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Letter

Finding cis-regulatory elements using comparative
genomics: Some lessons from ENCODE data
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Identification of functional genomic regions using interspecies comparison will be most effective when the full span
of relationships between genomic function and evolutionary constraint are utilized. We find that sets of putative
transcriptional regulatory sequences, defined by ENCODE experimental data, have a wide span of evolutionary
histories, ranging from stringent constraint shown by deep phylogenetic comparisons to recent selection on
lineage-specific elements. This diversity of evolutionary histories can be captured, at least in part, by the suite of
available comparative genomics tools, especially after correction for regional differences in the neutral substitution
rate. Putative transcriptional regulatory regions show alignability in different clades, and the genes associated with
them are enriched for distinct functions. Some of the putative regulatory regions show evidence for recent selection,
including a primate-specific, distal promoter that may play a novel role in regulation.

[Supplemental material is available online at www.genome.org.]

Deciphering the language and evolution of gene regulatory
mechanisms is one of the challenging goals of genomics and
systems biology. Even the most basic concepts about the rela-
tionship between function and evolution in noncoding DNA are
still being refined (Miller et al. 2004; Dermitzakis et al. 2005).
Conservation of noncoding sequences among divergent species,
inferred from genomic sequence alignments, has been used
widely as a predictor of cis-regulatory modules (CRMs) (Gumucio
et al. 1996; Frazer et al. 2003). Notable success has been achieved
with this approach (e.g., Elnitski et al. 1997; Loots et al. 2000;
Nobrega et al. 2003). The underlying assumption is that ortholo-
gous DNA sequences serving a function common to the species
under consideration have changed significantly less than neutral
DNA over a sufficient phylogenetic distance. That decreased
change, or higher similarity, is taken as a sign of evolutionary
constraint, that is, that the DNA is subject to purifying selection.
(In this paper, sequences found in common in two or more spe-
cies by alignment algorithms will be called conserved. Those that
show a signal for purifying selection will be called constrained.)
How often is that underlying assumption really true, and,
when it is true, how strong is the signal for constraint in mul-
tispecies alignments? Certainly some stringently constrained
noncoding sequences are functional. For instance, noncoding
sequences conserved between mammals and fish serve as devel-
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opmental enhancers in gain-of-function assays (Aparicio et al.
1995; Nobrega et al. 2003, 2004; Woolfe et al. 2005; Bejerano et
al. 2006). In contrast, some apparently constrained noncoding
DNA sequences have little or no obvious function. Some gene
deserts contain large numbers of noncoding sequences appar-
ently constrained in mammals, but deletion of two gene deserts
from mice generated only mild phenotypes (Nobrega et al. 2004).
This led the investigators to “question the functionality, if any,
of many of the large number of noncoding sequences shared
between mammals.” Conversely, some nonconserved sequences
are functional. For example, intensive studies from many labo-
ratories have discovered numerous CRMs in globin gene com-
plexes, but evaluation of multispecies sequence alignments
shows that some of them are not conserved between human and
mouse (Hughes et al. 2005; King et al. 2005). The diversity of
results on the relationship between sequence constraint and
function of regulatory regions ranges from studies indicating that
almost all noncoding sequences in Drosophila are under con-
straint (Andolfatto 2005) to others concluding that promoters
have been evolving with reduced constraint since the human-
chimp divergence (Keightley et al. 2005).

Although some of the heterogeneity in conclusions may re-
sult from differences in methods of analysis, there is no reason to
expect that all CRMs will be under the same level of constraint.
Indeed, many genes show differences in expression patterns be-
tween human and mouse, and hence some sequences in the
CRMs should have changed in these cases (e.g., Valverde-
Garduno et al. 2004). Binding sites for some transcription factors
change in orthologous CRMs, both in Drosophila (Ludwig et al.
1998) and in mammals (Dermitzakis and Clark 2002). Transcrip-
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tion factor binding sites that have undergone this process of
turnover may no longer align, which will decrease the inferred
level of conservation.

The comprehensive pilot project data from the ENCODE
Project Consortium (2007) provides the opportunity to evaluate
more completely the relationship between function, conserva-
tion, and constraint in 1% of the human genome. We used the
ENCODE protein occupancy and chromatin modification data to
define a set of putative transcriptional regulatory regions
(pTRRs). We then used the ENCODE sequence data and align-
ments to examine the variation in conservation and constraint
among the pTRRs. Our analysis confirms wide variation in con-
straint for pTRRs. Moreover, this variation shows systematic pat-
terns that provide biological insights and suggest improvements
to computational predictions of functional elements.

Results

Identification of pTRRs

To define a set of pTRRs, we used the data from chromatin im-
munoprecipitated samples hybridized to high-density microar-
ray chips (ChIP-chip; Ren et al. 2000) from the ENCODE Tran-
scriptional Regulation Group (The ENCODE Project Consortium
2007). We restricted the protein occupancy data to sites bound
by sequence-specific factors and identified using experimental
platforms with high site resolution. We improved the specificity
of this set by requiring support from at least one line of experi-
mental evidence, including chromatin modifications associated
with activation, DNase hypersensitivity (Sabo et al. 2006), and
nucleosome depletion (FAIRE; Giresi et al. 2007), yielding a con-
servative high-resolution set of pTRRs. These and other data sets
used in this paper are available at http://www.bx.psu.edu/
projects/encode_pTRR.

For comparison we considered two other sets of regulation-
associated elements derived from ENCODE data. First, promoter
regions were generated from the results of Cooper et al. (2006),
who tested 642 potential regions identified using 5’ ends of
cDNA alignments in the ENCODE regions. Using the results of
their assay, we considered two subsets determined by the range of
activity: those validated in all 16 cell lines (ubiquitous promot-
ers) and those validated in 1-5 cell lines (specific promoters).
Second, we considered DNase hypersensitive sites (DHSs), as as-
certained for ENCODE using quantitative chromatin profiling
(Sabo et al. 2006), massively parallel signature sequencing (MPSS;
Crawford et al. 2006b), and DNase-chip (Crawford et al. 2006a).

