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Tissue development and function are exquisitely dependent on proper regulation of gene expression, but it remains
controversial whether the genomic signals controlling this process are subject to strong selective constraint. While
some studies show that highly constrained noncoding regions act to enhance transcription, other studies show that
DNA segments with biochemical signatures of regulatory regions, such as occupancy by a transcription factor, are
seemingly unconstrained across mammalian evolution. To test the possible correlation of selective constraint with
enhancer activity, we used chromatin immunoprecipitation as an approach unbiased by either evolutionary
constraint or prior knowledge of regulatory activity to identify DNA segments within a 66-Mb region of mouse
chromosome 7 that are occupied by the erythroid transcription factor GATAIL DNA segments bound by GATAI
were identified by hybridization to high-density tiling arrays, validated by quantitative PCR, and tested for gene
regulatory activity in erythroid cells. Whereas almost all of the occupied segments contain canonical WGATAR
binding site motifs for GATALI, in only 45% of the cases is the motif deeply preserved (found at the orthologous
position in placental mammals or more distant species). However, GATAIl-bound segments with high enhancer
activity tend to be the ones with an evolutionarily preserved WGATAR motif, and this relationship was confirmed
by a loss-of-function assay. Thus, GATAI binding sites that regulate gene expression during erythroid maturation
are under strong selective constraint, while nonconstrained binding may have only a limited or indirect role in
regulation.

[Supplemental material is available online at www.genome.org. The ChIP-chip and quantitative PCR data, enhancer
results, and analysis of phylogenetic depth of conservation presented in this paper are available at http://bx.psu.
edu/~yong/ supplementary/GR2008.]

Most genomic DNA sequences that are conserved (i.e., that align)
among two or more mammalian orders do not code for protein,
and their functions, if any, are not well understood (Waterston et
al. 2002; Miller et al. 2004; Dermitzakis et al. 2005). In particular,
the extent of conservation of DNA sequences required for regu-
lation of gene expression, that is, cis-regulatory modules (CRMs)
such as enhancers and promoters, is controversial. Some CRMs
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are conserved across multiple mammalian lineages or beyond
(Emorine et al. 1983; Li et al. 1990; Aparicio et al. 1995; Woolfe
et al. 2005), and thus deep conservation of noncoding sequences
is a common approach to predict CRMs from aligned genomic
DNA sequences (Hardison 2000; Pennacchio and Rubin 2001).
Indeed, gain-of-function assays show that almost half of the non-
coding sequences conserved across diverse vertebrate lineages
(from mammals to fish) (Pennacchio et al. 2006) or almost in-
variant in multiple mammalian orders (Visel et al. 2008) are ac-
tive as enhancers during early development. Noncoding se-
quences that are conserved in placental mammals but are under
less severe constraint can also be important regulatory regions.
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For example, noncoding sequences with patterns in multispecies
alignments characteristic of known regulatory regions (Taylor et
al. 2006), coupled with preservation of a binding site motif for a
tissue-specific transcription factor, are validated in gain-of-
function assays for over half the cases (Wang et al. 2006).

In contrast, some CRMs are lineage specific (Bodine and Ley
1987; Valverde-Garduno et al. 2004) and others show extensive
turnover in binding site motifs (Dermitzakis and Clark 2002) and
compensatory evolution (Ludwig et al. 2000). CRMs identified by
transcription factor occupancy and chromatin modifications
show conservation over more limited phylogenetic spans than
those predicted by multispecies alignments (King et al. 2007;
Miller et al. 2007), and only about half of the former overlap with
highly constrained noncoding sequences (The ENCODE Project
Consortium 2007). These contrasting results show that the rela-
tionship between evolution and function of regulatory regions is
complex, with some occupied DNA segments being deeply con-
served and others present only over a limited phylogenetic span.

To clarify the relationship between conservation of binding
site motifs in CRMs and their biochemical function, we must
distinguish between lineage-specific regulation, in which a CRM
regulates a target gene only in a restricted clade such as rodents,
and conserved regulation, in which orthologous CRMs regulate
orthologous targets in the ancestral and derived species. In all
these cases, we accept that within CRMs, transcription factors
must bind specific motifs to regulate expression of a target gene.
Lineage-specific CRMs are not expected to show evidence of pu-
rifying selection when compared with species outside the lin-
eage, either because the DNA is present only in that lineage or
because it has been diverging at a sufficiently fast rate in other
lineages to make it indistinguishable from neutral.

For conserved CRMs, one can hypothesize that purifying
selection (constraint) has rejected changes in the motifs that
would affect binding. This motif constraint hypothesis makes
two predictions that are tested in this report. First, factor-bound
DNA intervals with demonstrable regulatory activity should fre-
quently contain constrained binding site motifs, whereas motifs
in occupied intervals lacking enhancer activity should show evi-
dence of constraint only infrequently. Second, regulatory activity
should be sensitive to the loss of the constrained binding site
motifs.

An alternative hypothesis for conserved CRMs states that
selection on the binding site motifs is weak relative to the rate at
which other, equivalent binding site motifs arise. In this case, the
regulatory activity, while still dependent on occupancy by tran-
scription factors binding to a motif, derives from motifs that vary
in location within the occupied intervals in different lineages.
Thus, in contrast to the predictions of the motif constraint hy-
pothesis, this motif turnover hypothesis predicts that regulatory
activity will not be associated with constraint on the binding site
motif, and mutation of poorly preserved motifs will have a sub-
stantial effect on activity.

