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Abstract

Conserved noncoding elements (CNEs) in vertebrate genomes often act as developmental enhancers, but a critical issue is
how well orthologous CNE sequences retain the same activity in their respective species, a characteristic important for
generalization of model organism studies. To quantify how well CNE enhancer activity has been preserved, we compared
the anatomy-specific activities of 41 zebra fish CNEs in zebra fish embryos with the activities of orthologous human CNEs
in mouse embryos. We found that 13/41 (~30%) of the orthologous CNE pairs exhibit conserved positive activity in zebra
fish and mouse. Conserved positive activity is only weakly associated with either sequence conservation or the absence of
bases undergoing accelerated evolution. A stronger effect is that disparate activity is associated with transcription factor
binding site divergence. To distinguish the contributions of cis- versus trans-regulatory changes, we analyzed 13 CNEs in
a three-way experimental comparison: human CNE tested in zebra fish, human CNE tested in mouse, and orthologous
zebra fish CNE tested in zebra fish. Both cis- and trans-changes affect a significant fraction of CNEs, although human and
zebra fish sequences exhibit disparate activity in zebra fish (indicating cis regulatory changes) twice as often as human
sequences show disparate activity when tested in mouse and zebra fish (indicating trans regulatory changes). In all four
cases where the zebra fish and human CNE display a similar expression pattern in zebra fish, the human CNE also displays
a similar expression pattern in mouse. This suggests that the endogenous enhancer activity of ~30% of human CNEs can
be determined from experiments in zebra fish alone, and to identify these CNEs, both the zebra fish and the human
sequences should be tested.
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of this view is that it ignores species-specific changes in en-
hancer function. The extent to which enhancer functions
are conserved across species is not well characterized.
Although a number of conserved noncoding sequences
have been assayed within one host organism, the lineage-
specific behaviors are less clear. Lineage-specific evolution
in either the enhancer sequence itself (cis) or elsewhere
in the host genome or cellular environment (trans) could
affect the function of each enhancer. For example, both

Introduction

Enhancer elements are a crucial component of the func-
tional repertoire of vertebrate genomes (Woolfe et al
2005; Pennacchio et al. 2006; Kikuta, Laplante et al. 2007;
Visel, Bristow, et al. 2007; Visel, Minovitsky, et al. 2007;
Woolfe et al. 2007; Antonellis et al. 2008; Engstrom et al.
2008; Kleinjan et al. 2008; Navratilova et al. 2009). Under-
standing of their biological importance has arisen from two
intersecting approaches. The first is through genetic char-

acterization of well-known developmental genes and the
enhancers that control their expression (Antonellis et al.
2008; Kleinjan et al. 2008; Navratilova et al. 2009). The
second is by identification of large numbers of highly
conserved intergenic sequences (Bejerano et al. 2004;
Ovcharenko et al. 2004; Visel, Minovitsky, et al. 2007;
Engstrom et al. 2008; Persampieri et al. 2008; Stephen,
Pheasant et al. 2008; Wang et al. 2008), large fractions of
which can act as transcriptional enhancers in vertebrate ge-
nomes (Woolfe et al. 2005; Pennacchio et al. 2006; Visel et al.
2009). Together, these approaches have shown that many
enhancer sequences are constrained by common func-
tional pressures across species. However, a key shortcoming

lineage-specific cis- and trans-effects are well known to cause
differences in gene expression in closely related fly species
(Wittkopp et al. 2004). These facts suggest that enhancers
could have considerable lineage-specific activity too. As
a comparison, orthologous genes can have strong sequence
conservation across species even if their functions differ
(Chan et al. 2009), and this may be true for enhancers as well.

Changes in cis-regulation associated with conserved
noncoding elements (CNEs) have been investigated in
a number of works (de la Calle-Mustienes et al. 2005;
McEwen et al. 2009; Navratilova et al. 2010) because they
require experiments in only one host organism but there
are less data on the behaviors of CNEs in different hosts.
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A recent example of a two-host study is the work of
Navratilova et al. (2009), who described five pairs of zebra
fish—-human CNE sequences near the SOX3 and PAX6 loci,
each with homologous anatomical activity in zebra fish and
mouse hosts, respectively. Strahle and Rastegar (2008)
compared the functional behavior of six pairs of CNE se-
quences from zebra fish and mouse around the ngni
and shh loci, finding that the activities of at least four differ
in their native hosts. de la Calle-Mustienes et al. (2005)
tested seven CNEs near the IRX locus in zebra fish and xen-
opus embryos, finding four cases of similar activity and
three of disparate activity. Other works have also measured
CNE activities in two hosts, for two to three CNEs at a time
(Antonellis et al. 2008; Jarinova et al. 2008; Kleinjan et al.
2008). One concern is that the prior CNEs may not be rep-
resentative, given their focus on individual loci. However,
there now exist large data sets describing the activity of
human CNE sequences within mouse (Pennacchio et al.
2006) as well as zebra fish sequences in zebra fish (ZZ)
(Li et al. 2009), allowing a broader approach.

