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Techniques of comparative genomics are being used to identify candidate functional DNA sequences, and objective
evaluations are needed to assess their effectiveness. Different analytical methods score distinctive features of
whole-genome alignments among human, mouse, and rat to predict functional regions. We evaluated three of these
methods for their ability to identify the positions of known regulatory regions in the well-studied HBB gene complex.
Two methods, multispecies conserved sequences and phastCons, quantify levels of conservation to estimate a
likelihood that aligned DNA sequences are under purifying selection. A third function, regulatory potential (RP),
measures the similarity of patterns in the alignments to those in known regulatory regions. The methods can
correctly identify 50%-60% of noncoding positions in the HBB gene complex as regulatory or nonregulatory, with
RP performing better than do other methods. When evaluated by the ability to discriminate genomic intervals, RP
reaches a sensitivity of 0.78 and a true discovery rate of ~0.6. The performance is better on other reference sets;
both phastCons and RP scores can capture almost all regulatory elements in those sets along with ~7% of the human

genome.

A major aim of genomics is to identify the functional segments of
DNA (Collins et al. 2003; The ENCODE Project Consortium
2004), and comparative methods play a critical role in achieving
this goal (Miller et al. 2004). Inclusion of comparative data has
improved the accuracy of bioinformatic methods for predicting
exons and gene structures (Brent and Guigé 2004), but full an-
notation of genes has not yet been achieved for complex ge-
nomes (Lander et al. 2001; Waterston et al. 2002; Gibbs et al.
2004; International Human Genome Sequencing Consortium
2004).

DNA segments needed to control the level, developmental
timing, and spatial pattern of gene expression, termed cis-
regulatory modules (CRMs), are even more difficult to identify
accurately. Few constraints analogous to the rules of the genetic
code, used for coding exons, can be universally applied to CRMs
(Wasserman and Sandelin 2004), and thus bioinformatic predic-
tions of CRMs commonly use one or more sources of information
in addition to the DNA sequence. These can include the pre-
sumptive start site for transcription (Trinklein et al. 2003),
matches to transcription factor binding sites (Wingender et al.
2001; Sandelin et al. 2004a), overrepresentation of motifs in co-
expressed genes (Spellman et al. 1998), and noncoding sequence
conservation (for review, see Pennacchio and Rubin 2001; Coo-
per and Sidow 2003; Frazer et al. 2003; Hardison 2003). However,
CRMs are difficult to distinguish from neutral DNA in mamma-
lian genomes by relatively simple human-mouse conservation
scores (Waterston et al. 2002; Elnitski et al. 2003).
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Interspecies comparisons can be used to infer function if
aligned sequences are scored for the likelihood that they are un-
der evolutionary constraint (purifying selection), which is often
measured by an evolutionary rate slower than that observed in
neutral DNA (Waterston et al. 2002; Cooper et al. 2004). Hidden
Markov models and phylogenetic information have been used to
estimate rates of evolution (Felsenstein and Churchill 1996) and
to improve predictions of functional elements such as genes
(Pedersen and Hein 2003; McAuliffe et al. 2004). Phylogenetic
hidden Markov models (Siepel and Haussler 2003) have been
applied to multiple sequence alignments to estimate a likelihood
that a particular sequence is among the most highly conserved in
a genome. A recent implementation of these models computes a
score called phastCons (Siepel et al. 2005), which allows for rate
variation in different lineages and assumes that adjacent bases
score similarly. An earlier method finds multispecies conserved
sequences (MCSs) (Margulies et al. 2003) as blocks of highly con-
strained aligned sequences. This algorithm weights the score by
phylogenetic distance and adjusts estimates of significance by a
neutral substitution rate.