We have tested these hypotheses using a high-quality data
set of DNA intervals occupied by the transcription factor GATA1
along 66 Mb of chromosome 7 in mouse erythroid cells. This
transcription factor is required for normal development of eryth-
rocytes, megakaryocytes, mast cells, eosinophils, and probably
dendritic cells (Pevny et al. 1991, 1995; Simon et al. 1992; Weiss
and Orkin 1995b; Shivdasani et al. 1997; Yu et al. 2002; Migliac-
cio et al. 2003; Gutierrez et al. 2007). GATA1 regulates most of
the genes that define the mature erythroid phenotype (Weiss and
Orkin 1995a; Blobel and Weiss 2001; Welch et al. 2004) and

many genes in megakaryocytes (Orkin et al. 1998; Wang et al.
2002). For this study, we used G1E cells, an immature erythroid
line derived from Gatal null embryonic stem cells (Weiss et al.
1997). A sub-line, G1E-ER4, stably expresses a conditional form
of GATA1 in which the full-length protein is fused to the ligand-
binding domain of the estrogen receptor. Addition of estradiol to
G1E-ER4 cells activates GATA1 and triggers erythroid maturation
to a relatively late stage (Weiss et al. 1997; Welch et al. 2004). In
this system, chromatin associated with GATA1 can be immuno-
precipitated from induced G1E-ER4 cells and compared with
background signals in the Gatal null parental G1E cells Johnson
et al. 2002; Letting et al. 2003). We analyzed global GATA1 chro-
matin occupancy in a segment of mouse chromosome 7 contain-
ing the intensively studied Hbb gene cluster encoding beta-like
globin genes expressed in erythroid cells (Bulger et al. 2000,
2003; Forsberg et al. 2000) and an additional 26 other genes
whose expression is up- or down-regulated during late erythroid
maturation (Welch et al. 2004).

An important aspect to our study is to determine the ability
of the GATA1-occupied DNA segments to affect the level of gene
expression. To obtain robust, quantitative data on multiple DNA
segments, we measured transient expression after transfection of
an erythroid cell line, K562, with a reporter construct. This was a
recombinant plasmid containing test DNA segments along with
a firefly luciferase reporter gene expressed from a gamma-globin
gene promoter (Lam and Bresnick 1996). DNA segments that
cause a significant increase in expression of luciferase are en-
hancers. This assay is a well-recognized approach to analyzing
the function of CRMs, having been used in experiments ranging
from the early definition of enhancers (Banerji et al. 1981; Mel-
lon et al. 1981) to many experiments screening noncoding seg-
ments of genomic DNA for effects on expression (e.g., Frazer et al.
2004; Baroukh et al. 2005; Grice et al. 2005; Wang et al. 2006;
Petrykowska et al. 2008). This assay provided a tractable method
to test a biological activity of the 123 DNA segments examined in
this study.

Results

DNA segments bound by GATALI in vivo

DNA bound by GATA1 in G1E-ER4 cells was isolated by chroma-
tin immunoprecipitation (ChIP), and occupied DNA intervals
were deduced by duplicate hybridization to a set of high-density
tiling arrays from NimbleGen (ChIP-chip; Ren et al. 2000; Nu-
waysir et al. 2002). Hits predicted from the ChIP-chip data (called
GHPs, for GATAL1 hit positive) were tested using quantitative PCR
on an independent ChIP preparation, yielding 63 validated DNA
intervals (500-700 bp each) occupied by GATA1 (Fig. 1). Sam-
pling of lower stringency ChIP-chip hits and comparisons with
previously identified intervals occupied by GATA1 indicate that
this set comprises a substantial majority of the occupied DNA
segments in the target region in this cell line. (More information
is in the Supplemental material, and results can be viewed on a
custom browser at http://bx.psu.edu/~yong/ghp/.) Early work
identified WGATAR as the consensus motif bound by GATA1
(Evans et al. 1988; Wall et al. 1988; Orkin 1992), and we found
that the motif WGATAR was almost always found in DNA inter-
vals occupied by GATA1, being present in 60 (95%) of the 63
segments. This motif is quite common; it is found in 77% of
randomly sampled 500-bp intervals from the 66-Mb target re-
gion. However, its frequency in the occupied segments is higher
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Figure 1. Occupancy by GATA1: ChIP-chip and qPCR data. (A-C) Sensitivity and specificity of the ChIP-chip data in the Hbb gene cluster. (A) Location

of genes and DNase hypersensitive sites in the mouse Hbb gene cluster. (B) ChIP-chip results for GATA1 in the mouse Hbb gene cluster. The first two
tracks present the logarithm of the ratio of hybridization intensities between ChIP DNA from G1E ER rescued cell line and the input DNA for two
replicates. The third track shows the hybridization signals from the G1E Gatal-null cell. The boxes beneath these tracks show intervals previously
identified as bound by GATAT1; the boxes are black if they are included in the ChIP-chip peak calls or white if not included. (C) The quantitative PCR
results of the previously identified segments occupied by GATA1. The two bars are the qPCR result with ChIP material from G1E cells and from rescued
G1E ER4 cells. The mean of two determinations is plotted, and the error bars are half of the range. (D,E) Independent validation of the GATA1 ChIP-chip
results by gPCR. (D) DNA segments positive in the ChIP-chip assay shown by qPCR to have high, low, and no occupancy by GATA1. Amplicons for each
ChlIP-chip hit were assayed in GATAT-ER ChIP material from G1E knockout cells (first bar in each set) and from G1E-ER4 cells before and after induction
of the GATA1-ER hybrid with estradiol (second and third bar). The mean of the two determinations is graphed, with half the range shown as error bars.
Relative enrichment is the ratio between the amount of the amplicon immunoprecipitated along with GATA1 and the amount of the amplicon in the
input material. Line A is drawn at the mean relative enrichment of the negative controls plus three standard deviations. (E) The relative enrichment in
ChIP material from induced G1E-ER4 cells for 81 high-stringency ChIP-chip hits tested by qPCR. The black bars are the DNA intervals that not only pass
the mean plus three standard deviations of the negative controls set but also show at least a fourfold increase in enrichment compared with the signals
from the Gatal-null cells. The gray bars are the ChlIP-chip hits that did not pass one or both of the above thresholds. Line A is the same as in D.