Approaches for measuring sequence-level constraint

A variety of approaches have been developed to measure evolu-
tionary constraint using interspecies align-
ments. The ENCODE Multispecies Sequence
Analysis (MSA) group (Margulies et al. 2007)

2003). They found that 40% of these MCSs overlapped coding
exons, 20% overlapped other ENCODE functional element an-
notations, and the remaining 40% overlapped with no annotated
functional element.

Each of the constraint prediction methods used for the iden-
tification of MCSs has a corresponding quantitative score that
assigns a level of constraint to a genomic position or small win-
dow. Here we will consider the phastCons score (Siepel et al.
2005).

Another useful measure for identifying regions under evo-
lutionary constraint is alignability, simply the fraction of an ele-
ment that can be aligned between two species. Alignability re-
flects conservation of a region between the two species—
existence of orthologous sequences—but it does not necessarily
mean that the region is under constraint (purifying selection).
Particular care must be taken when computing the alignability of
noncoding features. Coding exons generally show much stronger
sequence-level constraint than other classes of functional ele-
ments, and proximity to such highly constrained regions may
allow the alignment of regions that would not match otherwise.
To examine conservation and constraint in noncoding regions
fairly, it is important to avoid this anchoring effect. Therefore, we
have produced pairwise alignments between human and the 23
other ENCODE targeted species, using BLASTZ (Schwartz et al.
2003), after masking the coding portions of annotated exons in
the human sequence (see Methods). The effect of this masking
can be observed, for example, in human-mouse alignments. The
amount of bases aligning in pTRRs and DHSs decreases by 5%
and 8%, respectively (Table 1). The effect is more pronounced in
the promoters, with a reduction of up to 16%, reflecting their
proximity to the coding exons and sensitivity to the loss of align-
ment anchors in the coding regions. The computation of align-
ability score is designed to minimize the effect of unsequenced
regions in the comparison species (see Methods).

Finally, the pairwise alignability scores, which are based on
a specific pair of species, can be combined into a composite align-
ability score. This score is computed by taking the average of the
pairwise alignabilities, weighted by the branch length from hu-
man to the comparison species.

Substitution rates vary across ENCODE regions and negatively
correlate with estimates of constraint

The neutral rate at which nucleotide substitutions occur affects
the ability to infer evolutionary constraint from sequence con-
servation. For example, a high level of sequence conservation
might simply be due to a low neutral rate in that region, not true
evolutionary constraint.

Neutral substitution rates vary substantially among ENCODE
regions; estimates of human-mouse divergence produced by REV

Table 1. The fraction of the ENCODE regions aligned before and after hard-masking
coding sequences for human-chimp and human-mouse alignments

focused on identifying discrete genomic re-
gions under purifying selection. Using
alignments of 23 mammalian species, they
integrated three constraint-prediction

Chimp-aligned bases Mouse-aligned bases

methods to identify a set of multispecies
constrained sequences (MCSs) covering DHS
~4.9% of the human genome—correspond- ~ PTRR
ing with estimates that at least 5% of the
human genome is under purifying selection  5p¢
(Waterston et al. 2002; Chiaromonte et al.

Before After Before After
Feature mask mask Difference mask mask Difference
0.93 0.91 3% 0.63 0.53 10%
0.93 0.91 3% 0.78 0.70 8%
Specific promoters 0.89 0.85 4% 0.74 0.57 16%
Ubiquitous promoters 0.91 0.90 1% 0.73 0.63 11%
0.93 0.93 0% 0.34 0.27 7%
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models of substitutions in ancestral repeats (t,z) range from 0.43
to 0.61 substitutions per site, consistent with the range observed
in whole-genome studies on megabase sized intervals (Waterston
et al. 2002; Hardison et al. 2003). Furthermore, t,; correlates
significantly with other measures of the neutral rate including
divergence at fourfold degenerate codon positions (t,g; r=0.51)
and the local density of single nucleotide polymorphisms
(r=0.63).

Consistent with the expectation that variation in the neu-
tral rate affects constraint estimates, we find that the density of
MCSs in each ENCODE region is negatively correlated with t,
(r=—-0.57, —0.50, and —0.48 for loose, moderate, and strict
MCSs, respectively; Fig. 1). This is seen despite the fact that the
MCS thresholds were determined based on randomly chosen
alignments within ENCODE regions (Margulies et al. 2007). This
normalization, however, apparently was not sufficient to com-
pletely eliminate the neutral rate effect between regions. The
average phastCons score of each region is even more strongly
correlated with t,; (r= —0.63). This association indicates the im-
portance of taking into account local variability, such as that of
the neutral rate, when producing estimates of evolutionary con-
straint. Neither MCS nor phastCons computations completely
correct the neutral rate effect across regions. Both theory (Eddy
2005) and empirical observations (Li and Miller 2003) show that
constrained elements stand out with greater statistical power in
regions that evolve faster. Normalization for local rate variation
may improve the resolution of constrained elements in slower-
evolving regions. The causes of the local rate variation are not
fully understood, and several evolutionary processes have been
discussed. For example, the regional variation may reflect areas
that share adaptive trends, such as developmental genes in cold
spots and immune-response genes in hot spots (Chuang and Li
2004).

MCS phastCons
density - coalETERE average
. —o— MCS density = 0.25
0.0024 — -0 - phastCons average = 0.40 — 0.4013
0.0021 — ™ — 0.3500
0.0019 0.2986
0.0016 0.2473
0.0013 0.1960
0.0010 0.1447
0.0007 0.0933
0.0004 0.0420

0.40 0.45 0.50 0.55
Regional neutral rate

Figure 1. Negative correlation of neutral rate with measures of con-
straint. For each ENCODE region, the MCS density per nucleotide (black)
and the phastCons average (red) are plotted against the human-mouse
substitution rate in ARs (t,g, an estimate of the neutral rate of substitu-
tion). The correlations with t,z are —0.50 (P =0.0005) and —0.64
(P=3 x 10 °) for MCS density and phastCons, respectively; the inset
gives the r* values.

