regions (not called as
peaks). The bar-plot shows the mean of two determinations of the enrichment for each tested DNA segment in the GATA1 ChIP material (error bars cover
the range), expressed as the number of standard deviations above the normalized mean of the negative controls (see Supplemental material). The red line
indicates the threshold for validation (two standard deviations above the mean of the negative controls). (D) Data for previously studied genes, showing
strong correspondence between validated erythroid CRMs and the new ChIP-seq and ChIP-chip data for GATA1. Data tracks show genes, expression
response, positions of experimentally validated cis-regulatory modules, and ChIP-seq and ChIP-chip data for GATA1.
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with a GATA1 OS is dramatically lower than that for induced genes

at all distances. Both categories of target genes are closer to

a GATA1 OS than are nonresponsive genes.

The converse relationship also holds, i.e., GATA1 OSs are

closer to responsive genes than they are to nonresponsive genes

(Fig. 3A, bottom). About 42% of GATA1 OSs are within 100 kb of

a responsive gene, leaving about 58% implicated in a function (if

any) quite distal to the regulated genes.

Genes activated by GATA1 tend to be bound
by this factor near the TSS

We then examined more thoroughly the pattern of GATA1 occu-

pancy near the TSS of genes in each response category. First, we

computed the mean of the GATA1-ChIP-seq tag counts in small

bins within 3 kb on each side of the TSS for all the genes in each

response category. Note that this analysis is not restricted to the

peak calls; by including all the mapped reads, it is not limited by

the sensitivity of peak calls. The results reveal a striking accumu-

lation of GATA1 ChIP hybridization signal around the TSSs of in-

duced genes, much greater than the signal for genes with no ex-

pression change (Fig. 3B). Interestingly, the signal for GATA1

binding dramatically dips close to the TSS and then rises sub-

stantially on both sides of the TSS. Thus, while GATA1 tends to

bind in the vicinity of the TSS, it tends to be excluded from a small

DNA segment just 39 to the TSS, perhaps by a protein complex such

as a paused RNA polymerase. The signal for GATA1 occupancy is

also higher for repressed genes than for nonresponsive genes, but

Figure 3. Proximity of induced genes to GATA1-occupied DNA segments. (A) The cumulative distribution of the distance from the TSS of each gene in
a response category to the nearest GATA1-occupied DNA segment (GATA1 OS) is shown in each panel, with the y-axis showing the fraction of genes
whose nearest GATA1 OS is within the designated distance. The color of each distribution line is distinctive for each response category (purple for all
responsive genes, red for up-regulated, blue for down-regulated, and gray for nonresponsive genes). The distributions of distances from the GATA1 OSs to
the TSS of responsive genes are shown in the bottom panel, with the gray lines for 1000 iterations of random selection of TSSs from 2616 nonresponsive
genes. (B) GATA1 occupancy signals near the TSSs. The distribution of raw GATA1 ChIP-seq signals (mean number of ChIP-seq tags in 100-bp windows) is
graphed as a function of distance on either side of the TSS of genes in three response categories. DNA upstream of the TSS is given a negative value for the
distance from the TSS. All the genes in a designated category were first centered by the TSS and then windows were extended along each side of TSS up to
3 kb. (C ) Preferred locations of GATA1-occupied segments with respect to genes. The bar graph presents the fraction of genes in each response category
that has at least one GATA1 OS in the indicated subregion of a gene. These subregions are segments around the TSS (�5 kb from the TSS to the end of the
first exon), the first intron, the remaining exons and introns, and 5 kb past the poly(A) addition site. (D) An example of newly discovered GATA1 OSs close
to the TSS of the GATA1-incuded gene Aqp8. Tracks are as in Fig. 1B.
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the levels of ChIP-seq tags are substantially lower than for induced

genes (Fig. 3B). In addition, the fraction of genes that are occupied

by GATA1 proximally, i.e., within a region from 10 kb upstream of

the TSS to 10 kb downstream of the polyA addition signal, is larger

for induced genes (866 out of 1048 genes, 83%) than for repressed

genes (802 out of 1568 genes, 51%).