Here, we present a study of the functional evolution of
orthologous CNE enhancers in distinct hosts. We consider
data from 875 human CNEs whose enhancer activity has
been tested in mouse and from 151 zebra fish CNEs, many
of which are new, that have been tested by our laboratory
in zebra fish. By identifying orthologous matches among
these data sets, we were able to compare the enhancer ac-
tivity of 41 ZZ host with the activities of their orthologous
human sequences in a mouse (HM) host. Our results allow
us to estimate the rate at which orthologous CNEs have
conserved enhancer activity across species. This is of quan-
titative importance for determining the functions of
human enhancer sequences because many thousands re-
main uncharacterized, and fish are a promising system
for investigating their activity. This is because fish can
be grown more quickly than mice, and fish experimental
CNE techniques have shown notable recent advances
(Bessa et al. 2009; Gehrig et al. 2009).

We analyze these 41 CNE sequences to determine how se-
quence conservation, lineage-specific accelerated sequence
evolution, and divergence in transcription factor binding site
motifs correlate with the preservation of activity across spe-
cies. We also perform measurements of the enhancer activity
of 13 human CNEs in zebra fish. For these 13 CNEs, we have
atrio of corresponding experiments—ZZ, human sequence in
zebra fish (HZ), and HM—allowing us to distinguish the rel-
ative importance of cis- and trans-regulatory effects.

Our results support the greater importance of cis-effects
over trans-effects but indicate that both have played a sig-
nificant role in enhancer evolution. Our studies also suggest
that to characterize and identify those human sequences
(~30%) whose activity in zebra fish is the same as their
activity in a mammalian host, both the zebra fish and
the human sequences should be tested in zebra fish. Details
on all CNEs are available in the supplementary data file,
and we have built a Web site to make images of CNE
activity publicly available (zebrafishcne.org).

Materials and Methods

Zebra Fish Experimental Data Set

Zebra fish sequences were chosen for verification based on
>60% sequence identity in pairwise alignments between
zebra fish and human and then measured for enhancer ac-
tivity, as has been described elsewhere (Li et al. 2009). Note
that to make the sequence conservation analysis parallel
with the multispecies phyloP analysis, sequence identity
values used for the sequence conservation analysis were
based on the 44-species multiple alignments, which is
why some CNEs have reported sequence identities
<60%. Enhancer activity was measured in zebra fish using
a minimal promoter/green fluorescent protein reporter
system. Constructs of putative enhancer sequences located
directly adjacent to the EB1 minimal promoter and GFP
were integrated transgenically into the genome of zebra
fish embryos using a Tol2 transposon system (Li et al.
2009). Robustness of enhancer activity was ascertained
by performing injections in multiple embryos per CNE
(n = 35 = 12 among the 41 CNEs with mutual best hits),
with most embryos (72 = 20%) expressing in the assigned
expression pattern. Sample images of replicates are shown
in supplementary figure 1. Negative controls were also
measured using GFP and a minimal promoter without
a CNE. For the HZ experiments, the human sequence
tested was the sequence listed for each element in the En-
hancer database. Data on the activity of each CNE, includ-
ing anatomical specificity and robustness, genomic
location, predicted target genes, and so forth, are available
in the downloadable supplementary data file. Images for
each CNE are available at zebrafishcne.org.

Identification of Orthologous Enhancers

An initial set of 151 zebra fish CNE sequences whose en-
hancer activity was measured in zebra fish (from Li et al.
2009, as well as newly tested sequences) was Blasted versus
875 human sequences from the enhancer.lbl.gov database
(Pennacchio et al. 2006) and three additional sequences
tested by the Pennacchio laboratory. This yielded a data
set of 41 mutual best hits (e-value cutoff of 0.05) that also
aligned to 44-way University of California—Santa Cruz
(UCSC) alignments, which were used for further analysis.
The enhancer.lbl.gov database contains experiments of
human sequences tested for enhancer activity in develop-
ing mouse embryos. Among these 41 matches, the length
of human CNEs tested was ~3.6 times longer than the ze-
bra fish sequences (human: avg 1,573 bp, min 703 bp, max
2,200 bp; zebra fish: avg 432 bp, min 185 bp, max 790 bp).

Zebra Fish and Mouse Enhancer Activity
Comparisons

Sequences tested in the zebra fish GFP enhancer assay were
annotated with up to four expression anatomies at 24 h
and up to four anatomies at 48 h. Both time points were
used for comparison. For the LBL mouse enhancer assays
(Pennacchio et al. 2006), up to five anatomy labels were
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assigned (single time point, 11.5 days). Sequences with
more than four different expression tags were labeled as
nonspecific. We manually compared the anatomical ex-
pression patterns of mutual best hit sequences in the zebra
fish and mouse assays. At zebrafishcne.org, the zebra fish
CNE image data can be accessed in conjunction with or-
thologous mouse data.