start sites and hence are likely to be active as promoters (see
Supplemental material).

than in randomly sampled, unoccupied 500-bp intervals for 994
trials out of 1000 (empirical P-value = 0.006). This result contrasts
with those for other high-throughput studies of occupancy by SP1,

MYC, and TP53 (Cawley et al. 2004) and E2F1 (Xu et al. 2007), Conservation of GATAI-bound segments and preservation

which show only a minority of occupied segments with the ca-
nonical binding site motif. Perhaps the biochemically defined
binding site is a stronger contributor to occupancy by some tran-
scription factors than others.

Enhancer activity of DNA bound by GATAI

To investigate the extent to which occupancy correlates with
measurable regulatory activity, we tested 61 of the 63 occupied
segments for their ability to enhance expression of luciferase
from an HBG1 promoter in transiently transfected K562 cells. We
found that 34 (52%) increase expression at least twofold, and 17
show a high activity of at least a threefold increase (Fig. 2A). In
contrast, ChIP-chip hits that are not validated by qPCR are rarely
active as enhancers in this assay; only three (6%) of the 50 ChIP-
chip hits that did not pass the qPCR validation were active (Fig.
2B). DNA segments that were not identified as ChIP-chip peaks,
and thus are predicted to be neutral, show no activity in this
assay (Fig. 2C). In addition to the occupied DNA segments that
are active as enhancers, another 13 overlap with transcription

of motifs

By identifying intervals occupied by GATA1 using an approach
that is agnostic to sequence alignments, we can evaluate how
frequently these segments are more conserved than the back-
ground genomic DNA. Conservation is determined by the pres-
ence of an alignment between the sequence of the GATA1-bound
segment in mouse and the presumably orthologous sequence in
another species in the MULTIZ alignments (Blanchette et al.
2004) for the February 2006 mouse genome assembly (mms8)
(Waterston et al. 2002), obtained from the UCSC Genome
Browser (Kent et al. 2002). Only 12 of the 63 DNA intervals (19%)
show deep conservation across vertebrates (e.g., conserved from
mouse to fish), whereas almost all (60 of 63, or 95%) are con-
served in multiple mammalian orders or beyond (Fig. 3A). Only
three (5%) of the intervals appear to be rodent specific. The fre-
quency of conservation to these distances was then compared
with the genomic background by randomly sampling 63 DNA
segments 1000 times from the nonrepetitive portion of the 66
Mb represented on the high-density tiling array. The phyloge-
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Figure 2. Activities of DNA segments occupied by GATAT1 in enhancer assays. (A) The results of eight to 24 determinations of enhancer activity after
transfection for each occupied DNA interval added to a luciferase expression plasmid, rank-ordered by activity. The distribution of results for each
occupied segment is represented as a box plot, with the internal line indicating the median, the box extending to the first and third quartiles, and the
whiskers extending to the most extreme data point that is no more than 1.5 times the interquartile range. Boxes for occupied segments with at least
one constrained GATAT binding motif (i.e., preserved outside rodents) are shaded dark gray, those with nonconstrained motifs (i.e., found only in
rodents) are white, and those with no match to a binding site motif shaded light gray. The asterisk marks the activity for DNA segment GHP304. (B)
The results of enhancer activity for DNA intervals that were positive for occupancy by ChIP-chip (many passed only a low stringency threshold, see
Supplemental material) but were not validated by qPCR. (C) The transfection results for DNA segments predicted to be neutral because they were not
positive for ChIP-chip data. Intervals that generate at least a twofold increase in activity compared with that of the parental reporter gene plasmid
(corresponding to the mean of the negative controls plus 3 SDs) in at least two repeats of the assay are considered to be active as enhancers.

netic depth of alignment was determined for these random
samples. The box plots in Figure 3A summarize the distributions
of frequencies that the randomly sampled DNA segments are
conserved to a given clade. We used the mean of each distribu-
tion to estimate an expected frequency for observing conserva-
tion to a particular phylogenetic depth (Fig. 3C). Conservation of
the GATA1-bound DNA segments to eutherians or to vertebrates
occurs more frequently than expected, with observed to expected
ratios of 1.2 and 1.4, respectively. The former is clearly signifi-
cant, with an empirical P-value of 0.04, and the P-value for the
latter is low (0.08, Fig. 3A).