In addition, aligned sequences can be analyzed for features
other than degree of constraint in order to discriminate between
alignments in distinct functional classes. Elnitski et al. (2003)
introduced a regulatory potential (RP) score that evaluates the
extent to which patterns in an alignment (strings of alignment
columns) are more similar to patterns found in alignments of
known regulatory elements than in alignments of ancestral re-
peats, which are a model for neutral DNA. This approach has
been adapted to three-way alignments among human, mouse,
and rat sequences (Kolbe et al. 2004). Alignments with positive
scores have patterns similar to those found in the regulatory re-
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gion training set, whereas those with negative scores have pat-
terns more similar to those in aligned ancestral repeats. Although
this method examines patterns in alignments, it does not use
information about known factor binding sites.

In this article, we derive a set of all the known regulatory
elements in the intensively studied p-globin gene complex of
mammals (HBB gene complex) and use it as a reference set to
evaluate the sensitivity (Sn) and specificity (Sp) of the constraint-
based alignment scores (phastCons and MCSs) and the pattern-
matching RP score. This calibration of the scores allows their
effectiveness to be evaluated genome-wide, using alignments of
the human, mouse, and rat genomes.

Results

Reference set of known regulatory elements
from the HBB complex

DNA sequences needed to regulate the set of developmentally
controlled, erythroid-specific genes encoding B-globin and its
relatives have been studied intensively, and in this gene com-
plex, the fraction of human sequences aligning with mouse and
rat (35%) is very close to the genome average (Gibbs et al. 2004).
Thus, regulatory elements in this gene complex comprise a good
(but not perfect) data set with which to assess false-positive and
false-negative rates for bioinformatic predictions of CRMs. This
cluster of genes at human chromosome 11p15.5, referred to here
as the HBB complex, includes the embryonically expressed HBE1,
the fetally expressed HBG1 and HBG2, and HBD and HBB, which
are expressed in adult life, along with a pseudogene HBBPI. A
reference set of all known CRMs was assembled from the litera-
ture describing this gene complex, including promoters for the
genes, upstream sequences (adjacent to the promoter) implicated
in regulation, and five DNase hypersensitive sites in the distal
strong enhancer called the locus control region (for review, see
Hardison et al. 1997; Forget 2001; Hardison 2001; Li et al. 2002).
The reference set includes 23 CRMs (Table 1).

One limitation to using interspecies conservation to predict
CRMs is that some bona fide regulatory elements do not align
between the species being examined. Of the 23 CRMs in the
human HBB complex, 20 are conserved in mouse, 19 are con-
served in rat, and only four are conserved in chicken (Table 1),
based on BLASTZ pairwise alignments (Schwartz et al. 2003b).
Fortunately, a substantial majority (19 of 23) is conserved among
human, mouse, and rat, and 18 are in the genome-wide multiple
alignments considered here (see Methods). The four CRMs con-
served between human and chicken are in the promoters of the
genes (Table 1); none of the upstream or distal CRMs, including
enhancers, align at the stringencies used for the whole-genome
human-chicken alignments (Hillier et al. 2004). It is possible that
more sensitive alignment methods will discover more distantly
related sequences in future studies.

It is important to realize that knowledge of CRMs is still
incomplete, even in a rigorously studied region such as the HBB
complex. DNA intervals identified by comparative genomics
methods but not in our reference set are considered false posi-
tives (FPs), but in reality, they could be regulatory elements not
yet tested for function.

Calibration of discriminatory thresholds

Since the conservation and RP scores are computed on human-
mouse-rat three-way alignments, there is an associated score for