Functional elements are better identified by alighment-based
scores than by overlap with highly constrained regions

The ENCODE Consortium (2007) found that while most classes
of noncoding functional elements are enriched for MCSs, many
elements of every class considered do not overlap with them.
This is consistent with the notion that 5% is a lower bound in
evaluating what share of the genome is involved in function.
Looking beyond the most highly constrained sequences of the
genome by considering other quantities (or scores) calculated
from genomic alignments can provide greater power in detecting
functional elements. In addition to overlap with MCSs, here we
consider phastCons scores and composite alignability. When
comparing constraint scores of different elements from different
regions of the genome, it is important to take regional variation
into account. Here we performed background correction by scaling
interval scores relative to the overall score of the containing
ENCODE region (see Methods).

Figure 2 shows the distributions of an illustrative set of
scores on the different classes of predicted functional elements.
In general, we see that all of these measures have some ability to
distinguish functional elements from the neutral background
(non-MCS ancestral repeats [ARs]). Also, all are broadly distrib-
uted with a large number of high-end outliers, suggesting that in
every class there is a subset of elements that is well characterized
by each measure. However, we also see that all classes of ele-
ments, except promoters, have medians for MCS coverage at or
near zero, indicating that at least half of the elements have no
overlap with MCSs. Correcting for the background neutral rate
improved the separation of the feature sets from ARs, both for
phastCons and for composite alignability. In general, the DHS re-
gions have the least separation from background. The background-
corrected composite alignability gave the most consistent sepa-
ration of the four functional classes from the neutral background.

The discriminatory power of each score can be evaluated by
measuring sensitivity (the ability to identify the regulatory fea-
ture—pTRR, DHS, or promoter—at a given threshold) and speci-
ficity (the ability to exclude ARs at that threshold). However, it is
impractical to compare MCS overlap with the other scores be-
cause of the limited range of possible specificities. MCS overlap
presents a very high specificity even at the lowest threshold (no
MCS overlap), excluding 97% of ARs. MCS overlap also has a very
low maximum sensitivity for detecting regulatory elements that
do not tend to be adjacent to exons, for example, ~0.26 for pTRRs
versus ~0.63 for promoters. This low sensitivity could imply that
most regulatory regions are not constrained. However, the score
distributions suggest instead that MCSs select for only a very
highly constrained subset of regulatory elements and miss many
other regions that are under constraint.

Figure 3 compares performance (receiver operator character-
istic, or ROC) curves for each of the scores (with the exception of
MCS overlap) on selected classes of predicted functional ele-
ments. From these curves we can see that while phastCons per-
forms best for classifying specific promoters, composite alignabil-
ity gives better overall performance for finding pTRRs and ubiq-
uitous promoters. Correction for regional background variation
improved performance dramatically for composite alignability in
all tests, whereas the improvement for phastCons was smaller but
notable for promoters. None of the scores perform well for iden-
tifying DHSs. Many of these regions cannot be aligned at all,
which affects all the scores, but particularly alignability (the
jump in the ROC curve corresponds to zero alignability).
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Figure 2. Distributions of scores in regulatory regions for alignment-
based measures. Each panel shows the score distributions as box plots,
with the box extending from the 25th to 75th percentiles and the vertical
line giving the median. The distribution boxes are ordered by the medi-
ans of each data set. The graph for MCS coverage shows the fraction
covered by MCSs (Margulies et al. 2007). The phastCons score (Siepel et
al. 2005) is a likelihood of being in the slowly changing class of genomic
sequences; the graph shows the average phastCons value per interval.
For the background corrected phastCons score, the graph shows the
interval average divided by the regional average. The composite align-
ability score, before and after background correction is in arbitrary units.
In all cases, larger numbers reflect greater constraint (MCS coverage and
phastCons) or greater conservation (composite alignability).

To more directly compare the performance of each constraint
score (again with the exception of MCS overlap) on each feature
set, we examined the sensitivity when specificity was fixed at
0.75 (for each score this is the threshold at which 75% of ARs
were excluded; Table 2). Composite alignability performs best for
ubiquitous promoters, while the phastCons score performs best
for discriminating specific promoters. Background-corrected com-
posite alignability achieves excellent specificity for identifying
pTRRs. The correction contributes substantially to this perfor-
mance, increasing the specificity from ~0.60 to ~0.76. In general,
correcting for regional variation yields a (sometimes substantial)
improvement in performance, regardless of whether phastCons
or alignability is used. The DHS data set is not discriminated with
good specificity by any of these quantities, again suggesting that
constraint is of limited utility for identifying these elements.

These results show that while each set of regulatory regions
shows evidence for constraint, individual elements differ widely
by any of the measures applied. Some are changing faster than
presumptively neutral DNA, others are constrained in all species
examined, and the rest fall into a level of constraint between
these extremes. In the next section, we turn to functional infer-
ences that can be drawn from the phylogenetic extent of conser-
vation.

Functional elements are conserved at varying phylogenetic
distances

The most distant species to which a human region aligns can be
used to estimate the clade in which that DNA region has a com-
mon function, that is, it captures clade specificity. Therefore, we
examined the exon-masked alignments to find the most distant
species that still aligns with human for each member of the fea-
ture data sets. We only required that a single base pair of human
sequence align with the comparison species, but in practice, we
found that all alignments covered at least 10% of each human
region. After masking exons, the vast majority of pTRRs and
DHSs aligned to placental mammals (70%-71%) or to mammals
including the marsupial monodelphis and/or the monotreme
platypus (14%-21%, Table 3). A small but notable fraction of
PTRRs (3%) aligns only in primates; this fraction is greater for
DHSs (11%). A similar fraction shows the opposite behavior,
aligning over the larger phylogenetic distance to other tetrapods
or other vertebrates. This trend is also seen for the promoters,
with a slightly greater fraction (4%) of those expressed in a subset