Given the tendency of the DNA segments occupied by
GATAL1 to be conserved in multiple eutherian orders or beyond,
we then asked whether the WGATAR binding site motifs are also
conserved (align to other species) and preserve a match to the
motif. This is a more stringent criterion, requiring not only that
the sequence in the comparison species aligns but also that it
does not change in designated positions. A WGATAR motif aligns
with this same motif in nonrodent mammals (or more deeply)
for only 27 (45%) of the 60 occupied segments that have the
motif (Fig. 3B). The motifs that remain unchanged over this phy-
logenetic distance appear to be evolutionarily constrained, that
is, are subject to purifying selection, based on two observations.
First, deep preservation of WGATAR motifs is much less common
in randomly sampled, unbound DNA intervals that also contain
this motif. For example, the GATA1l-occupied DNA segments

showed preservation of the motif in eutherians or in vertebrates
about four times or 12 times, respectively, more frequently than
would be expected from the random sampling (Fig. 3B,C; empiri-
cal P-value = 0). Second, estimates of the likelihood of constraint
in the binding site motif are significantly higher for the occupied
DNA segments with a preserved WGATAR motif than in those
in which the motif does not align with WGATAR outside rodents.
For each occupied DNA segment, we aggregated the phastCons
score, which estimates the posterior probability of a position be-
ing in the most slowly changing fraction of DNA (Siepel et al.
2005), over the six positions of the WGATAR motif that aligns
with the same motif in the most distant clade. The mean of these
aggregated phastCons scores for the 27 occupied segments with
preserved WGATAR motifs (0.43) is significantly higher than
the mean (0.053) for the other 33 occupied segments (P-
value = 6 X 107° in a one-tailed Student’s t-test). Thus, a subset
of the segments occupied by GATA1 have WGATAR motifs that
show significant signs of evolutionary constraint.

Association of enhancement with motif preservation

As predicted by the motif-constraint hypothesis, the GATA1-
occupied DNA segments that are active as enhancers are strongly
associated with preservation of a WGATAR motif beyond rodents.
When the occupied DNA segments are ordered by enhancer ac-
tivity and labeled by constraint on the motif, the ones with more

Genome Research 1899

www.genome.org


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

Downloaded from genome.cship.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Cheng et al.
A mouse % - Al : for motif preservation in the active en-
rodentia{ +--¢{T1----- 4 ghmen hancers (mean of 0.8 substitutions per
euarchontogliresy +--¢ T F---4 neutral site) are much higher than those

boreoeutheria- b~ e e ] e - 4 .

aiithioria Fmmmmmmmm oo i — — for the occupied segments that lack en-
mammalia | R A 2 eza | JsEsessEs 4 hancement activity (mean of 0.2 substi-
vertebrata-| B ::!' B . , : tutions per neutral site, Fig. 4C). The
0 5 10 15 20 25 30 35 null hypothesis of equal means has a P-

mouse o e e e %F """"""  WGATAR motif
rodentia- [l R TR i 4

euarchontoglires A
boreceutheria{ +F--§ }----4
gutherias] k=== [ ]a==ss # *
mammalia{ [ F---A
vertebrata| | o
T T T T T T T
0 5 10 15 20 25 30 35
Number
C Clade of deepest conservation *
mus rod euarc boreo  euth mam ver
Alignability
observed 1 2 2 7 33 6 12
expected 0.3 4.7 3.0 9.5 26.8 101 8.3
obs/exp 3.0 0.4 0.7 0.7 1.2 0.6 1.4
P -value ** 0.04 0.15 0.42 0.24 0.04 0.10 0.08

Motif Conservation

observed 16 17 3 3 18 1 2
expected 178 17.2 26 3.3 4.8 1:4 0.2
obs/exp 0.9 18 1.1 0.9 3.7 0.9 12.0
P -value ** 0.42 0.47 0.24 0.43 0.00 0.27 0.00

euth = eutheria ver = vertebrata

mam = mammalia

* mus = mouse
rod = rodentia

euarc = euarchontoglires
boreo = boreoeutheria

**Empirical P-value of enrichment (obs/exp > 1) or depletion (obs/exp < 1)

Figure 3. Conservation of the DNA segments occupied by GATA1 and preservation of the GATA1
binding site motifs within those segments. The 63 GATAT occupied segments were classified by
phylogenetic conservation of sequence (A) and preservation of WGATAR motifs (B), i.e., the motif
aligns to the designated clade and still retains a match to WGATAR. Solid diamonds represent the
observed number of occupied segments showing conservation of the DNA segments or preservation
of the WGATAR motif in the designated clade but no further. The distributions of the same classification
found in 1000 iterations of randomly sampling 63 DNA intervals from the nonrepetitive portions of the
66-Mb target region are shown as box plots. The box line is the median, box width is the interquartile
range, and whiskers extend to the most extreme data point that is no more than 1.5 times the
interquartile range. (C) The observed and expected frequencies of conservation. The mean number of
times that a designated clade of deepest conservation is found in the 1000 random samplings is taken
as an estimate of the expected value. The ratio of the observed to expected number of times that a
given extent of conservation is seen indicates the level of enrichment (ratio > 1) or depletion
(ratio < 1). Comparison of the observed value to the distribution of values for the random samplings gives
the associated empirical P-values for enrichment or depletion; the P-values < 0.05 are in boldface type.

value of 0.0003 (one-tailed, two-sample
Student’s t-test). Enhancer activity of the
GATA1l-occupied segments correlates
positively with branch length for preser-
vation of the motif (Pearson’s correla-
tion r = 0.46, Fig. 4D). Furthermore, the
mean of phastCons scores for the most
deeply preserved WGATAR motifs in the
34 occupied segments with enhancer ac-
tivity (0.314) is significantly higher than
in the 24 occupied segments with a
WGATAR but not active as enhancers
(0.092, P-value = 0.00S for a test of the
null hypothesis of equal means by Stu-
dent’s one-tailed f-test). All these analy-
ses support the motif-constraint hypoth-
esis for DNA segments occupied by the
transcription factor GATAL1 in erythroid
cells. These results also show that the
motif-turnover hypothesis does not
hold for all the conserved enhancers de-
pendent on GATAL.