The enrichment for GATA1 occupancy in induced genes is

also seen in distinctive subregions of genes (Fig. 3C). A substantial

fraction of up-regulated genes are occupied by GATA1 in the first

intron (50%), and about 32%–36% are occupied in the region

around the TSSs or in other internal regions. In contrast, a much

smaller proportion of down-regulated or nonresponsive genes are

occupied by GATA1 in any of the subregions of the gene. The Aqp8

gene, encoding an aquaporin, is a newly discovered example of an

induced gene occupied by GATA1 both in the proximal 59 flanking

region and in the second intron (Fig. 3D). A similar pattern is found

for the induced gene Btg2, and the Mir144 and Mir451 genes (also

known as mmu-mir-144 and mmu-mir-451) have GATA1-bound

CRMs in their proximal 59 flanking regions (Fig. 2D).

Responsive genes tend to have multiple GATA1-occupied
DNA segments

For a notable fraction of GATA1-responsive genes (38%), more

than one GATA1 OS is found in the proximal neighborhood

extending to 10 kb before the TSS and 10 kb after the polyA ad-

dition site. This feature is more common in the set of up-regulated

genes (58% of them) than in the set of down-regulated genes (only

24%). For example, the ChIP-seq data show two GATA1 OSs in the

59 flanking region of the Aqp8 gene, each of which has two adja-

cent peaks, suggesting two pairs of GATA1 OSs in addition to the

one in the second intron (Fig. 3D). Similarly, the Btg2, miR-144/

451, and Fbxl19 genes all have multiple GATA1 OSs (Fig. 2D). The

number of GATA1 OSs in the proximal neighborhood of genes

is significantly higher for up-regulated genes than for down-

regulated genes (Supplemental Fig. 3; the P-value for these two

distributions being indistinguishable is 0.002 using a two-tailed

Student’s t-test).

Co-occupancy by TAL1 and LDB1 is strongly associated
with positive regulation by GATA1

GATA1 can form a large multiprotein complex with TAL1, E47,

LDB1, and LMO2 (Wadman et al. 1997) that occupies several ery-

throid CRMs (e.g., Anguita et al. 2004; Wozniak et al. 2008). In

contrast, other GATA1-occupied DNA segments do not have the

other components of the large complex, and the absence of TAL1

from GATA1-occupied DNA segments is strongly associated

with down-regulation (Tripic et al. 2009). We examined the co-

occurrence of these proteins in more detail using the new genome-

wide ChIP data sets for GATA1 and the ChIP-chip data for TAL1 in

the 66-Mb region of mouse chromosome 7 (Tripic et al. 2009) .

We find a strong positive correlation between occupancy of

DNA by GATA1 and TAL1 (Fig. 4A). The overall similarity in oc-

cupancy between GATA1 and TAL1 is apparent in the 60-Mb

overview of Figure 1B, and it is seen at higher resolution in the

specific example of Aqp8 (Fig. 3D). We partitioned the GATA1 OSs

in this 66-Mb region of chromosome 7 into those in the proximal

neighborhoods of either up-regulated genes or down-regulated

genes. The correlation between level of occupancy by TAL1 and

GATA1 is equally strong for both classes of GATA1 OSs (Fig. 4A).

Despite the overall correlation between GATA1 and TAL1

occupancy, with our large data set we confirm previous observa-

tions (Tripic et al. 2009) that co-occupancy of GATA1 OS by TAL1 is

associated with induced expression and the absence or reduction

of TAL1 levels is associated with repression. For this analysis, we

examine not only the direction of the change in expression but

also the amount of change, e.g., the largest difference (compared

with time zero) that occurs during the time course of the expres-

sion analysis. The largest differences are most frequently seen at

the later time points (21 h and 30 h, Fig. 1A); thus, our occupancy

measurements at 24 h roughly coincide with or occur before the

maximal change. We also did the analyses using the expression

change at 21 h rather than the maximal change, and very similar

results were obtained (see Supplemental material). The amount of

induction or repression is not dependent on the level of GATA1

occupancy within the proximal neighborhood of genes (Fig. 4B).

However, the change in gene expression is positively correlated

with the change in TAL1 occupancy upon restoration and activa-

tion of GATA1-ER (Fig. 4C). This association is driven primarily by

the decrease in TAL1 levels for strongly repressed genes (bottom

left of the graph). GATA1 OSs in the vicinity of both strongly and

weakly induced genes show similar ranges for the changes in TAL1

levels (Fig. 4C). The distribution of values for the change in TAL1

occupancy is significantly higher for GATA1 OSs in induced genes

than for those in repressed genes, with a substantial number of the

latter showing decreases in TAL1 (Fig. 4D). For example, a GATA1

OS close to the induced gene Aqp8 shows increased TAL1 upon

activation of GATA1-ER, while one near the repressed gene Sox6

shows decreased TAL1 (Fig. 4E). While these are distinctive prop-

erties of GATA1 OSs near induced versus repressed genes as a group,

they are not universal, as illustrated by the opposite trends seen for

GATA1 OSs near the induced gene Fah and the repressed gene

Rps17 (Fig. 4E).