0.0 0.2 0.4 0.6 0.8 1.0
L L

1 1 1 I | 1 1
specific promoters ubiquitous promoters

— -1.0
4 ~08
= - 06
. Lo4
= 02
= =00
(5 DNAse hypersens. pTRR
1.0 =
0.8+ =
0.6 =
0.4+ =
0.2+ I
0.0+ -
T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-Sp
composite alignability —_—
background corrected composite alignability ———
phastCons —_—
background corrected phastCons —_—
Figure 3. Receiver operator characteristic (ROC) graphs showing the

performance of alignment-based scores to discriminate regulatory re-
gions from neutral DNA. The ROC graphs show the sensitivity (Sn) and
1 — specificity (1 — Sp) as the alignability and phastCons thresholds are
increased. Clear discrimination leads to curves deflected into the upper
left quadrant of the graph. Sensitivity is measured as the ability to capture
members of the four indicated sets of regulatory regions. Specificity is
measured as the ability to exclude ARs, a model of neutral DNA. The
results are given for each score, before and after regional background
correction.
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Table 2. Sensitivity of different scores when specificity is fixed
at 0.75

Correction type

Feature Score None Background
DHS Alignability 0.4322 0.3075
phastCons 0.5346 0.5316
pTRR Alignability 0.6033 0.7552
phastCons 0.3989 0.4053
Specific promoters Alignability 0.3681 0.5205
phastCons 0.6687 0.6871
Ubiquitous promoters Alignability 0.5948 0.8017
phastCons 0.7328 0.7845

The highest performing score for each feature is shown in boldface type.

of cell lines aligning out to fish. The biochemical support for
function of these pTRRs and DHSs is equally strong. Thus, to the
extent that the alignments are reflections of true evolutionary
relationships, these results are most easily interpreted as indicat-
ing the clades in which an ancestral functional element remains
active in extant species.

Genes associated with clade-specific pTRRs show distinct
functional enrichments

The functional regions found in specific clades may share par-
ticular properties. Here we focus our attention on pTRRs to in-
vestigate whether the elements conserved in each clade tend to
regulate distinctive functional classes of genes, as described by
Gene Ontology (GO) terms (Ashburner et al. 2000). The coding
regions of virtually all genes in the ENCODE regions are con-
served in the species examined from primates to fish, but a subset
of pTRRs associated with some of these genes is clade specific.
Our study was designed to test whether ENCODE genes associ-
ated with clade-specific pTRRs are enriched in particular func-
tional categories. The gene nearest each element was inferred to
be its target of regulation. The GO terms associated with the
inferred target genes were analyzed to find the ones significantly
enriched for each clade (<5% false discovery rate, or FDR; see Meth-
ods). Four of the five clades show a substantial number of GO term
enrichments: primate, placental mammals, mammals (including
marsupial and monotreme), and tetrapods. These significant terms
were then filtered to find the terms distinctively enriched for a
clade, for example, significantly enriched in that clade, but not in
any other clade. Selected frequently occurring GO terms in the dis-
tinctively enriched sets for each clade are shown in Table 4.

Some of the distinctive GO categories are consonant with
known lineage-specific features and others reveal novel insights.
The pTRRs conserved in primates (but no further) are enriched
for immune-related receptor function. This is consistent with re-
ports of immune-related adaptations at the sequence level of

genes (Altschuler et al. 2005) and has also been seen in recent
gene duplications and copy number variation in human (Aldred
etal. 2005). An example is a set of pTRRs in the 5’ flanking region
of LILRA4, which encodes a member of the leukocyte immuno-
globulin-like receptor subfamily (Fig. 4A). The ChIP-chip data
from the ENCODE Consortium indicate that this DNA is occu-
pied by CEBPE, PU.1 (SPI1), and the retinoic acid receptor in
HL-60 cells, but this sequence is found only in primates. On the
other extreme, pTRRs aligning in tetrapods (from humans to
chicken or Xenopus) are enriched in GO terms for transcription
factors (Table 4).

Many of the GO terms enriched in genes associated with
PTRRs found only in placental mammals are related to inhibitors
of proteases. Several genes contribute to this group, including the
serpins and TIMP3 (Table 4). Other terms found with multiple
genes relate to ion transport.

Several genes associated with pTRRs conserved in all mam-
mals (including marsupials), but not birds and fish, have a role in
cell cycle control. One is STAG2, encoding stromal antigen 2,
which plays a role in chromosome dissociation during mitosis
(Hauf et al. 2005). Many pTRRs are found in the first intron,
supported by binding by SP1 and MYC (Fig. 4B); this region is
strongly conserved in mammals including monodelphis but no
further. A homolog to the gene STAG2 is found in all clades
examined, but our analysis suggests that while the basic disso-
ciation process is present in all species, some aspect of its regu-
lation differs between mammals and other vertebrates.

PTRRs in candidate regions for recent selection

The observation that constraint varies broadly within regulatory
elements could be explained by some subset of them being either
under positive selection or degrading because of relaxation of
selection (Keightley et al. 2005). Here, we use human polymor-
phism and interspecies divergence to assess whether an element
or class of elements shows evidence of selection, and to distin-
guish between negative selection (constraint) and positive selec-
tion (adaptation). A significant excess of polymorphism relative
to divergence is consistent with negative selection, and a signifi-
cant excess of divergence relative to polymorphism is consistent
with positive selection, although other factors such as changes in
population size can also explain the results. We applied the Mc-
Donald-Kreitman test (McDonald and Kreitman 1991) in 10-kb
windows across the ENCODE regions (H. Lawson, J. Martin, D.C.
King, B. Giardine, W. Miller, and R.C. Hardison, in prep.), using
the ratio of polymorphisms to divergence in ARs within each
window to estimate the local rate of mutation and fixation of
changes in likely neutral sites (Waterston et al. 2002; Hardison et
al. 2003). The ratio of polymorphism to divergence for all non-
coding, non-AR sites was compared with the ratio for AR sites in
each window. Neutral theory predicts that the two ratios will be