Analysis of Target Genes of CNEs

Akalin et al. (2009) predicted the gene targets of CNEs
based on occurrence in genomic regulatory blocks
(GRBs) having conserved synteny across vertebrate spe-
cies (Akalin et al additional data file 1). We have listed
the predicted gene target(s) for each CNE in the supple-
mentary data file. In addition, the supplementary data
file lists the flanking genes within 500 kb for each
CNE along the human, zebra fish, and mouse genomes.
Establishing correspondence between target gene ex-
pression and CNE enhancer activity depends on the
availability of time-matched gene expression data, qual-
ity of the target gene prediction, and interpretation of
the available gene expression images. We manually in-
spected the gene expression patterns for all predicted
target genes for the 37 CNEs overlapping the Akalin
et al. data. Zebra fish gene expression patterns were
viewed using images curated by the ZFIN database
(Sprague et al. 2006) at the 24-h time point. Annotations
of the expression patterns of target genes are given in the
supplementary data file, and notable cases of correspon-
dence between CNE activity and target gene expression
are given in supplementary figure 2.

Paralogous Zebra Fish CNEs

Paralogous CNEs were identified by Blasting zebra fish CNEs
from the cneViewer database, a database of zebra fish
sequences strongly conserved in the human genome
(Persampieri et al. 2008) versus one another. All paralogous
CNEs had a Blast e-value of 1e~ ' or better with their paired
sequence, although none of the four pairs were exactly
identical. Each pair of CNEs was manually inspected along
the zebra fish genome to rule out misassemblies. The pairs
analyzed correspond to CNEs (6.03, 6.04), (6.05, 6.06), (6.07,
6.08), and (6.09, 6.10) in the experiment compendium at
zebrafishcne.org.

Transcription Factor Binding Site Divergence

Binding sites were predicted on both strands of the human
and zebra fish sequences using position-specific weight ma-
trices derived from motifs of the 11 JASPAR FAM transcrip-
tion factor families (Sandelin and Wasserman 2004;
Wasserman and Sandelin 2004) using pseudocounts. For
each family, significant binding affinity was determined us-
ing the cutoff balancing type 1 and type 2 error (Rahmann
et al. 2003). Summing over strands, the combined number
of predicted binding sites on both strands was determined
separately for human (n,,) and zebra fish (n,). For each se-
quence and family, these values were transformed into the
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fraction of diverged binding sites (fyivergence) by dividing the
absolute value of the difference of counts in human versus
zebra fish by the sum of the counts:

fdivergence = |nh - nz|/(nh + I’lz).

Sequence Conservation Analyses

We aligned 49 mutual best hits between human and zebra
fish according to their Hg18 coordinates with the 44-way
vertebrate alignments downloaded from the UCSC
Browser. As the human coordinates are often larger than
the zebra fish conserved sequences tested in experimental
assays, we trimmed the overhanging human sequence and
kept regions where zebra fish is aligned, although gapped,
in the 44-way alignment. We discarded other zebra fish un-
aligned sequences. Doing this, we retained 41 enhancers
from the 49 mutual best hits to the enhancer database.
To get zebra fish-human percent sequence identity values
for these sequences, we selected the zebra fish (danRer5)
and human (Hg18) sequences from the 44-way MAF align-
ments in Galaxy and used the Emboss tool Needle to mea-
sure percent sequence identity in a global sequence
alignment. Using this procedure, the average pairwise per-
cent identity of the set of 41 enhancers was 65% (min
28.9%, max 84.5%, med 66.8%).

To quantify accelerated evolution, we defined an accel-
eration measure for each enhancer as the fraction of bases
with a negative phyloP score in the mammalian (or other)
lineage. PhyloP scores are —log base 10 P values from a likeli-
hood ratio test for accelerated substitution rate (vs. the
neutral rate estimated from 4-fold degenerate sites) at each
base position in an alignment (Pollard et al. 2009).

Statistical Analysis

Receiver operating characteristic (ROC) curves were gener-
ated using ROC area under the curve (AUC) from the ca-
Tools package in R (R Development Core Team 2005), and
statistical tests were generated using prop.test, wilcox.test,
or t.test in R. For all ROC analyses, classes Il and Il (dispa-
rate positive and conserved positive, respectively) were
compared. For percentage of accelerated bases (PAB)
and pairwise percent identity, a stepwise increment of
the minimum and maximum PAB or percent identity score
for combined classes Il and lll was used as the classification
threshold. For transcription factor binding site divergence
(TFBD), for each sequence, the fraction of diverged tran-
scription factor binding sites (fgivergences S€€ above) was av-
eraged over families and used as the classification score.

Results

Comparison of Orthologous Fish and Mammalian
Enhancers

We first compared the enhancer activity of ZZ embryos
with the activity of orthologous HM embryos. Zebra fish
sequences were chosen from zebra fish intergenic regions
based on high sequence conservation with the human
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Class Name Description

I: Single- Non-conserved due to
species activity expression in only one host
II: Disparate
positive
activity

Positive expression in both
hosts but in different
anatomies.