We then examined co-occupancy by GATA1 and TAL1 for

whole genes. Each GATA1 OS in the proximal neighborhood of

a gene was classified as TAL1-up if it was co-occupied by TAL1 or as

TAL1-down if it showed an absence of or decline in TAL1 upon

activation of GATA1. (Details and thresholds are in Supplemental

material.) The results strongly support the association of induc-

tion with co-occupancy by GATA1 and TAL1, and the counteras-

sociation of repression with no or decreased TAL1 at GATA1 OSs

(Table 1). Considering GATA1 OSs, 75% of those co-occupied by

TAL1 are in the proximal neighborhood of induced genes, while

64% of those lacking TAL1 or exhibiting a decline in TAL1 are in

repressed genes. Considering the genes, 83% of up-regulated genes

show co-occupancy by TAL1 at all GATA1 OSs, whereas a greater

fraction of repressed genes (38%) than induced genes (17%) have

a TAL1-down GATA1 OS. These associations are highly significant

by a x2-test (P = 0.0002 for the GATA1 OS comparison; P = 0.03 for

the gene comparison).

However, it is also clear that the amount of TAL1 on GATA1

OSs does not decrease for a substantial number of down-regulated

genes. This indicates that more than one mechanism may be used

for GATA1-dependent repression in erythroid cells. We note that

for the induced genes, the distinctive feature is co-occupancy by

TAL1 and GATA1 (Table 1), not an increase in TAL1 upon activa-

tion by GATA1 (Fig. 4C).

The Polycomb mark H3K27me3 is placed on a subset
of genes repressed by GATA1

Trimethylation of lysine 27 of histone H3 (H3K27me3) is a chro-

matin modification associated with repression; it is catalyzed

by the Polycomb protein complex PRC2 (Muller et al. 2002).
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Monomethylation of lysine 4 of histone H3 (H3K4me1) is strongly

associated with enhancers (Heintzman et al. 2007). In G1E-ER4

cells with activated GATA1-ER, we examined the levels of these two

histone modifications throughout the 66-Mb region of chromo-

some 7 (Zhang et al. 2009), expecting

them to distinguish active from inactive

genes and perhaps GATA1-induced from

GATA1-repressed genes. The overall re-

sults reveal abundant histone modifica-

tions in large regions that are also bound

by transcription factors GATA1, TAL1,

and LDB1 and contain GATA1-responsive

genes, separated by large regions depleted

for histone modifications and transcrip-

tion factor binding and containing no

GATA1-responsive genes (Fig. 1B). The

latter appear to be ‘‘dead zones’’ with re-

spect to marks of functional chromatin,

and they may represent chromosomal

regions with genes absent or stably re-

pressed. Although both histone modifi-

cations are found in the same broad

regions when viewed at low resolution

(Fig. 1B), as expected they often occur in

a mutually exclusive manner when ex-

amined at higher resolution.

Occupancy by GATA1 is positively

correlated with the level of H3K4me1, but

most GATA1 OSs have low levels of

H3K27 trimethylation (Fig. 5A,B). In fact,

the histone modification status is the best

predictor of occupancy by GATA1, con-

siderably better than any short DNA se-

quence motif or motif combination

(Zhang et al. 2009). The correlation of

occupancy with H3K4 monomethylation

is not significantly different whether the

GATA1 OS is present within up-regulated

or down-regulated genes. Thus, while H3

modification status is an important de-

terminant of occupancy by GATA1, it

does not distinguish the directions of re-

sponse of the presumptive target genes.