Table 3. Partitioning of putative regulatory regions by phylogenetic clade

Data set Total Primate Placental mammal Mammal Tetrapod Vertebrate
pTRR 1369 43 (0.03) 971 (0.71) 290 (0.21) 57 (0.04) 8 (0.01)
DHS 8099 931 (0.11) 5635 (0.70) 1123 (0.14) 313 (0.04) 97 (0.01)
Specific promoters 158 20 (0.13) 100 (0.63) 26 (0.16) 6 (0.04) 6 (0.04)
Ubiquitous promoters 116 1(0.01) 73 (0.63) 32(0.28) 8 (0.07) 2(0.02)
ARs 23,840 3697 (0.16) 19,857 (0.83) 260 (0.01) 19 (0.00) 4 (0.00)

For each clade, the table lists the number (fraction) of members of a class of predicted functional elements whose most
distant aligning species is in that clade. Three ARs found only in human are not included in this table.
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A. pTRR in primates
receptor LILRA4

Window Position
chr19:

Human May 2004 chr19:59,546,901-59,547,500 (600 bp)
5954700|o 59547100 59547200 59547300 5954740‘0

I
R
|‘IIIIIIIII :

|
flh
|

pTRRs
Affy CEBPe RA [
Affy H4Kac4 RA L

Affy PUT RA |
Affy RARA RA |

Moderate MCSs
-II-IIII-IIIIIIIIIIIIIIIIIIIII-EIIIIIIIIIIIII]II
T N 1 |

|
1
r

chimp
baboon
macaque
galago
rat
mouse
rabbit
cow

dog

ribat
shrew
armadillo
elephant
platypus
chicken
Xxenopus
zebrafish

Figure 4.

B. pTRR in mammals
regulation of cell cycle STAG2
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Examples of clade-specific pTRRs. The panels show views from the UCSC Genome Browser (Thomas et al. 2007), focused on pTRRs found

only in primates (A, close to the LILRA4 gene) or in mammals including marsupials (B, within the STAG2 gene). The tracks from top to bottom show the
pTRRs (black rectangles), the gene if the pTRR is in a gene, the ENCODE transcription-related data (The ENCODE Project Consortium 2007) that led to
the identification of a pTRR, the moderate MCSs (Margulies et al. 2007), and the positions of segments aligned with the indicated comparison species
using TBA (Blanchette et al. 2004). The transcription-related ENCODE data tracks are ChIP—chip data from Affymetrix on occupancy in HL60 cells by
CEBPE, PU.1 (SPIT), and the retinoic acid receptor as well as hyperacetylation of histone H4 (A), and ChIP—chip data from Stanford on occupancy in
HCT116 cells by SP1 and from the University of California at Davis on occupancy in Hela cells by MYC (B). Panel B also shows the scores for regulatory
potential (Taylor et al. 2006) and phastCons (Vertebrate Cons; Siepel et al. 2005).

the same for DNA that is not under selection, and this hypothesis
was evaluated with a x? test. Of the 33 windows in the ENCODE
regions that show the strongest deviations from neutrality, we
found that 16 contained pTRRs. Three of the 16 windows showed
an excess of divergence consistent with positive selection while
13 showed a deficit of divergence consistent with negative selec-
tion. The limited overlap of pTRRs with windows that deviate
from neutrality does not suggest enrichment for pTRRs. In fact,
all regulatory data sets examined showed less overlap than ex-
pected by chance. However, we do not expect that most regula-
tory regions would be implicated in this analysis, because only a
subset of pTRRs is are likely to show recent selection.

One example of pTRRs in a window with a signature for
recent positive selection is near PDLIM4 (Fig. 5). The encoded
protein has PDZ and LIM domains, and it regulates the associa-
tion of actin stress fibers with actinin. Variants in the noncoding
portion of this gene are associated with osteoporosis (Omasu et
al. 2003). The noncoding sequences in a 10-kb window encom-
passing the 5’ flank and first two introns deviate significantly
from neutrality, based on divergence from chimpanzee, and the
low neutrality index suggests positive selection. The pTRRs in the
introns reflect binding of MYC and SP1 as well as chromatin
modifications (FAIRE and DNase HSs, Fig. 5). Another striking
example is the SPAG4 gene, defects in which are associated with
reduced sperm mobility and infertility.

Recent selection supports a novel function
for a primate-specific, distal promoter

Three pTRRs in a window showing a signature of recent purifying
selection provide evidence for the importance of distal transcrip-
tion in the regulation of human beta-globin genes. The pTRRs are

located close to the UBQLN3 gene, about 250 kb from the HBB
gene complex (Fig. 6). They are in a window that deviates sig-
nificantly from neutrality in comparison with chimpanzee (and
rhesus, not shown), with a deficit in divergence consistent with
recent constraint. The pTRRs are close to a promoter for a set of
long transcripts that can extend into the embryonic HBE1 and
fetal HBG2 genes; other spliced products of the transcripts are
noncoding. These transcripts are present in erythroid K562 cells,
as shown by RT-PCR assays (Fig. 6). The major promoters for
production of globin mRNA are proximal to the genes, and the
role of these transcripts that initiate distally is unclear. The pro-
moter is in an endogenous LTR-containing retrovirus that is
found only in primates (humans, apes, and simians), thus pre-
cluding functional tests in mice. The fact that the promoter re-
sides in a window significantly deviating from neutrality is con-
sistent with an important biological role for this activity in
higher primates. If indeed the explanation for the deviation from
neutrality is selection, the excess polymorphism in non-AR sites
suggests that the region is under recent purifying selection, that
is, to maintain a primate-specific function. The resolution of the
test is not sufficient to directly implicate this distal promoter as
the target of selection, but it does provide an intriguing candi-
date.