11I: Conserved  Positive expression in both

positive hosts and with consistent
activity anatomies.

IV: Conserved No expression in either
negative host

activity

Conserved
Negative, o )
9.7% (4/41) i Single-
(10'1150) Species,
36.6% (15/41)
Conserved
Positive, Mouse Only,
31.7% (13/41) 12.2% (5/15)
Disparate

Positive, 22%
(9/41)

Fic. 1. Orthologous enhancer anatomical activity classes. Forty-one pairs of experiments comparing a zebra fish sequence tested in zebra fish
with a human sequence tested in mouse. Each of the four classes contains a significant fraction of the data. I: single-species activity, Il: disparate
positive activity, Ill: conserved positive activity, and 1V: conserved negative activity.

genome, a criterion that makes them strong candidates for
enhancer activity (typically >60% identity; see Methods
and Li et al. 2009). We then identified orthologous human
sequences by comparing 151 zebra fish CNE sequences
whose enhancer activity had been assayed to 875 human
sequences in the Enhancer database (Pennacchio et al.
2006; Visel, Bristow, et al. 2007). We identified 41 zebra fish
mutual best Blast hits to orthologous enhancer sequences
in the human genome. Zebra fish sequences were tested for
enhancer activity in a Tol2 transposon GFP assay as de-
scribed in Li et al. (2009), whereas human sequences
had been assayed for enhancer activity in mouse embryos
as described in Visel, Minovitsky, et al. (2007).

A minority of the enhancer pairs showed conserved an-
atomical activity (13/41, 31.7%). We classified the experi-
ments into four classes that each contained substantial
fractions of the data: 1) activity in only one host
(36.6%), 2) positive expression in both hosts but different
anatomies (22.0%), 3) positive and anatomically similar ex-
pression in both hosts (31.7%), and 4) no expression in ei-
ther host (9.7%), as shown in figure 1. For those enhancer
pairs driving gene expression in both hosts (categories Il
and Ill), the sequences exhibit conserved activity in
13 of 22 cases (59.1%). An example of conserved positive
activity (class Ill) is shown in figure 2A in which the fish and
mammalian experiments both display expression in the
anterior brain. An example of disparate positive activity
(class 1I) is shown in figure 2B in which the zebra fish
sequence has weak activity in zebra fish forebrain, whereas
the human sequence has activity in mouse midbrain and
spinal cord.

The gene targets of CNE enhancers are generally not
known, although Akalin et al. (2009) computationally pre-
dicted the targets of CNEs in GRBs based on conserved
synteny across vertebrate species. Thirty-seven of the
41 CNEs occur in such blocks, so presence in a GRB is
not a strong predictor of whether a CNE will have pre-
served activity across species. Correspondence between
CNE activity patterns and target gene expression was irreg-
ular, with 14 zebra fish CNEs driving expression at least
partially overlapping the expression of the predicted target

gene. Notable examples of close correspondence include
CNEs 1.01 and 2.01.2—both with FEZF2; CNE 12.03—with
irx3 and sall1; CNE 2.04—with EMX2; and CNE 6.01—with
SOX2 (see supplementary fig. 2). Details on predicted tar-
get genes and their expression patterns can be found in
supplementary data file. A few CNEs have previously been
tested in knockout experiments (Ahituv et al. 2007). For
example, one CNE in our data overlaps a knockout by
Ahituv et al. (CNE 2.19—uc248), but this did not reveal
a target gene because knockout did not affect expression
of genes nearby.

Sequence Conservation Is a Weak Predictor of
Conserved Enhancer Activity

To explore why certain orthologous sequences exhibit con-
served activity whereas others do not, we tested whether
increased enhancer sequence conservation is associated
with conservation of enhancer activity. For each CNE,
we extracted the human and zebra fish sequences from
UCSC 44-way vertebrate alignments and calculated pair-
wise percent identity. The average percent identities for
CNE activity classes |-1V are shown in figure 3A1. All classes
show high absolute sequence conservation, as expected. Se-
quences with conserved anatomical expression (class IIl)
show greater sequence conservation than sequences in
other classes, although these differences are small. P values
for t-tests comparing mean expression of classes |, Il, and IV
with the most conserved class (lIl) are 0.20, 0.17, and 0.12,
respectively.

As a classification tool, sequence conservation has mar-
ginal power to predict expression class. We tested the ef-
fectiveness of using a sequence conservation threshold to
distinguish between enhancers with disparate or conserved
positive activity (classes Il and Ill). By calculating the true-pos-
itive rate and false-positive rate at each threshold of sequence
conservation, we computed an ROC curve (figure 3A2). The
AUC is 0.684, indicating a small improvement over random
guessing. This relatively weak predictive power is likely influ-
enced by the fact that all the sequences in the data set were
chosen based on high sequence conservation.
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MBE

A. Conserved

LBL 110

B. Disparate

LBL 608

Fic. 2. Activity of orthologous CNEs of zebra fish-zebra fish (ZZ) and human—-mouse (HM). Examples show (A) conserved positive activity, and
(B) disparate positive activity. fb, forebrain; hb, hindbrain; mb, midbrain; sc, spinal column.