In contrast, the level of H3K27me3

around the TSS of the presumptive target

gene does distinguish active from in-

active genes, and it separates down-regu-

lated genes into two classes. We aggre-

gated the ChIP-chip signal for H3K27me3

around the TSS for each gene in the 66-

Mb region and examined the distribu-

tions of the mean signals for genes in five

response categories. As shown in Figure

5C, genes with the highest expression

levels in G1E-ER4 cells (top quartile) are

depleted of H3K27me3 around the TSS,

while the opposite pattern is seen for

chromatin around the TSSs of genes with

low or no gene expression (bottom quar-

tile). The distributions of H3K27me3

levels for both induced and repressed

genes are lower than that for the low-

expression genes (Fig. 5C). However, when the down-regulated

genes are partitioned by the TAL1 status of GATA1 OSs in their

proximal neighborhood (TAL1-up and TAL1-down, see above),

then a separation by level of H3K27me3 is observed. The TSSs of

Figure 4. Correlation among GATA1, TAL1, and changes in gene expression. (A) Scatterplot for the
level of occupancy by GATA1 (x-axis) and TAL1 (y-axis) for all GATA1 OSs in the 66-Mb region of mouse
chromosome 7, with the GATA1 OSs in the proximal neighborhood of up-regulated genes shown as red
dots (increase in expression above the FDR threshold of 0.001), those in the proximal neighborhood of
down-regulated genes shown as blue dots (decrease in expression exceeding the FDR threshold of
0.001), and all others as black dots. The ChIP-chip hybridization levels for the several probes in each
interval covering a GATA1 OS were averaged and used as a proxy for occupancy for GATA1 and TAL1.
The Pearson’s correlation coefficient R and P-value are listed for three categories of GATA1 OS (all, and
those in the proximal neighborhoods of up- or down-regulated genes), and the lowess line is drawn
separately for each category of GATA1 OSs. The lowess lines for nonsignificant associations are broken
whereas those for significant associations are solid. (B,C ) Scatterplots for the relationship between the
change in expression level for the genes in whose proximal neighborhood a GATA1 OS is found (y-axis)
and GATA1 occupancy (x-axis in B) or the change in TAL1 occupancy between G1E-ER4 cells (GATA1
restored and activated) and G1E Gata1 knockout cells (x-axis in C ). The largest difference in expression
level (compared with that at time 0) at any point in the time course after activation is the expression
change. (D) Boxplots of the distributions of values for the change in TAL1 occupancy in GATA1 OSs
associated with genes in three expression categories (non, nonresponsive; up, induced; down, re-
pressed). The differences between the up- and down-regulated categories are significant by a Student’s
t-test (P = 3.3 3 10�5). (E ) Examples illustrating the range of features observed at GATA1 OSs in the
neighborhoods of two induced genes and two repressed genes (right). The bars are the mean ChIP-chip
signals for the probes in the interval for each GATA1 OS (see key) or the log (base 2) of the expression
change. The number of GATA1 OSs that fit the pattern shown is given in each graph (see Table 1).
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the TAL1-down class of repressed genes have significantly more

H3K27me3 than do the TSSs of the TAL1-up class (Fig. 5C).

Thus, genes repressed by GATA1 fall into at least two cate-

gories based on the TAL1 status of GATA1 OSs within their proxi-

mal neighborhood. One category, containing 38% of the down-

regulated genes that could be classified in the 66-Mb region, has at

least one GATA1 OS with no TAL1 or in which the level of TAL1

decreases when GATA1 is restored. Notably, this is the category of

repressed genes that also has a significant accumulation of the

repressive chromatin modification H3K27me3 around the TSS; an

example is the Sox6 gene (Fig. 4E). In contrast, the other category of

down-regulated genes have GATA1 OSs that are co-occupied by

TAL1, and their TSSs accumulate significantly less H3K27 trime-

thylation than the TAL1-down group, illustrated by Rps17 (Fig. 4E).

These differences in transcription factor occupancy and in histone

modifications suggest that the mechanism for GATA1-mediated

repression differs for the genes in these two categories.

Constraint on GATA1 binding site motifs is associated
with induction by GATA1

Consistent with our previous work on the 66-Mb region (Cheng

et al. 2008), almost all (87%) of the GATA1 OSs detected genome-

wide contain a match to the canonical binding site motif for

GATA1, WGATAR. The small minority lacking the motif also have

a significantly lower level of occupancy compared with the GATA1

OSs with a WGATAR (Fig. 6B; P < 2.2 3 10�16 using a two-sided

Mann-Whitney U test). The low occupancy level coupled with the

absence of a WGATAR motif suggests that the interaction between

GATA1 and these DNA segments may be indirect, e.g., through

a different DNA-binding protein that interacts with GATA1.

The GATA1 OSs containing a WGATAR motif were parti-

tioned by a feature indicative of evolutionary constraint on the

motif, which is preservation of the binding site motif in multiple

lineages of mammals. The WGATAR motif in some GATA1 OSs is

preserved across a considerable phylogenetic depth, whereas

others have the motif only in mouse or rodents (Fig. 6A). Preser-

vation of the motif in at least one mammalian lineage outside

rodents is strongly indicative of evolutionary constraint (Cheng

et al. 2008). While the level of occupancy, as measured by the

number of GATA1 ChIP-seq tags, can be the same for constrained

and nonconstrained motifs (such as those shown in Fig. 6A), the

distribution of occupancy levels is significantly higher in the

GATA1 OSs with a constrained motif (Fig. 6B; P < 2.2 3 10�16 by

a two-sided Mann-Whitney U test).