Although this promoter is distal to the HBB complex along
the linear chromosome, it is close to the locus control region of
the HBB complex in the nucleus of K562 cells, as revealed by
chromosome conformation capture (3C; Dekker et al. 2002). The
interaction frequency measured by 3C (Fig. 6) is determined by
cross-linking DNA to proteins in cells, isolating the cross-linked
DNA, digesting with a restriction enzyme, and ligation under
conditions that favor rejoining ends within a DNA molecule.
DNA segments that are far apart in the linear sequence but close

Genome Research 781
www.genome.org


http://www.genome.org

Downloaded from www.genome.org on June 14, 2007

King et al.

Human May 2004 chr5:131,619,001-131,632,000 (13,000 bp)

estimates that at least 5% of the genome

131620000 131625000
| |
TRRs | | |

| lgoh
-log(p-va 1u§i) oJ
NI

is under constraint between human and
mouse (Waterston et al. 2002; Chiaro-
monte et al. 2003). However, with the
exception of protein coding exons, few

131630000

classes of functional elements are well

PDLIVA s

7X Reg Potential

prastcons | Lo L b b

Promoter avg
UCD E2F1 | o .u.ll..lhl‘.m

L In. AW Lalt fa
o aoi. st

UTMycstFb| o o st i

FAIRE Signal LUl e b sl o I PR .-Jhl l-.k.-“.a PO

CaCo2

Hela ..
- R e | || e | | e | ot

SKnSH
MCS moderate

-‘I-__

i o dll
(IR I | Il

[

predicted by these highly constrained re-
n gions. We find this to be particularly
i true for gene regulatory elements.
Though these regions lack the level
of deep evolutionary constraint required
for MCS annotation, they still exhibit
detectable evidence for constraint. We
find that quantities based on interspe-
cies comparisons can discriminate many
| of these regulatory regions from neutral
Il DNA. Further, correcting for regional

v

Figure 5. Recent positive selection in the PDLIM4 gene. The customized view from the UCSC Ge-
nome Browser covers about 13 kb of ENCODE region ENmMO0O02 centered at gene PDLIM4. It shows the
locations of pTRRs, the P-value for deviation from neutrality for 10-kb windows (H. Lawson, ]. Martin,
D.C. King, B. Giardine, W. Miller, and R.C. Hardison, in prep.), the neutrality index (Rand and Kann
1996; with values >1 implying negative selection and values <1 implying positive selection), positions
of known genes, regulatory potential scores (Taylor et al. 2006), phastCons scores (Siepel et al. 2005),
active promoters (Cooper et al. 2006), occupancy by E2F1 (Bieda et al. 2006), occupancy by c-Myc
(Kim et al. 2005), formaldehyde-assisted isolation of regulatory elements (FAIRE) (Giresi et al. 2007),
DNasel hypersensitive sites measured in CaCo,, HelLa, SKnSH cell lines/phenotypes (Sabo et al. 2006),
and moderate MCSs generated by the ENCODE Multispecies Analysis group (Margulies et al. 2007).

in the nucleus will form novel junctions between restriction frag-
ments. The frequency of detecting novel junctions, as assayed by
PCR, is normalized to the frequency observed when uncross-
linked genomic DNA from this region (in a BAC clone) is ana-
lyzed in the same way. This BAC DNA control adjusts for prefer-
ential ligation between some restriction fragments. The interac-
tion between HS2 of the locus control region and the active
globin genes such as HBG1 gene has been previously docu-
mented (e.g., Carter et al. 2002; Tolhuis et al. 2002; Vakoc et al.
2005; Dostie et al. 2006), and represents a stable interaction be-
tween the HS2 enhancer and a highly transcribed gene. The in-
teraction frequency between the distal promoter and HS2 is
lower but substantially above that of several other DNA frag-
ments closer to HS2. This result is supported by data in a recent
report (Dostie et al. 2006). Thus, the results indicate significant
interactions between the distal promoter and the LCR, along
with the conventional promoters for the globin genes. This prox-
imity, combined with the observations that noncoding tran-
scripts from the distal promoter extend into the globin genes and
that the region containing the distal promoter shows evolution-
ary signals consistent with recent selection, suggest that the dis-
tal promoter could play a role in regulation of globin gene ex-
pression.

Discussion

The ENCODE pilot project (The ENCODE Project Consortium
2007) has produced excellent resources both for defining puta-
tive regulatory elements (through extensive protein binding and
chromatin accessibility data) and for evaluating the extent of
interspecies conservation of these sequences. The Multispecies
Sequence Analysis group of the ENCODE pilot project (Margulies
et al. 2007) focused on identifying the most highly constrained
regions of the human genome and produced a set of MCSs that
cover ~5% of the bases in the ENCODE regions, consistent with

background variation increases this dis-
crimination ability, sometimes substan-
tially. This less stringent view of evolu-
tionary constraint allows the identifica-
tion of a wider range of potentially
important sequences. While every class
of elements may contain some subset
that exhibits deep conservation—such
as the regulatory elements associated
with developmentally important genes
(Woolfe et al. 2005)—deep conservation is the exception rather
than the rule. Not only is 5% only a lower bound for constrained
DNA in eutherian mammals, but it is perhaps a vast underesti-
mate of the amount of functional sequence that can be detected
using the right interspecies comparisons. Relaxing the require-
ment for deep constraint, and instead examining conservation
and constraint at varying distances, reveals more functional ele-
ments.

Different classes of elements may tend to be constrained
over different phylogenetic spans, and even within a class of
elements the depth of constraint may vary. We find this to be the
case for the various types of regulatory elements considered here.
Many elements not identified as MCSs nonetheless show con-
straint within some subset of the mammalian phylogeny. In ad-
dition, we find that elements conserved within different clades
are associated with genes that are significantly and distinctly
enriched for particular functional categories. We stress that these
functional enrichments were obtained by examining only the
genes in the ENCODE regions. As more data become available, a
similar analysis should be done on clade-specific pTRRs in all
genes. This may reveal additional, and possibly stronger, enrich-
ments for functional categories.