Sensitivity of constrained motifs
to mutagenesis

If enhancement activity dependent on
binding of a transcription factor to a par-
ticular motif is the function under puri-
fying selection, then mutation of con-
strained motifs should have a larger
effect than mutation of other motifs.
This prediction of the motif-constraint
hypothesis was tested in several GATA1-
occupied DNA intervals that are active
as enhancers in the transfection assay.
All but one have multiple WGATAR
motifs, which were classified as noncon-

activity tend to be those with constrained WGATAR motifs (Fig.
2A). This relationship was evaluated quantitatively in several
ways. When the occupied DNA intervals were partitioned by evi-
dence of constraint on the WGATAR motifs, those with con-
strained motifs had significantly higher enhancement activity
(mean 3.0-fold increase in activity compared with a mean 1.9-
fold enhancement, Fig. 4A). The null hypothesis of equal means,
evaluated in a one-tailed, two-sample Student’s t-test, has a P-
value of 0.008. When the occupied DNA segments were parti-
tioned by level of activity in the enhancer assay, the percentage
of occupied segments with constrained motifs increased with the
level of activity, while the percentage of occupied segments with
nonconstrained motifs showed the opposite trend (Fig. 4B). The
phylogenetic depth over which a WGATAR motif is preserved
was used to estimate the evolutionary distance over which it has
resisted change in each occupied segment, measured as the
branch length from mouse in substitutions per neutral site (four-
fold degenerate sites in coding sequences). The branch lengths

strained (rodent-only) or constrained (preserved in multiple eu-
therian lineages). After mutation of each WGATAR motif,
changes in activity of the altered DNA fragments were measured
by the luciferase enhancer assay (Fig. 5; Supplemental material).
Four enhancers contain motifs in both constraint classes (GHPs
010, 068, 221, and 309), and in each case mutation of con-
strained motifs had a larger effect than mutation of noncon-
strained motifs; this was seen for six constrained motifs. The sole
exception is mutation of constrained motif “a” in GHP010, but
in this same enhancer, mutation of constrained motif “b” has a
much larger effect than the nonconstrained motifs. Overall, the
differences in enhancer activity are significantly higher for the
constrained motifs than for the nonconstrained ones (P = 0.008
for a one-tailed Student’s t-test; box plots are in Supplemental
material). These results fit the predictions of the motif-constraint
hypothesis.

It is also clear that some of the nonconstrained motifs do
affect enhancement activity, albeit less than is observed for the
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Figure 4.

a one-tailed, two-sample Student’s t-test.

constrained motifs (Fig. 5). GHP304 is an interesting case of ac-
quisition of a WGATAR motif in mouse that reduces enhancer
activity. This DNA segment has the fourth highest enhancer ac-
tivity of the GATAl-occupied DNA fragments tested in this study
(Fig. 2A), but the WGATAR motif in the mouse sequence is not
preserved in other species, and no WGATAR is found in the se-
quences orthologous to GHP304 in most mammals. (More details
on motifs in the alignments of this and all GHPs are at http://
www.bx.psu.edu/~dcking/ghp/img2/.) The enhancer activity ac-
tually increases when this motif is mutated (Fig. 5), and thus the
activity of this enhancer is not dependent on the WGATAR mo-
tif. Other portions of GHP304 do appear to be under purifying
selection, and investigation of non-WGATAR motifs in that part
of the enhancer may reveal motifs needed for activity that are
under constraint. Mutational analyses of WGATAR motifs with
more complex evolutionary interpretations (present in coding
exons or with an unusual phylogenetic pattern) in two other
enhancers are presented in Supplemental materials.

Discussion

This study integrates results from three types of analyses to show
that constraint on enhancement activity leads to preservation of
binding site motifs, at least for the protein GATA1. We identified
DNA segments occupied by the transcription factor GATA1 com-
prehensively over a large chromosomal region (66 Mb), using
a combination of ChIP-chip and independent validation by
quantitative PCR. These techniques are agnostic to evolutionary
conservation or prior knowledge about regulatory regions, and
thus they provide a relatively unbiased set of in vivo occupied
DNA intervals. The binding data do not reveal specific biological

Positive correlation of enhancer activity with constraint on GATA1 binding site motifs. (A)
The range of enhancer activities as box plots for occupied segments partitioned by constraint on the
GATA1 binding site motif. The total numbers of occupied DNA segments in each category are given
at the bottom of A and B. (B) The fraction of occupied DNA segments with constrained (black bars) or
nonconstrained (gray bars) binding site motifs in classes of increasing enhancer activity. (C) The
distribution of branch lengths over which the binding site motif is preserved for intervals without or
with enhancer activity. (D) The mean enhancer activity (fold change compared with that of the
parental plasmid) of each occupied segment as a function of branch length over which the motif resists
alteration to remain a match to WGATAR. The P-values evaluate the null hypothesis of equal means in