Since evolutionary constraint on the WGATAR motif in

GATA1 OSs is strongly associated with the ability to enhance gene

expression in transfected mammalian erythroid cells (Cheng et al.

2008), we reasoned that constraint on the WGATAR motif could be

associated with positive regulation. Indeed, the fraction of GATA1

OSs showing evidence of constraint on the binding site motif is

higher for those in the proximal neighborhood of induced genes

than for those proximal to repressed genes (46% compared with

40%) (Fig. 6C; P = 0.007 by a x2-test).

Given that constraint on the motif has a positive association

with both level of occupancy and up-regulation, we compared the

profiles of occupancy (determined by number of GATA1 ChIP-seq

tags) and depth of preservation of the WGATAR motif, measured as

the branch length score to the most distant species aligning and

preserving the motif (Kheradpour et al. 2007; King et al. 2007;

Cheng et al. 2008). While GATA1 OSs within all three expression

categories of genes (up-regulated, down-regulated, and nonre-

sponsive) show wide ranges for both features, more of the GATA1

OSs in up-regulated genes have high occupancy and preservation

of the motif through mammals (Fig. 6D). Considering preservation

of the motif in mammals as reflecting purifying selection and

a threshold of 18 reads (which is the top 25% of the GATA1 OSs) as

indicating high occupancy, then a larger fraction of GATA1 OS in

up-regulated genes (44%) are in this category than are those in

down-regulated (14%) or nonresponsive (7%) genes. Thus, we

see a strong tendency for GATA1 to bind to constrained motifs in

up-regulated genes. However, it is not a feature exclusive to up-

regulation; examples of occupancy of WGATAR motifs preserved

through fish can be found in down-regulated genes.

Discussion
The data presented here provide a genome-wide view of the re-

lationships between occupancy by a tissue-specific transcription

factor, GATA1, and the response of target genes in their level of

expression. The G1E cell system is ideal for studying these re-

lationships because both occupancy and expression can be ex-

amined after genetic complementation of a critical nuclear factor

that induces cellular maturation through a complex, concerted

network of transcriptional events. Thus, the responses in gene

expression are consequences of restoration of the transcription

factor.

Much of the previous work on erythroid genes has empha-

sized long-range regulation of gene expression by distal CRMs, and

thus it might be expected that occupied segments are interspersed

over long distances relative to the response genes. Instead, the

GATA1-responsive genes tend to cluster in regions with many DNA

segments occupied by GATA1, and responsive genes are signifi-

cantly closer to the GATA1 OSs than are nonresponsive genes.

These results focus attention on more local regulation. To be sure,

the previously characterized ‘‘distal’’ erythroid regulatory se-

quences of the HBB and HBA clusters and Gata2 (Grosveld et al.

1987; Vyas et al. 1992; Grass et al. 2006; Wang et al. 2006) are

within the 70-kb region that we consider ‘‘local’’ in the present

context. The new insight is that CRMs located 100 kb to 1000 kb

Table 1. Correlation between status of TAL1 at GATA1-occupied
DNA segments and direction of regulation of target genes

GATA1 OSs in neighborhood of target genes

Response of gene
containing GATA1 OS

TAL1 present
or increase

TAL1 absent
or decreasing Totals P-valuea

Up-regulated 97 10 107 0.0002
Down-regulated 33 18 51
Total 130 28 158

Responsive genes containing GATA1 OSs having this TAL1 status

Response to
GATA1

All are
TAL1-up

Any is
TAL1-down Totals P-valueb

Up-regulated 53 11 64 0.03
Down-regulated 24 15 39
Total 77 26 103

aThe probability that the counts for the TAL1 status of GATA1 OSs were the
same for up- versus down-regulated genes was computed by a x2-test.
bThe probability that the counts for the genes with the designated TAL1
status of GATA1 OSs were the same for up- versus down-regulated genes
was computed by a x2-test.
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away either are not common or they are located close to other

regulated genes.

Genes whose expression is induced upon activation of GATA1

differ from repressed genes in at least five diagnostic features.