Percentage of Accelerated Bases Is a Comparable
Predictor to Sequence Conservation

We next tested whether the presence of bases undergoing
accelerated evolution (Prabhakar et al. 2006; Bird et al.
2007; Pollard et al. 2009) could discriminate enhancers with
divergent activity because an enhancer with accelerated
primate evolution has been shown to have lineage-specific
human activity (Prabhakar et al. 2008). We used the pro-
gram phyloP from the PHAST package (http://compgen
.bscb.cornell.edu/phast/) applied to multiple sequence
alignments of all mammals extracted from the UCSC
44-way alignments to assess whether bases in each CNE
are rapidly evolving in the mammalian lineage (Pollard
et al. 2009). We hypothesized that sequences with a larger
PAB would be more likely to have divergent activity.

We found that mammalian PAB has similar discrimina-
tive power as human-zebra fish sequence percent identity
(figure 3B1). For sequences with conserved positive activity,
the average PAB is lower (0.0278) than the average PAB
for sequences with disparate positive activity (0.0760),
although this difference is not statistically significant
(t-test: P = 0.16). Classes | and IV also have modest differ-
ences in PAB from class Il (I vs. lll: P = 0.16, IV vs. llI:
P = 0.43).

To determine if PAB score could be a useful discrimina-
tor for identifying enhancers with conserved cross-species
expression, we calculated an ROC curve (figure 3B2). The
area under the ROC curve is 0.560, lower than that for
the human-zebra fish percent identity classifier. However,
no enhancers with conserved positive activity have
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PAB > 0.07, whereas three of the nine enhancers with dis-
parate positive activity have unusually large PAB values
(0.13, 0.22, and 0.23). This suggests a rule of thumb that
enhancers with high outlier PAB values are unlikely to have
conserved positive activity. Because extreme PAB values are
more predictive than a larger range of values, we consid-
ered whether a more stringent phyloP cutoff (considering
only bases with PhyloP scores less than —3) would improve
our classification. However, this stringency level reduced
the data size too much to make any general conclusions.

Applying phyloP to detect accelerated evolution in
other clades besides mammals gives similar results. For
both the full vertebrate phylogeny and the primate phylog-
eny, the conserved positive activity class has the lowest PAB
value, whereas the conserved negative activity has the high-
est PAB value. In each case, the tests distinguishing the clas-
ses have only marginal P values.

TFBD Is a Better Predictor of Conserved Enhancer
Activity

Because enhancer activity is expected to act via transcrip-
tion factor binding, we tested whether transcription fac-
tor binding site gain or loss (Pennacchio et al. 2007;
Antonellis et al. 2008; Hare et al. 2008) might better
predict conserved enhancer activity. Using 11 JASPAR
FAM transcription factor family motifs (Sandelin and
Wasserman 2004; Wasserman and Sandelin 2004), for
each sequence and family, we calculated the TFBD as
the absolute value of the difference of transcription factor
binding site counts in human and zebra fish divided by the
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Fic. 3. (A1) Zebra fish-human sequence identity is marginally higher for sequences with conserved positive activity (class Ill) than those with
other expression patterns. Error bars represent standard errors of the means. (A2) ROC curve to classify enhancers with conserved positive
activity (class IlI) versus those with disparate positive activity (class Il) based on sequence identity, marked by solid line. The AUC is 0.684,
indicating marginal predictive power over random assignment (dashed line). (B1) Percentage of bases undergoing accelerated evolution in
mammals (PAB). Enhancers with conserved positive activity exhibit a lower PAB than sequences in other classes. (B2) Mammalian PAB ROC
curve. The area under the ROC curve is 0.56, slightly less than for the percent identity—based classifier. (C1) TFBD between human and zebra
fish. The disparate positive category shows an increase in binding site divergence. (C2) Binding site divergence is superior at distinguishing

classes Il and Ill, with ROC area under curve equal to 0.88.

sum of the counts in both species. Figure 3C1 shows that
increased TFBD is associated with enhancer class Il, dispa-
rate positive activity. The ROC curve comparing the
average of TFBD of all transcription factor families found
in classes Il and Il (figure 3C2) has an AUC of 0.88, reflect-
ing far superior separation compared with sequence
conservation and PAB. Thus, by using known tran-
scription factor binding profiles, it is possible to more
accurately identify orthologous CNE sequences that
conserve anatomical enhancer activity.