pancy, activity, and conservation pro-
vides important insights for the effective
use of multiple sequence alignments to
identify gene regulatory sequences. First,
examining conservation at the motif
level is more informative than evaluat-
ing overall conservation of a bound
DNA segment. Recent studies reveal
only a limited overlap between DNA seg-
ments occupied by transcription factors
and segments under strong evolutionary
constraint (The ENCODE Project Con-
sortium 2007). One explanation dis-
cussed in that paper is that only smaller subregions within the
larger intervals identified as occupied may be under purifying
selection. Our results support this explanation. While we do ob-
serve a small but significant enrichment for alignability to eu-
therians and vertebrates for the bound DNA segments (size of
500-700 bp), the enrichment for preservation of binding site
motifs (size of 6 bp) is much greater (Fig. 3, cf. A and B). Second,
it is important to differentiate between in vivo occupancy and
specific biological function when evaluating conservation of mo-
tifs in CRMs. For the set of DNA segments occupied in vivo by
GATA1 identified in our study, we find that the phylogenetic
depth of preservation of binding site motifs varies over a wide
range, with the majority not preserved beyond rodents. How-
ever, the subset of GATAl-occupied sites active as enhancers
shows a pronounced association with evolutionary preservation
of the binding site motif, that is, they are constrained across
mammalian orders. This observation confirms one of the two
predictions of the motif-constraint hypothesis. The other predic-
tion, that constrained motifs would show a stronger phenotype
upon mutation than nonconstrained motifs, was also confirmed.
Thus, we conclude that purifying selection acting on enhancer
activity does frequently result in preservation of a binding site
motif in a particular position in the enhancer.

This conclusion is consistent with a recent analysis of en-
hancer activity and evolution for muscle genes in Ciona species
(Brown et al. 2007). In this study, individual binding site motifs
within known enhancers were mutated and evaluated for effects
on expression. Motifs that contribute significantly to the activity
of an enhancer are almost invariably constrained, as shown by
clear orthologs that have sustained many fewer substitutions
than expected between distant Ciona species. Motifs that con-
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Figure 5. Mutation of constrained GATA1 binding site motifs reduces
enhancement more than alteration of lineage-specific ones. The left panel
shows the positions of WGATAR motifs that are present in mouse plus
multiple mammalian lineages (constrained, gray boxes) or present only in
rodents (nonconstrained, white boxes) in six wild-type (wt) DNA seg-
ments occupied by GATA1. Mutations in each motif (labeled “ma” for
mutation in motif a, etc.) are indicated by an X in the box. The enhancer
activity of each wild-type DNA fragment was normalized to 1, and the
difference in normalized activity (mutant — wild type) is presented in the
graph. The bar (shaded to match the constraint status of the mutated
motif) gives the mean of four independent transfection experiments,
each assayed in duplicate to give eight measurements, with error bars
showing the standard deviation.

tribute weakly to enhancer activity sustain substantially more
substitutions, such that motif activity is correlated with percent
identity.

These evolutionary insights provide guidance in deciding
which DNA segments occupied by transcription factors are likely
to be involved in enhancement. For a set of DNA segments oc-
cupied by a sequence-specific binding protein, the relevant bind-
ing site motifs should be identified and the phylogenetic depth
of preservation determined for each instance of the motifs. Those
DNA segments containing binding site motifs preserved over a
large phylogenetic distance (equivalent to the time of separation
of multiple eutherian orders, estimated as 60 to 100 million years
ago) are good candidates for enhancer activity.

While that is likely to be a good rule for finding biological
activity within a set of DNA segments occupied by a protein, we
should consider several caveats and limitations to our study. Our

assay for enhancement, transient transfection of cultured mam-
malian cells, provides meaningful activity data, as shown by the
striking difference in effects for the occupied DNA segments
compared with those for the unoccupied segments (Fig. 2, cf. A
and B). However, this assay can reveal an activity only in the cell
line used, and thus some of the occupied DNA segments with no
activity could be false negatives. Furthermore, analysis of the
occupied DNA segments after gene transfer in whole animals
would allow many additional aspects of regulation to be exam-
ined, including tissue specificity and developmental timing of
expression. In future studies it will be useful to examine a few of
these GATAl-bound DNA segments in greater detail through
transgenic or knock-in strategies. Those bound segments with
deep preservation of the binding site motif are particularly inter-
esting in this regard. We note that our biological assay has been
confined to GATAl-dependent enhancers in erythroid cells. It
will be important to study the phylogenetic extent of motif pres-
ervation in other types of CRMs (such as promoters and silenc-
ers), using other transcription factors and examining additional
developmental systems, to see how consistent the results are with
the present study.

Our studies, comparing the level of enhancer activity be-
tween occupied sites with and without constraint on the motifs,
and those of Brown et al. (2007) both show that high enhancer
activity is associated with strong purifying selection on the bind-
ing site motifs. Other studies emphasize turnover (Dermitzakis
and Clark 2002; Moses et al. 2006) and compensatory changes
(Ludwig and Kreitman 1995; Ludwig et al. 2000) in binding site
motifs when orthologous enhancers are compared. Both conser-
vation and turnover of binding sites motifs have been observed
in multiple comparative studies in a range of species (Dermitzakis
et al. 2003; Moses et al. 2003). We also observe many DNA seg-
ments occupied by GATA1 whose binding site motifs are not
deeply preserved but rather the position of the motifs change
over evolutionary time. The motif turnover hypothesis can ex-
plain the evolution of motifs in these bound segments. They
tend to have low or no activity in enhancer assays, and thus the
selection against changes in the binding site motif is not ex-
pected to be as severe as for enhancers with high activity. Muta-
tions in the binding site motif are more likely to persist in a
population, especially if mutations at other nucleotides in the
vicinity generate a motif closer to the preferred binding site. A
few events like this could lead to a motif “moving” from one
position to another in the vicinity, but only if the effects of the
alterations were nearly neutral. One possibility is that occupied
segments with nonconserved motifs could function to modulate
the activity of enhancers but have little activity on their own.