GATA1 tends to bind close to the TSS, most often in the first intron

but frequently in the proximal 59 flanking region; this is the case

for over 80% of the activated genes. Activated genes have multiple

GATA1 OSs within and around them, and they have more GATA1

OSs than do repressed genes. Almost invariably, the GATA1 OSs in

the proximal neighborhood of up-regulated genes are also occu-

pied by TAL1. The GATA1-binding site motif within GATA1 OSs

shows evidence of evolutionary constraint more frequently for

induced genes than for repressed genes. Finally, the region around

the TSS of induced genes is depleted of the Polycomb mark

H3K27me3, which is associated with repression.

Thus, GATA1-dependent activation of transcription is asso-

ciated with multiple binding sites for the multiprotein complex

containing GATA1, TAL1, LDB1, and LMO2 (Wadman et al. 1997;

Anguita et al. 2004; Wozniak et al. 2008). Gene activation in re-

sponse to restoring GATA1 can be explained by this transcription

factor within the multiprotein complex binding to sequences in

the proximal neighborhood of the in-

duced gene (Fig. 7A). This in turn can re-

cruit coactivators such as CREBBP and

EP300 (Hung et al. 1999; Blobel and Weiss

2001) and increase the frequency of as-

sociation with the transcriptional ma-

chinery or with a transcription factory

(Osborne et al. 2004).

The resulting enhancement of tran-

scriptional activity appears to be subject

to purifying selection. GATA1-activated

genes are distinguished from repressed

genes by more frequent evolutionary

preservation of the binding site motif in

their GATA1 OSs, reaffirming our previous

work showing that negative selection on

enhancer activity leads to preservation of

the GATA1 binding site motif (Cheng

et al. 2008). Similarly, constrained bind-

ing site motifs for the glucocorticoid hor-

mone receptor are occupied more fre-

quently around hormone-induced genes

than repressed genes (So et al. 2008).

These results indicate that constraint

on binding site motifs occurs more fre-

quently for positive regulation (enhance-

ment) than for repression. Possible ex-

planations include gene repression being

altered in specific lineages more fre-

quently than gene activation or gene re-

pression being subject to less severe pu-

rifying selection than gene activation.

Our results on occupancy and re-

sponse suggest more than one mech-

anism for repression after restoring

GATA1. The CRMs for down-regulated

genes studied previously tend to be reg-

ulatory switches, activating transcription

when occupied by GATA2 but repressing

transcription when occupied by GATA1

(Grass et al. 2006; Wozniak et al. 2008).

Tripic et al. (2009) discovered several examples of GATA1-bound

CRMs associated with down-regulated genes that all lack co-

occupancy by TAL1, and they suggest that this is a characteristic of

GATA1-dependent down-regulation. We find many additional

examples that fit this model and further show that the GATA1-

dependent changes in gene expression are significantly associated

with the changes in TAL1 occupancy at GATA1 OSs, especially for

decreases in TAL1 at repressed genes. Thus, the associations dis-

covered in Tripic et al. (2009) are robust and strongly supported

statistically. In the subset of repressed genes with TAL1 reduced or

absent from their GATA1 OSs, the regions around the TSSs accu-

mulate the Polycomb repressive histone mark H3K27me3. Pre-

sumably, at this class of repressive CRMs, GATA1 recruits tran-

scriptional repressors and corepressors such as PRC2 (shown in the

model of Fig. 7B). This supports the independent results from our

laboratory (Yu et al. 2009) implicating Polycomb group repressors

in GATA1-dependent down regulation.

However, a significant number of down-regulated genes are

closely linked to DNA segments co-occupied by GATA1 and TAL1.