Cis-Effects Are More Important but Trans-Changes
Also Influence Enhancer Activity

Although the sequence analysis above demonstrates that
cis-evolution is important to changes in enhancer activity,
trans-effects also play a role. Trans-effects include substitu-

tions elsewhere in the genome as well as differences in the
cellular environment of fish versus mammals. To distinguish
the relative importance of cis- and trans-effects, we chose
13 sequences with robust anatomy-specific expression in
zebra fish embryos from the above set of 41 enhancer se-
quences and assayed the corresponding HZ. This approach
created 13 orthologous trios with a zebra fish sequence
tested in zebra fish and a human sequence tested in both
mouse and zebra fish. For these 13 CNE trios, we were then
able to compare 1) the activity of the ZZ, 2) the activity of
the HZ, and 3) the activity of the HM. Examples of these
data are shown in figure 4 and summarized in figure 5.
Comparisons of HZ and HM activities control for cis-
effects because they make use of the same human CNE
sequence so that differences in the HZ and HM enhancer
activities should be mainly due to trans-changes. We
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MBE

A. Conserved

LBL 853

B. Divergent

Fic. 4. Examples of comparisons of enhancer activity. (A) Conserved activity: the ZZ, HZ, and HM experiments all show enhancer activity in
forebrain. (B) Divergent activity: the ZZ experiment shows expression in hindbrain, whereas the HZ and HM experiments show expression in
forebrain. In addition, the HZ experiment shows expression in heart, and the HM experiment shows expression in the spinal column. This is an
example of divergent cis-effects and partially divergent trans-effects fb, forebrain; h, heart; sc, spinal column.

found that 5/13 (39%) of the HZ-HM comparisons
showed different activity patterns, indicating that trans-
changes affect a substantial minority of CNE enhancers.
Comparison of ZZ and HZ enhancer activities controls
for trans-changes by using a consistent host species,
and therefore, differences in activity should be due to dif-
ferences in the zebra fish and human CNE sequences. We
observed that 9/13 (69%) of ZZ-HZ experiment pairs dis-

Zebrafish i 2 A ZZ- |ZZ-| HZ-
CNE ZZ activity |HZ activity [HM activity HM | Hz | UM ZZ-HZ-HM
CNE3.03 ear nonspecific | midbrain
CNE3.07 heart nonspecific | nonspecific
CNE2.01.2 | forebrain negative forebrain Y
anterior g anterior
CNE2.04 brain nonspecific brain Y
CNE7.05 hindbrain negative hindbrain Y
trunk . .
CNE2.02 Foa nonspecific | nonspecific Y
: " forebrain, forebrain,
CNE2.16 hindbrain iy spine Y
CNE2.20 | nonspecific [ forebrain forebrain Y
CNE3.06 |fb, hb, spine| negative negative Y
anterior % anterior
CNE2.18 brain forebrain brain Y Y Y Y
midbrain, mhb,

CNEB.05 hindbrain muscle mhb Y Y| Y Y
CNE14.01 | forebrain forebrain forebrain X Y|y Y
anterior i
CNE14.02 | forebrain brain forebrain Y y| v Y

Fic. 5. Comparison of cis- and trans-effects in the anatomical
activity of orthologous enhancers. For 13 enhancers, we measured
the activity of ZZ, the orthologous HZ, and the HM. We then
compared whether the enhancer activity of orthologous experi-
ments was similar (Y) or dissimilar (gray). A value of “Y” was
assigned when at least one anatomy showed similar positive
expression. Cis-changes cause differences in the orthologous activity
80% more often than trans-changes, as can be seen by the larger
number of experiments yielding dissimilar expression (9) in the
ZZ-HZ column than in the HZ-HM column (5). Furthermore, in all
cases where there are no cis-effects (ZZ-HZ = Y), there are no
trans-effects either (ZZ-HZ-HM = Y), suggesting that a ZZ and
HZ experiment can substitute for an HM experiment for 4/13~30%
of enhancers mhb, midbrain—hindbrain boundary.
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play disparate anatomical expression. This result indicates
that almost twice as many CNEs have expression domains
affected by cis-changes compared with trans-changes.

Next, we compared the ZZ, HZ, and HM activity pat-
terns simultaneously. In 4/13 (31%) of the cases, all three
experiments drive similar anatomical expression in homol-
ogous tissues. This is a higher fraction than expected if
cis- and trans-evolution were independent ([1 — 0.39] X
[T — 069] = 19%), suggesting concerted cis- and trans-
evolution to maintain function in each species. In other
words, positive selection has likely acted on ~10% of our
tested enhancer sequences to optimize them for species-
specific trans-regulatory factors.

Intriguingly, in the four cases where the ZZ and HZ data
agree, HM activity also agrees with ZZ and HZ. That is, in
this data set, CNEs without cis-changes in enhancer activity
also never show trans-changes. This result suggests that the
anatomy-specific activity of many human enhancers can be
determined by measuring the enhancer activity of each of
the zebra fish and HZ. If the observed HZ and ZZ expression
domains agree, then this activity is likely to be the same as
the activity of the HM model. Our study suggests that
~30% of zebra fish enhancers will have activity patterns
that can be extrapolated to human in a mammalian host
following this protocol. In contrast, when there are no
trans-changes (8/13 experiments show HZ and HM having
similar expression), the fact that activity is conserved is not
sufficient to imply a lack of cis-changes. This reiterates the
greater importance of cis-information over trans-informa-
tion for determining changes in enhancer activity.