Several GATAl-occupied DNA segments show evidence of
constraint on some motifs and turnover for others within the
same segment. Mutation of constrained motifs in enhancers gave
the strongest phenotypes, but mutation of the nonconstrained
motifs also gave significant effects in several cases (GHPs 010,
068, and 221 in Fig. 5). One interpretation is that selective con-
straint on the enhancer activity preserves certain critical binding
site motifs, leaving other instances of the motif in the enhancer
free to change over evolutionary time. The deeply preserved mo-
tifs may anchor the enhancement activity, while other motifs
that can turn over may fine-tune the activity.

In other cases, the lack of constraint on motifs could reflect
lineage-specific differences in activity. The changes in motif pat-
terns in eve stripe 2 enhancer relate to important differences in
activity between Drosophila species (Ludwig et al. 2005). Some
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erythroid enhancers are found in primates but not mice (Bodine
and Ley 1987; Valverde-Garduno et al. 2004), presumably play-
ing a role in lineage-specific differences in expression. Some of
the newly identified segments occupied by GATA1 may fall into
this category. For example, the mouse-specific WGATAR in
GHP304 appears to be reducing the activity of an enhancer that
is deeply conserved but not dependent on that motif.

Another interpretation of the occupied DNA segments with
no activity in the transient transfection assay is that they have no
biological activity. While it is possible that they have functions
that we have not assayed, it is also possible that they play a static
role, such as storing unused proteins. Our results show that par-
titioning protein-occupied DNA segments by evolutionary pres-
ervation of binding site motifs is biologically meaningful; in par-
ticular, those with constrained motifs are enriched for strong
enhancer activity. However, we expect occupied DNA segments
lacking constrained motifs to be a mix of weak enhancers (per-
haps modulating activities of strong enhancers), lineage-specific
CRMs, and sequences with a static role. Additional experiments
are needed to distinguish among those possibilities.

An underlying assumption of our study is that DNA seg-
ments are occupied by GATA1 through direct binding to a motif
in the DNA sequence. This assumption is supported by the very
high frequency with which the consensus motif occurs in the
occupied DNA segments and the sensitivity of the enhancement
activity to mutation of the motif. However, proteins can tightly
associate with DNA segments through interactions with other
proteins. Such cases will greatly complicate the analysis of func-
tional significance of conservation on binding site motifs. Ide-
ally, the studies would be done with sets of occupied DNA seg-
ments in which the effect of each motif on occupancy has been
measured in vivo. Accomplishing this in a high-throughput
manner is a technical challenge, but it is a worthwhile goal.

Much new high-throughput data on biochemical features of
chromosomes, such as occupancy by transcription factors, his-
tone modifications, and chromatin alterations, is becoming
available (The ENCODE Project Consortium 2007). Connecting
these biochemical features with biological activities and physi-
ological consequences will be a challenge. Combining the high-
throughput data with assays for biological activity and evolu-
tionary analysis will lead to clearer insights about the history of
the functional regions and their current roles.

Methods

Cell culture

Cells were cultured as described previously (Welch et al. 2004). In
brief, G1E and G1E-ER4 cells were grown in Iscove’s modified
Dulbecco’s media (IMDM) with 15% fetal calf serum, 2 U/mL
erythropoietin, and 50 ng/mL kit ligand. To activate the condi-
tional GATA1-ER, cells were cultured in the presence of 10~
mol/L beta-estradiol for 24 h.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was conducted as described previously (Welch
et al. 2004). Three different cells were used in this assay: G1E
knockout cells and the G1E-ER4 cell before and after induction
of the GATA1-ER hybrid with estradiol.

For the ChIP-chip assay, ChIP DNA from induced G1E-ER4
cells after cross-linking and immunoprecipitation with antibody
against the ER domain of GATA1-ER was amplified by ligation-

mediated PCR according to the protocols provided by Nimble-
Gen. It was hybridized to the NimbleGen array 16 from the mmé6
version of the high-density tiling array. This array covers mouse
chromosome 7 from position 69,577,286 to 133,051,535 in the
mm6 mouse genome assembly. The tiling array consists of oli-
gonucleotide probes of 50 nucleotides, spaced every 100 bp in
the nonrepetitive DNA.

ChIP-chip positives were validated using a conventional
quantitative PCR (qPCR) assay for GATA1 occupancy and unam-
plified ChIP material. Primers were designed using primer quest
(www.idtdna.com) to amplify DNA intervals (amplicons) be-
tween 120 and 150 bp in size and located within a GATA1 bind-
ing hits identified by ChIP-chip. A thermal disassociation curve
was examined to ensure that all the primer pairs generated single
amplicon. The PCR products were measured by SYBR green fluo-
rescence in 20-pL reactions on an ABI 7300 machine. The
amounts of products were determined relative to the standard
curve generated from a serial dilution of the input DNA. The
number of cycles required to generate a PCR product signal of a
given magnitude was compared with the cycle number required
to generate that signal in a serial dilution of the relevant input.
These comparisons for each DNA segment give a value for the
relative enrichment.