One possible explanation is that GATA1 and TAL1 co-occupying

these DNA segments recruit repressors and corepressors, i.e.,

Figure 5. Correlations of histone modifications with occupancy and transcriptional status. (A,B)
Scatterplots showing the correlation of GATA1 occupancy (proxied by mean ChIP-chip signal on the
y-axis) with the levels of monomethylation of histone H3K4 (H3K4me1, x-axis in A) or with levels of
trimethylation of histone H3K27 (H3K27me3, x-axis in B) in each GATA1 OS. The histone modifications
were determined in G1E-ER4 cells treated with estradiol. Colors of the dots for GATA1 OSs are red for
those associated with up-regulated genes, blue for those associated with down-regulated genes, and
gray for all other GATA1 OSs in the 66-Mb region of chromosome 7. The lowess line is for all the data
points, and correlations for the different expression categories are given in the inset table in each graph.
(C ) Boxplot comparing the distributions of H3K27me3 around the TSS of genes in the indicated ex-
pression categories. The mean levels of the histone modification around the TSS for each gene in
a category were computed. The distributions are significantly different when comparing the high (top
quartile of expression levels from the transcriptome analysis) versus low expressed genes (bottom
quartile) (P < 2.2 310�16) and repressed genes distinguished by co-occupancy between GATA1 and
TAL1 (TAL1-down vs. TAL1-up, P = 0.021), using a single-tailed t-test. The numbers of genes in each
category are given in parentheses.
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Figure 6. Correlation of evolutionary constraint on the WGATAR binding site motif and level of occupancy and induction of target genes. (A) Examples
of GATA1 OSs with equal occupancy by GATA1, with deep preservation of the WGATAR motif on the left but a rodent-specific motif on the right. (B)
Boxplot comparing the distributions of occupancy level in GATA1 OSs after partitioning them by evidence of purifying selection (constraint) on the
binding site motif or absence of the motif. Analyses in this figure use all GATA1 OSs in the proximal neighborhood of genes throughout the mouse
genome. (C ) Bar graphs presenting the percentages (y-axis) and the numbers (in each box) of GATA1 OSs in the proximal neighborhoods of up-regulated
and down-regulated genes, again partitioning them by evidence of constraint (red) or not (blue) on the binding site motif. The numbers of GATA1 OSs
with no WGATAR motif are given in the white boxes. The P-value is for a x2-test on motif constraint and direction of regulation. (D) The ranges of constraint
on the most deeply conserved WGATAR binding site motif in each GATA1 OS (expressed on the y-axis as the branch length score from mouse to the most
distant species to which the motif is preserved) and of occupancy (expressed as the maximum number of sequence tags in the ChIP-seq data). The results
are shown for GATA1 OSs in the proximal neighborhood of up-regulated, down-regulated, and nonresponsive genes. Along the left side, the branch
length score is calibrated by the comparison species representing the major clades.

Genome Research 2181
www.genome.org

 Cold Spring Harbor Laboratory Press on December 1, 2009 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


carrying out the opposite function to that invoked for up-regula-

tion. TAL1 has been shown to recruit coactivators such as EP300

(Huang et al. 1999) and corepressors such as SIN3A (Huang and

Brandt 2000) in erythroid cells.

Another model for GATA1-dependent repression is that the

down-regulation occurs as a consequence of up-regulation of other

genes, i.e., through indirect effects. If one assumes that the tran-

scriptional capacity is close to fully engaged prior to restoring

GATA1 and that no increase in the levels of transcriptional acti-

vators and the transcriptional machinery accompanies the acti-

vation of new genes, then the up-regulation of previously un-

expressed genes by GATA1 will necessarily reduce the access of

previously expressed genes to the transcriptional apparatus (Fig.

7C). Such indirect repression could account for an appreciable

number of the down-regulated genes. In this case, the GATA1

OSs co-occupied by TAL1 in down-regulated genes are not in-

volved directly in repression, but rather their role in activation of

one set of genes leads to down-regulation of other, previously ac-

tive genes.

Limiting access to the transcriptional machinery would

lead to down-regulation, but that leaves open the question of why

it would affect specific genes. As diagrammed in Figure 7, the

transcriptional apparatus could be localized in the nucleus, in

transcription factories (Pombo et al. 2000). Individual genes are

preferentially transcribed at particular transcription factories

(Osborne et al. 2004, 2007). Genes engaged at a particular tran-

scription factory would be negatively affected by activation of

other genes using that factory. Thus, it is possible that genes down-

regulated as a consequence of up-regulation of other genes are in

proximity in three-dimensional space in the nucleus. This can be

tested in future work by exploring interactions of up- and down-

regulated genes within the nucleus. While we have discussed the

model in terms of access to transcription factories, the model is

more general and applies to access to the transcriptional machin-

ery, regardless of whether it is localized in a factory or dispersed

through the nucleus.

In addition to the new insights into GATA1-dependent posi-

tive and negative regulation in erythroid cells, our data provide an

important resource for further investigation of many issues in

erythroid differentiation and gene regulation. Thus, we have made

all the raw and processed data available both in the Gene Expres-

sion Omnibus (Edgar et al. 2002) and in a custom browser (http://

main.genome-browser.bx.psu.edu/) based on the UCSC Genome

Browser (Kent et al. 2002).