the 18 CRMs that are in the alignments (green peaks in Fig. 1).
Thus at a sufficiently low score, each of the methods can find all
the conserved CRMs. The challenge is to distinguish these from
other sequences. Some of the known CRMs, such as the HBB
promoter and HS2 and HS3 of the LCR, score higher than do the
adjacent noncoding DNA segments for MCS, phastCons, and RP
(Fig. 1). In contrast, scores for other CRMs are similar to scores
obtained in most of the aligning DNA, and some, such as the HBB
enhancer, have negative RP scores, indicating a greater similarity
to patterns in alignments of neutral DNA. Exons give high scores
with all three methods (gray peaks in Fig. 1), and thus the loca-
tions of exons were masked and not considered in the perfor-
mance evaluation for detection of regulatory regions. In general,
the positive RP scores seem to distinguish many CRMs from
other noncoding DNA (Fig. 1). To examine this quantitatively,
each position in the noncoding DNA in the human HBB gene
complex that aligns in all three species was designated as either
within a regulatory region or not. The distribution of scores for
all three functions shows considerable overlap between the regu-
latory (positive) and nonregulatory (negative) positions (Fig. 2,
left panel), showing that discrimination of these two sets is chal-
lenging. The distribution of RP scores presents two peaks, one of
which is higher than the distribution of RP scores in nonregula-
tory regions, indicating that in that score interval RP may pro-
vide good discrimination.

Our goal is to find the threshold for each score that opti-
mizes the ability to find the CRMs (high Sn) while minimizing
the amount of other DNA that also passes the threshold (high Sp;
see Methods). As expected, Sn decreases and Sp increases with
increasing score thresholds for each method (Fig. 2, center
panel). Optimal performance occurs at the crossover point be-
tween the Sn and Sp curves. The Sn for RP at this point is higher
than that for phastCons or MCS (Table 2), but it is only ~60%.
The superior ability of RP scores to discriminate known regula-
tory elements from other aligning sequences is illustrated in the
receiver-operator characteristic (ROC) curves (Fig. 2, right panel).
Good discriminatory functions show a pronounced upward de-
viation from the diagonal (which is the line for “noise” or a
random signal) in these curves, indicating both high Sn and high
Sp. None of the three functions is an ideal discriminator, but RP
scores show the greatest upward deflection, indicating better dis-
crimination.

In this binary discrimination analysis, the optimal threshold
for RP scores is —0.006 (Table 2). The fact that it is a negative
number is initially surprising, because negative values mean that
the patterns of the alignments are more like those in the negative
training set (aligned ancestral repeats) than those in the known
regulatory elements. However, it is important to realize that in
this binary discrimination analysis, the methods are evaluated by
how much of all the regulatory regions are found.

Another important feature to evaluate is whether any part of
a regulatory element passes a given threshold. Thus, we con-
ducted a second analysis, in which the regulatory regions are
considered as intervals (not individual positions) and the rel-
evant score is the maximum within the interval. The intervals
containing nonregulatory regions are continuous runs of posi-
tions whose RP scores meet or exceed the threshold; thus their
size and number varies with the threshold. They also were evalu-
ated by the maximum score within the interval. We computed
the fraction of regulatory region intervals that exceed a threshold
score, called the interval Sn, or Sn;,,, and the fraction of intervals
exceeding a threshold that are regulatory regions, called the “true
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Scores to find cis-regulatory modules

Table 1. Experimentally determined cis-regulatory modules in the HBB gene cluster.

Chr11 Chr11 Function in Conserved Conserved Conserved

Start Stop CRM name regulation in mouse® in rat® in chicken® References

5276843 5277003 HS5 LCR, enhancer blocker Yes Yes No (Dhar et al. 1990; Yu et al. 1994;
Bender et al. 1998; Li et al.
2002; Tanimoto et al. 2003; Wai
et al. 2003)

5273728 5274016 HS4 LCR, modulate enhancer Yes Yes No (Pruzina et al. 1991; Fraser et al.
1993; Stamatoyannopoulos et al.
1995; Molete et al. 2001)

5271123 5271701 HS3.2 LCR, modulate enhancer Yes Yes No (Slightom et al. 1997; Molete et al.
2002)

5270665 5270727  HS3.1 LCR Yes Yes No (Philipsen et al. 1990; Shelton et al.
1997)

5270191 5270478 HS3 LCR, modulate enhancer Yes Yes No (Fraser et al. 1990, 1993; Philipsen
et al. 1990, 1993; Jackson et al.
1996)

5266399 5266483 HS2_neg LCR, negative Yes Yes No (Cavallesco and Tuan 1997; Elnitski
et al. 2001)