Sequence Predictors of Conserved Activity for Trios

Do predictors of conserved activity perform better when
cis- and trans-effects can be isolated? To answer this,
we classified the sequences into six nonexclusive expres-
sion classes: ZZ-HZ Agree (n = 4) and ZZ—HZ Dissimilar
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Fic. 6. Left: Sequence conservation for enhancer activity compar-
isons involving zebra fish sequences tested in zebra fish (ZZ), human
sequences tested in zebra fish (HZ), and human sequences tested in
mouse (HM). Bars show mean values + the standard error of the
mean. Sequence conservation is lower when enhancer activities
disagree (dark bar) across experiments. This behavior is apparent for
the cases involving cis-effects (ZZ-HZ and ZZ-HM) but not for the
case where trans-effects have been isolated (HZ-HM). Right: The
fraction of bases undergoing accelerated evolution (PAB) is higher
when enhancer activities disagree (dark bar) across experiments.
This behavior is stronger for the cases involving cis-effects (ZZ-HZ
and ZZ-HM) than for the case where trans-effects have been
isolated (HZ-HM).

(n = 9); ZZ-HM Agree (n = 7) and ZZ-HM Dissimilar
(n = 6); HZ-HM Agree (n = 8) and HZ-HM Dissimi-
lar (n = 5). Figure 6 (left) shows the average pairwise zebra
fish—human sequence percent identity for enhancers in
these classes.

Again, we found that sequence conservation has a weak
positive association with conserved enhancer activity, but
this association is stronger for the comparisons that include
cis-effects. For example, the ZZ-HZ comparison is a test of
cis-changes, and we found that the ZZ-HZ Agree set (light
green) has a slightly higher sequence conservation than the
Z7-HZ Dissimilar set (dark green) (68% vs. 61%, t-test
P = 0.45). Likewise, the ZZ-HM Agree set (light purple)
has higher sequence conservation than the ZZ-HM Dis-
similar set (dark purple) (71% vs. 54%, P = 0.08). However,
the HZ-HM Agree class (light blue) actually exhibits
a slightly lower sequence conservation than the HZ-HM
Dissimilar class (dark blue) (61% vs. 67%, P = 0.51). This
discrepancy can be explained by the fact that the HZ-HM
comparison measures trans-changes, which are not ex-
pected to be related to sequence conservation.

The percentage of bases undergoing accelerated evolu-
tion (PAB) provides similar results (figure 6, right). For the
comparisons involving cis-changes, ZZ-HZ and ZZ-HM,
the enhancers with similar anatomical activity, have a lower
PAB than those where the activities differ (P = 0.14 and
0.10, respectively). For the comparison where trans-effects
are isolated, HZ-HM, the enhancers with conserved activ-
ity, have a smaller average PAB than those with differing
activity, but this effect is even less significant than for com-
parisons involving cis-changes (P = 0.57).

Discussion

Zebra fish is a valuable model system for studying enhancer
activity in vivo. While enhancer activity has been previously

compared in mammalian and fish hosts for various devel-
opmental loci, the general prevalence of conserved activity
has not been well quantified. By comparing a set of 41 zebra
fish CNE sequences to their orthologous mammalian coun-
terparts, we have shown that 13/41 (~30%) of these pre-
dicted enhancers exhibit conserved positive activity.
Moreover, when one restricts analysis to the cases where
zebra fish shows positive activity, 13/32 (~40%) display
conserved anatomical activity with mammals. This finding
quantifies the substantial fraction of zebra fish enhancer
results that can be generalized to human.

Importantly, enhancers with conserved activity can be
more exactly identified by simply testing the HZ. In the
4/13 three-way experiments (~30%) where the zebra fish
sequence and its orthologous human sequence display the
same positive activity in zebra fish, similar activity is also
found for the HM. This result shows that experiments in
just zebra fish can identify native mammalian enhancer ac-
tivities. It also provides a reference value from which to
judge the cost and efficiency advantages of enhancer stud-
ies in fish over studies in a mammalian host, although
because of the cis- and trans-changes only some human
enhancers will be characterizable in this way. Note also that
simply testing the HZ is not sufficient to extrapolate mam-
malian activity because trans-changes affect 5/13 (38%)
cases. To determine human enhancer activity, both the
HZ and ZZ experiments should be performed. When these
are positive and agree, our data suggest that the activity of
the HM can be reliably predicted.

One caveat is that a human in mouse measurement is
only an approximation to the human in human activity,
and we do not have direct data on the endogenous activity
of the human sequence. This is a consequence of our use of
HM data to compare with ZZ and HZ. This choice was made
to take advantage of the Lawrence Berkeley National Lab
Enhancer database of HM enhancer experiments, which pro-
vides the only large set of mammalian enhancer activity data
available. Endogenous mammalian enhancer data (eg,
mouse in mouse) would be preferable if they were available.
The human sequences we tested do have high sequence
identities with their orthologous mouse sequences (avg
77% for those in the three-way experiments), and this is high-
er than the typical zebra fish—human identities (avg 65%).