Methods

Gene expression measurements on microarrays
Growth conditions for the cells are described in the Supplemental
material. G1E-ER4 cells were induced for 0, 3, 7, 14, 21, and 30 h
with 10�7 M beta-estradiol in three independent experiments.
RNA from G1E-ER4 cells was extracted using the TRIzol reagent
and processed for hybridization to GeneChip Mouse Genome 430
2.0 Arrays (MOE430v2) from Affymetrix. These results are avail-
able from the Gene Expression Omnibus (submission GSE18042).
Analysis was conducted using the Bioconductor Package in the R
project for statistical computing. Hybridization signals on each
microarray were first normalized by RMA methods. M versus A
plots for the expression arrays (Supplemental material) show that
the normalizations were appropriate. The log2 transformed signal
intensities were averaged, and the mean value was used to com-
pute the fold change. Pairwise t-tests between 0 h and different
times of induction were computed with the Limma package with
the BH-FDA adjustment. K-means clustering was performed with
kmeans function in the R package after normalization with the
standard score on each row. The probes that passed a threshold of
twofold enrichment when compared with the zero time point were
subgrouped according to their profile of expression over time using
the Ordered Restricted Inference for Ordered Gene Expression
(ORIOGEN) 5 package (Peddada et al. 2005).

ChIP assay

The ChIP assay was conducted as described previously (Welch et al.
2004). Two different cells were used in this assay: the parental G1E
Gata1 knockout cell line and the G1E-ER4 subline (GATA1 restored
as a hybrid protein with the hormone binding domain of the es-
trogen receptor) after activation of the GATA-1-ER hybrid with
estradiol. Purified ChIP DNA (10 ng) was further amplified with the
WGA amplification kit (Sigma) to obtain enough material to hy-
bridize to the high-density tiling microarray. Amplified material
was checked by qPCR on positive and negative control DNA re-
gions to ensure high quality. NimbleGen high-density tiling arrays
were hybridized with 4 mg of amplified ChIP DNA for the single
microarray covering the 66 Mb in chr 7 or 60 mg for the whole-
genome HD2 tiling array set. Peak calling on the ChIP-chip data is
described in detail in the Supplemental material.

For the ChIP-seq analysis, an Illumina sequencing library
was prepared from a 10-ng sample of GATA1 ChIP DNA from
induced G1E ER4, using the ChIP-seq Sample Preparation Kit

Figure 7. Direct activation and direct versus indirect repression of
genes. (A) Up-regulation via direct activation. (B) Down-regulation via
direct repression. (C ) Down-regulation as a consequence of up-regulation.
Gene transcription is diagrammed as occurring in a transcription factory
(orange disk with red center); genes not in contact with the factory are not
expressed. Genes are shown as boxed arrows, with a bright solid fill in-
dicating active transcription and a light fill indicating no transcription (red
for induced, blue for repressed genes). Circles along the line (representing
the DNA fiber) are transcription factor binding sites. Open circles indicate
a lack of occupancy, and solid colors indicate occupancy; the color code is
in the key. The situations prior to and subsequent to restoring GATA1 are
on the left and right, respectively. Repressor proteins can recruit the Poly-
comb repressor complex 2 to methylate histone H3K27, but the chro-
matin structure is not shown explicitly.
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provided by Illumina. DNA fragments were repaired to generate
blunt ends, and a single A nucleotide was added to each end.
Double-stranded Illumina adaptors were ligated to the fragments.
Ligation products were amplified by 18 cycles of PCR, and the DNA
between 200 and 400 bp was gel purified. Completed libraries were
quantified with a Quant-iT dsDNA HS Assay Kit. The DNA library
was sequenced on the Illumina Genome Analyzer II. Cluster gen-
eration, linearization, blocking, and sequencing primer reagents
were provided in the Solexa Cluster Amplification kits. The
resulting 36-nucleotide sequence reads were mapped to the mouse
genome (mm8 assembly) using the program Eland from the Illu-
mina software suite. Only the reads with a unique position in
mouse genome were kept for the following analysis. About three-
fourths of the reads mapped uniquely to the mouse genome. For
GATA1 ChIP-seq, 32,329,253 reads were obtained, of which
23,858,147 mapped uniquely to the mouse genome, and for the
input DNA, 20,711,007 reads were obtained, of which 15,651,823
mapped uniquely to the mouse genome. MACs (Zhang et al. 2008)
was used to call peaks for GATA1 occupancy, using the parameters
mfold = 15, bandwidth = 125.

Peaks of GATA1 occupancy were tested for validation using
quantitative PCR as detailed in the Supplemental material.
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