5266104 5266398 HS2_pos LCR, enhancer Yes Yes No (Ryan et al. 1989; Tuan et al. 1989;
Fraser et al. 1990, 1993; Talbot
et al. 1990)

5261203 5261826 HS1 LCR Yes Yes No (Tuan et al. 1985; Forrester et al.
1986; Fraser et al. 1990, 1993)

5258391 5258617 HBE1_NRA Negative No No No (Li et al. 1998)

5258291 5258390 HBE1_PRA Positive Yes No No (Li et al. 1998)

5257195 5257237  HBE1_NRB Negative Yes Yes No (Li et al. 1998)

5256999 5257195 HBE1_PRB Positive Yes Yes No (Li et al. 1998)

5255653 5255919  HBET_up Negative Yes Yes No (Cao et al. 1989; Trepicchio et al.
1993; Watt et al. 1993)

5255484 5255652  HBE1_prom Promoter Yes Yes Yes (Allan et al. 1983; Gong et al.
1991; Yu et al. 1991)

5240524 5241054 HBG2_up Positive, negative Yes Yes No (Perez-Stable and Costantini 1990;
Stamatoyannopoulos et al. 1993)

5240320 5240523 HBG2_prom  Promoter Yes Yes Yes (Gimble et al. 1988; McDonagh et
al. 1991; Stamatoyannopoulos et
al. 1993)

5235600 5236122 HBG1_up Positive, negative Yes Yes No (Perez-Stable and Costantini 1990;
Stamatoyannopoulos et al. 1993)

5235395 5235599 HBG1_prom  Promoter Yes Yes Yes (Gimble et al. 1988; McDonagh et
al. 1991; Stamatoyannopoulos et
al. 1993)

5232674 5233423 HBG1_3’enh  Enhancer No No No (Bodine and Ley 1987; Lloyd et al.
1994)

5220022 5220469 HBD_prom Promoter Yes Yes No (Tang et al. 1997)

5212610 5212865 HBB-prom Promoter Yes Yes Yes (Chao et al. 1983; Wright et al.
1984; Myers et al. 1986;
Antoniou et al. 1988; Cowie and
Myers 1988)

5210185 5210449 HBB_3’enh Enhancer Yes Yes No (Behringer et al. 1987; Trudel and
Costantini 1987; Antoniou et al.
1988)

5190322 5190802  3'HS1 Enhancer blocker NoP NoP No (Fleenor and Kaufman 1993; Farrell

et al. 2002; Bulger et al. 2003)

Coordinates are for hg16 (July 2003 freeze) of the human genome.

2Conserved in mouse, rat, or chicken means that this segment of human chromosome 11 aligns in a level 1 or level 2 chain in the nets of BLASTZ
alignments with human sequences (Kent et al. 2003; Schwartz et al. 2003), which is an indication of aligning to an orthologous region. Alignments to
nonorthologous regions are not included.

PAbout 30 bp aligns with a nonorthologous region of mouse chromosome 7.

discovery rate.” With this approach, an RP threshold of zero the training of the RP model excluding the CRMs from the HBB

achieves a Sn;,,, of 0.78 and a true discovery rate of ~0.6 (Table 2). gene complex. The threshold, Sn, and Sp of RP scores generated
Thus an RP of zero is a useful operational threshold for the hu- in this way are similar to the ones generated by including the
man-mouse-rat RP scores. The interval-based evaluation did not CRMs from the HBB gene complex (Table 2).

reveal an improved performance for MCS and phastCons (Table 2).

The RP scores were trained on a set of 93 known regulatory
regions, which included four of the CRMs in the reference set
from the HBB gene complex, namely, HS2 of the LCR and pro-
moters for the HBE1, HBG2, and HBB genes. To remove bias in- The HBB complex provides a continuous region of intensively
troduced by this overlap in training and testing sets, we repeated tested regulatory regions for evaluation, but it is important to

Genome-wide evaluation of alignment scores
for regulatory elements
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