Why do some enhancers exhibit conserved activity
whereas others do not? Cis-changes influence approxi-
mately twice as many CNEs as trans-changes. This is con-
sistent with the common argument that cis-regulation can
change more easily because it acts locally, whereas trans-
changes may influence a large number of target genes.
Cis-effects have been reported to be more important than
trans-effects in studies of transcription factor binding within
the mammalian phylogeny (Odom et al. 2007; Wilson et al.
2008). Because the rate of trans-evolution is not fully un-
derstood, it is not clear at what divergence distance one
should expect cis-effects to lose this primacy. For the CNEs
we have studied, we saw that cis-effects continue to over-
shadow trans-effects even after the ~450 million years since
humans and fish diverged (Blair and Hedges 2005).
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Fic. 7. High fidelity conservation of activity of homologs of CNE6.05. This sequence shows midbrain expression for paralogous ZZ, HM, HM, and

fugu sequences in zebra fish.

Our finding that a sizable minority of CNEs have been sub-
ject to trans-regulatory changes (5/13 trios) is different from
previous studies, which have reported on CNEs that appar-
ently do not have trans-changes (de la Calle-Mustienes et al.
2005; Navratilova et al. 2009) or for which trans-changes
have been of minor effect (Jarinova et al. 2008). It is possible
that the rate of trans-evolution we have observed is an over-
estimate because it is difficult to tell if the mouse and zebra
fish developmental time points in the HZ and HM compar-
isons are perfectly matched. However, it is unlikely that this
explains all the trans-changes. For example, in CNEs 2.01.2,
2.04, and 7.05, the ZZ and HM experiments show similar ac-
tivity, whereas the HZ behavior is different (figure 5; images
at zebrafishcne.org). Because the ZZ and HM behavior are
similar, itis likely that the correct developmental time points
are being considered. Moreover, the sequences in the HZ
experiments each include the complete human regions or-
thologous to the sequences in the ZZ experiment, plus
additional flanking sequence (supplementary data file).
Therefore, the HZ sequences should be long enough to drive
the enhancer activity unless there have been trans-changes.
We also see in our data set that CNEs only have trans-
changes when cis-changes occur as well, consistent with
cis- and trans-behaviors reported from Drosophila gene
expression studies (Wittkopp et al. 2004).

Previous studies have indicated that trans-evolution
via changes in the DNA-binding domain of a protein is
very slow—duplicate yeast transcription factors have
maintained similar binding profiles despite divergence
100 million years ago (Wolfe and Shields 1997; Badis et al.
2008), and DNA-binding specificities of some homeodomain
proteins appear to have been preserved since the verte-
brate—invertebrate divergence (Berger et al. 2008). This sug-
gests that trans-evolution is more likely to be occurring at
the level of protein—protein interactions or protein expres-
sion. Another possibility is that these trans-effects are related
to acetylation of the CNEs (Akalin et al. 2009).

Despite the greater importance of cis-effects, the encod-
ing of cis-regulatory changes in enhancers is subtle. We
found that measures of sequence conservation are only
weakly predictive of conserved activity among the CNEs
we tested, with the best characterizations involving the
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use of transcription factor binding profiles. Simpler charac-
terizations, such as sequence conservation and the absence
of bases undergoing accelerated evolution (PAB), are only
weakly associated with conserved enhancer activity. This
result is consistent with findings that enhancers need
not have high sequence conservation to be functional
(Fisher et al. 2006; Hare et al. 2008; McGaughey et al.
2008). p300 ChlIP-seq studies have shown recent promise
for identifying tissue-specific mammalian enhancer activity
(Visel et al. 2009), although p300-binding and cross-species
activity conservation are not related to one another in our
CNE data set. Mouse sequences for which p300 binding has
been observed are not more likely to exhibit conserved
cross-species activity (conserved positive vs. disparate pos-
itive; binomial test: P = 0.16, n=10). Paralogous CNEs in
the zebra fish genome also show little association between
sequence identity and activity conservation. We assayed
four paralogous zebra fish enhancer pairs in zebra fish em-
bryos and found no correlation of conserved activity with
sequence identity. Despite the subtleties in enhancer reg-
ulatory signals, their functional robustness can be remark-
able. Figure 7 shows consistent midbrain enhancer activity
for a CNE in zebra fish, its paralogous CNE in zebra fish, its
human ortholog in zebra fish, its human ortholog in mouse,
and its fugu ortholog in zebra fish (Woolfe et al. 2007).
Cases such as these illustrate the incredible fidelity with
which evolution has conserved the activity of many ex-
tremely distantly related orthologous enhancers.

Supplementary Material

Supplementary data and figures S1 and S2 are available
at Molecular Biology and Evolution online (http://www
.mbe.oxfordjournals.org/).
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