Analysis of within-species variation, combined with inter-
species comparison, has the power to detect regions that are sub-
ject to positive selection, as well as regions that have only re-
cently become subject to negative selection (constraint). By com-
bining human polymorphism data with sequences of primates
closely related to humans, we have found putative regulatory
elements of both types. We have identified a primate-specific
distal promoter within a 10-kb region showing evidence for re-
cent selection. The noncoding transcripts from this promoter
extend into the beta-globin gene locus. If indeed the distal pro-
moter is a target of selection within the window, then this de-
viation from neutrality suggests that the promoter and its tran-
scripts are playing an important role. Active genes are associated
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ity, which can have relatively weak re-
quirements in terms of conservation of
individual bases, is likely to be relatively
robust to some types of changes that do
not disrupt function, such as turnover of
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Figure 6.

Recent purifying selection in a distal promoter for a noncoding transcript. The customized
view from the UCSC Genome Browser (top) covers 315 kb of ENCODE region ENmM009 extending from
the HBB gene complex to the distal gene UBQLN3 (chr11:5,185,001-5,500,000 in the May 2004
assembly of the human genome). Many tracks are the same as in Fig. 5. In addition, the figure shows
trimethylation on lysine 4 of histone H3 and DHSs in the cell line K562 (The ENCODE Project Con-

only recently on an evolutionary time
scale. We have used one approach based
on the McDonald-Kreitman test. Much
effort is being devoted to developing
better tools for interpreting these data,
and important progress is expected in
the future.

200 /

.
e ] |

sortium 2007), along with maps of transcripts independently confirmed by RT-PCR in K562 cells in this
study. The graph in the middle, which is aligned with the Browser view, shows the frequencies of

interaction among the Hindlll DNA fragments indicated by the black rectangles above the graph, using

Methods

chromosome conformation capture (Dekker et al. 2002). Data shown are the average of two inde-

pendent experiments, with each measurement normalized to the BAC DNA control (a BAC containing
these segments of human chromosome 11 that is digested and ligated by the same procedure as the
chromosomal DNA in K562 cells). Images of electrophoretic gels are below the graph; they indicate the
abundance of the PCR products for each 3C interaction, both for the BAC control (top row) and the

interactions in K562 cells (bottom row).

with transcription factories, and loci that produce more tran-
scripts tend to spend more time in the factory (Osborne et al.
2004). One interesting possibility, suggested by the proximity of
this promoter to the locus control region, is that transcription
from the distal promoter may be part of the process that keeps
the beta-globin gene locus strongly associated with transcription
factories in erythroid nuclei.

Our analysis of comprehensive functional data in combina-
tion with multiple species alignments over the 1% of the human
genome covered by the ENCODE pilot project has led to several
lessons for practical application. First, it is unlikely that sequence
comparisons alone, in the absence of high-throughput biochemi-
cal data, will identify gene regulatory regions comprehensively.
The continuation of the ENCODE project and other efforts for
genome-wide data on protein occupancy and chromatin modi-
fications will provide much valuable information on gene regu-
latory regions. Second, comparative sequence analysis can help
in interpreting these comprehensive new functional data, but a
variety of approaches should be used. Overlap with MCSs indi-
cates a stringent constraint on function. Quantitative constraint
scores, and less stringent measures like composite alignability,
are useful to capture the range of constraint levels seen in non-
coding functional elements. Indeed, a measure such as alignabil-

Sequence alignments

For phastCons calculations, the mul-
tiple-species alignments of ENCODE re-
gions (including coding exons) gener-
ated using TBA by the ENCODE Mul-
tispecies Sequence Analysis group were used (Blanchette et al.
2004; Margulies et al. 2007). For computing alignability and
maximal phylogenetic extent of analysis, alignments were com-
puted between ENCODE sequences (The ENCODE Project Con-
sortium 2007), in which human sequences were hard-masked for
coding exons. BLASTZ (Schwartz et al. 2003) was run with modi-
fied parameters to increase sensitivity, because one of the major
sources of alignments seeds (coding exons) was masked. In par-
ticular, the threshold for MSPs (K) was set at 1800 and the thresh-
old for gapped alignments (L) was set at 2300. Alignments were
filtered for single coverage with respect to the human sequence.
The software for producing and processing alignments is avail-
able (http://www.bx.psu.edu/miller_lab/).

ENCODE data sets and sequence

Annotations of coding sequence were taken from the ENCODE
Consortium (2007), as were AR regions—these are defined as
older than the common ancestor of human and dog. ENCODE
promoter regions were taken from Cooper et al. (2006), who
identified 921 potential promoters based on full-length cDNA
libraries. Of these they tested all those associated with multiexon
genes (528) and a sample of those associated with single-exon
genes (114) in 16 diverse cell lines using transient transfection
reporter assays, declaring a DNA fragment as functional in a
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given cell line if it showed significant activity relative to negative
controls.

Preparation of pTRRs

A subset of the ChIP-chip identified binding sites produced by
the ENCODE transcriptional regulation consortium (The
ENCODE Project Consortium 2007) was selected emphasizing (1)
high-resolution site identification and (2) sequence-specific
binding not exclusively associated with transcription start sites.
To achieve high resolution only experiments performed on the
NimbleGen or Affymetrix platforms were used. The 5% FDR iden-
tified sites were used; however, the hits identified using the
NimbleGen platform were not post-processed to eliminate mul-
tiple sites within 1 kb. All sites were expanded to a representative
genomic region covering at least 100 bp. In defining this set only
experiments for the following factors were included: SP1, SP3,
E2F1, E2F4, MYC, STAT1, JUN, CEBPE, PU.1 (SPI1), RARecA. All
of these factors bind to DNA with sequence specificity and are
not known to be exclusively associated with 5’ ends of genes.
Thus, the resulting set contains high-resolution binding sites,
which may contain both proximal and distal regulatory ele-
ments. We eliminated all sites overlapping repetitive regions (due
to limitations of array hybridization) or coding exons (though
sequence-specific binding in coding exons is interesting, signals
in these regions are dominated by the constraints of protein cod-
ing function).