Peak finding in ChIP-chip data

Both Mpeak (Zheng et al. 2007) and TAMALPAIS (Bieda et al.
2006) programs were applied to identify the GATA1 binding hits.
For Mpeak, the two replicate ChIP-chip results from the induced
G1E-ER4 cells were used separately as input. Only the peaks iden-
tified in the outputs of analysis of both duplicates were selected
as the GATA1 binding hits. Different prefiltering thresholds
(mean + 1 SD, mean + 2 SD, mean + 2.5 SD, and mean + 3 SD)
were chosen, and the default was chosen for all the other param-
eters. The “peak only” output returns DNA segments of 50 bp,
which were then extended 250 bp on both sides to get the final
GATA1 binding hits. For the program TAMALPAIS, the two rep-
licate ChIP-chip data sets from the induced G1E-ER4 cells were
used as input, and only the peaks identified in both data sets
were selected as binding hits. We then constructed a nonredun-
dant union (merging common hits). The original coordinates are
in mouse genome assembly mm®6, and the chromosomal coordi-
nates of the binding segment hits were lifted over to mouse as-
sembly mmS8.

Coordinates of ChIP-chip hits and results of quantitative
PCR binding assays and enhancer assays may be browsed as cus-
tom tracks on the UCSC Genome Browser and downloaded via
the Table Browser at http://bx.psu.edu/~yong/ghp/.

Phylogenetic analysis of conservation of occupied DNA
and binding site motifs

MULTIZ alignments (Blanchette et al. 2004) for the February
2006 mouse genome assembly (mm8) (Waterston et al. 2002)
were downloaded from the UCSC Genome Browser (Kent et al.
2002). These alignments contain 17 species: mouse, rat, rabbit,
human, chimp, macaque, dog, cow, armadillo, elephant, tenrec,
Monodelphis, chicken, frog, zebrafish, Tetraodon, and Fugu. The un-
aligned regions of mouse were supplemented by the mouse se-
quence. The criteria for inclusion in the alignment are deter-
mined by the parameters of the MULTIZ alignment; we did not
filter the alignments any further for percent identity or length.

Sequences that match WGATAR in mouse were compared
with the aligned sequences of 16 other species in the alignment.
The phylogenetic preservation of any given motif was described
as the set of species that also contain a WGATAR match at the
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aligned position. Analyses in this paper focused on high-quality
mammalian sequences from that alignment: mouse, rat, human,
chimp, dog, cow, armadillo, elephant, and Monodelphis. Dia-
grams of the positions of WGATAR motifs in the aligned se-
quences of all DNA segments in this study are at http://www.bx.
psu.edu/~dcking/ghp/img2/.

In general, the broadest phylogenetic term was applied to
the pattern of species matches to a motif; conservation patterns
need not include all intermediate species to yield a given term.
The following phylogenetic groups were used to characterize the
depth of conservation with mouse: mouse-only, rodent-
conserved, euarchontoglires-conserved (extends to primates),
boreoeutheria-conserved (extends to cow or dog), eutheria-
conserved (extends to tenrec, armadillo, or elephant), mamma-
lia-conserved (extends to the marsupial Monodelphis), amniota-
conserved (extends to chicken), tetrapod (extends to frog), and
lastly, vertebrate-conserved (extends to the fishes).

For conservation measures using the neutral substitution
rate, the branch lengths of the phylogenetic tree were estimated
on fourfold degenerate sites. For each conserved motif, the sub-
tree was taken for only the matching species, and the total
branch length of the subtree was used to measure the conserva-
tion of that motif.

Enhancer assays by transient transfection

The enhancer assays were similar to those described previously
(Wang et al. 2006) with the following modifications. DNA seg-
ments of ~1 kb were amplified from mouse DNA for intervals
occupied by GATA1 (inferred from ChIP-chip analysis) and nega-
tive controls (not positive by ChIP-chip). These were inserted
into the luciferase reporter genes driven by the HBGI1 gene pro-
moter.

The plasmid DNAs were transiently transfected into K562
cells in a 48-well format using (per well) 0.4 pg of plasmid con-
taining firefly luciferase reporter and 0.0001 pg of cotransfection
control plasmid expressing Renilla luciferase in OptiMEM me-
dium (Invitrogen), adding 0.4 pL of PLUS Reagent (Invitrogen)
and 0.6 pL Lipofectamine LTX per well. The K562 cells were
plated at 8 x 10* cells per well. For each experiment, each plas-
mid was transfected in quadruplicate. Each plasmid was tested in
at least two separate experiments.

Two days after the transfection, cell extracts were harvested
and luciferase activity measured in a dual luciferase assay follow-
ing the manufacturer’s protocol (Promega). For each of the qua-
druplicate transfections, duplicate measurements were made on
the cell extracts for a total of eight measurements of both lucif-
erases for each plasmid in each experiment. The firefly luciferase
activity of the test plasmid (divided by the Renilla luciferase ac-
tivity of the cotransfection control) was normalized by the firefly
luciferase activity from the parental MCSluc (divided by the Re-
nilla luciferase activity of the cotransfection control) to obtain a
fold change.

Tested DNA segments that caused at least a twofold increase
in activity compared with that of the parental reporter gene plas-
mid in at least two separate transfection experiments are consid-
ered to be active as enhancers. The twofold increase is greater
than the mean of the negative controls plus 3 standard devia-
tions.
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