To refine this set further we identified subsets supported by
additional experimental evidence suggestive of regulatory func-
tion. For each site we determined whether it was supported by
additional ChIP-chip evidence for certain histone modifications
associated with activation (H3K4me2, H3K4me3, H3K4ac) or fac-
tors associated with general chromatin modification (SMARCC1/2,
P300 [EP300], Brgl [SMARCA4]), as well as DNasel hypersensi-
tivity and nucleosome depletion (Crawford et al. 2006a,b; Sabo et
al. 2006; Giresi et al. 2007). For all analysis here, we required
PTRRs to have at least one such line of support.

These and other data sets used in this paper are available at
http://www.bx.psu.edu/projects/encode_pTRR.

Alignability, background correction, and score comparison

Alignability was computed relative to human coordinates as the
fraction of human bases aligning with another species—any po-
sition covered by a local alignment is considered aligned, regard-
less or whether that position is a match, mismatch, or gap. Some
of the comparison species are not sequenced completely. To help
minimize the effect of unsequenced regions on the alignability
calculation, the positions of the aligned sequence blocks were
compared with the boundaries of the sequence contigs in the
comparison species, and cases of nonaligning segments associ-
ated with ambiguous sequence coverage were discarded from the
analysis (contiguity was determined by the mafAddIRows pro-
gram; B. Raney, pers. comm.). For example, if a nonaligning
block is flanked by aligning blocks that are adjacent in a contigu-
ous sequence, this case is regarded as a valid, nonaligning seg-
ment; however, if a nonaligning block is flanked by ends of sepa-
rate contig sequences, then it is possible that no sequence is
available for the (potential) homolog to the nonaligning block in
the comparison species, and the unaligned segment in human is
ignored. In addition, blocks spanning poor-quality sequence are
also ignored. All other cases were treated as nonaligning blocks
(Supplemental Figure 1). Clade assignments resulted from the
deepest species with a positive alignability score per region. The
species that defined each clade are as follows: vertebrates: zebra
fish, Fugu, or tetraodon; tetrapods: Xenopus or chicken; mam-

mals: platypus or monodelphis; placental mammals: armadillo,
cow, dog, elephant, hedgehog, mouse, rabbit, rat, rfbat, shrew, or
tenrec; primates: chimp, baboon, macaque, marmoset, or galago.
Composite alignability was computed as the average of the pair-
wise alignabilities, weighted by branch length to human.

Correction for constraint scores and alignability (background
correction) was performed by normalizing the score computed for
an interval based on the score computed for the ENCODE that
contains it. In the case of constraint scores, where each interval
score is actually an average over positions, we divide the interval
average by the region average. For pairwise alignability, the total
alignability of the ENCODE region is used in the denominator.
Background corrected composite alignability was computed as
the average of the background corrected pairwise alignabilities
was taken, weighted as described above.

Score comparisons and ROC results were performed by cali-
brating sensitivity and specificity of feature scores versus neutral
interval scores. ARs were used to represent neutral intervals. For
increased stringency a small number of ARs overlapping MCSs
were excluded from this set. Here, we defined sensitivity as the
fraction of the feature data set scoring greater than or equal to
any given threshold. To evaluate specificity, we defined the frac-
tion of the neutral data set scoring less than any given threshold
as the specificity at that threshold. To summarize performance
results, a threshold was chosen to equalize the sensitivity and
specificity.

GO enrichments

Each pTRR was associated with its inferred target gene from the
known genes defined by the UCSC Genome Browser Database
(Hinrichs et al. 2006), which was then used to extract the asso-
ciated gene ontology terms. Enrichment of GO terms associated
with elements conserved in a given clade was evaluated under a
hypergeometric distribution, using all pTRR elements as the
population. Hypergeometric P-values were then corrected for
multiple testing using the method of Storey and Tibshirani
(2003), except that rather than implementing the correction
with a postulated null distribution for P-values (), a simulation
using 1000 random samples was used. The resulting “g-values”
measure significance in terms of false discovery rate. For ex-
ample, declaring terms positive if their g-value is =0.05 has an
FDR of 5%. Within each clade, distinctly significant terms were
defined as those significant in that clade and not in any other
clade.

Chromosome conformation capture (3C)

The 3C assay (Dekker et al. 2002) was performed essentially as
described by Vakoc et al. (2005). K562 cells were treated with
formaldehyde to cross-link proteins to DNA. The cross-linked
chromatin was isolated, digested with the restriction endonucle-
ase Hindlll, and ligated. Novel ligation junctions, indicative of
proximity in chromatin in the cell, were detected by PCR, using
one primer at the reference locus (HS2 of the HBB locus control
region) and second primers near the termini of the fragments
indicated in Figure 6. The relative proximity was determined by
comparing the results from cellular DNA with control BACs in
vitro. The BACs (RP11-910p5 and RP11-680G13) encompass the
region of chromosome 11 interrogated in the experiment. The
BAC DNA was digested with HindIII and ligated to form a tem-
plate for PCR that reflects the ligation frequency of the HindIII
fragments in free solution. Comparison of the PCR results detect-
ing novel junctions between the cross-linked cells and the DNA
in solution gives an enrichment in ligation efficiency that reflects
proximity in the nucleus. Band intensities of the PCR product
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were quantified with Image] software. The primers used were:
HS2: GTTTGCTTAGAAGGTTACAGAACCAGAAGG; HBE: CCAT
TGTATCTGTCCCCTTGAATCATCATCC; HBG1: AAGCCTGCA
CCTCAGGGGTGAATTCTTTG; 67 kb: CATGGTTCAGAGAA
AAATCCATAACAACATCAAG; 60 kb: GTTCCTTCTCAACATCT
GTGAAGAGAAGCA; 93 kb: TTTCAGTTTTATCTGTCAAGAGCA
AAATTTGAG; 110 kb: GATTTTCGCTCACTACCAGGCCTTGGG
ATG; 229 kb: TGCAAACAAGGATCTAGTCTGAGATCCCAAG;
231 kb: TCTTCATGCATCATGAAATAATCTTGGAGCCAG.
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