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Abstract

Evolutionary changes in cis-regulatory elements are thought to play a key role in morphological and physiological
diversity across animals. Many conserved noncoding elements (CNEs) function as cis-regulatory elements, controlling
gene expression levels in different biological contexts. However, determining specific associations between CNEs and
related phenotypes is a challenging task. Here, we present a computational “reverse genomics” approach that predicts
the phenotypic functions of human CNEs. We identify thousands of human CNEs that were lost in at least two inde-
pendent mammalian lineages (IL-CNEs), and match their evolutionary profiles against a diverse set of phenotypes
recently annotated across multiple mammalian species. We identify 2,759 compelling associations between human
CNEs and a diverse set of mammalian phenotypes. We discuss multiple CNEs, including a predicted ear element near
BMP7, a pelvic CNE in FBN1, a brain morphology element in UBE4B, and an aquatic adaptation forelimb CNE near EGR2,
and provide a full list of our predictions. As more genomes are sequenced and more traits are annotated across species,
we expect our method to facilitate the interpretation of noncoding mutations in human disease and expedite the
discovery of individual CNEs that play key roles in human evolution and development.
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Introduction
Advancements in comparative genomics, along with the in-
creased availability of whole genome sequences, have led to
the identification of many noncoding genomic regions evolv-
ing under strong purifying selection (Lindblad-Toh et al.
2011). These conserved noncoding elements (CNEs) often
act as cis-regulatory elements of nearby genes in specific tis-
sues and time points, and some have already been shown to
be associated with vertebrate development and transcrip-
tional regulation (Bejerano et al. 2004; Woolfe et al. 2005;
Lowe et al. 2011). In humans, a large fraction of common
trait and disease variation is noncoding (Hindorff et al.
2009), and a growing number of cis-regulatory mutations
have been implicated in human disease (Ragvin et al. 2010;
Wasserman et al. 2010). In fact, over 80% of single nucleotide
polymorphisms found to be associated with diseases through
genome-wide association studies are noncoding (Hindorff
et al. 2009). Although CNE loss events during mammalian
evolution are relatively rare (McLean and Bejerano 2008), a
recent report highlighted hundreds of CNEs that have been
lost in at least two independent mammalian lineages (Hiller,
Schaar, Bejerano, et al. 2012). Moreover, evolutionary changes
in CNEs have been demonstrated to play key roles in the
remarkable morphological, physiological, and behavioral di-
versity observed across species (Wray 2007; Carroll 2008).
Evidence supporting phenotypic modifications via gains
and losses in cis-regulatory regions has been collected over
the past decades in many different species, including yeast

(Tuch et al. 2008), flies (Bradley et al. 2010), fish (Chan et al.
2010), mammals (Schmidt et al. 2010), and humans (McLean
et al. 2011).

Despite vast increases over the last few years in the amount
of available genomic data, determining the function of cis-
regulatory elements has remained a challenging task, as cross-
species sequence differences are confounded by millions of
nonsignificant mutations and genomic changes. Another
major challenge in phenotype–genotype mapping is pleiot-
ropy, where a genomic element is involved in multiple unre-
lated functions and can be active in an even greater number
of contexts without contributing (or disturbing) function.
Recent efforts, such as the ENCODE project (Ecker et al.
2012), have focused on identifying active elements in the
human and mouse genomes by measuring patterns of tran-
scription factor (TF) binding and histone modification marks
across different cell lines and developmental time points.
Although these maps have become a valuable resource for
identifying active cis-regulatory elements and generating new
hypotheses about their roles, they are limited to a subset of
cell types and conditions, and it is unclear which of these
biochemically active events actually contribute to gene regu-
lation or are important for evolutionary fitness (Pennacchio
et al. 2013). As a result, directly linking biochemically active
cis-regulatory elements with specific phenotypic adaptation
or disease is yet difficult.

Linking human CNEs with specific phenotypic traits by
analyzing their orthologous regions in other species may
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provide an alternative approach for annotating adaptive cis-
regulatory elements. A conserved genomic region encoding a
particular trait may show clear signs of erosion in species
where the trait has been altered or lost (e.g., due to inactivat-
ing mutations) if sufficient evolutionary time has elapsed to
allow neutral selection to erode the DNA sequences. Trait loss
in independent lineages (i.e., in two or more unrelated taxa)
should result in neutral drift in all trait-related regions (in the
trait-loss lineages), regardless of which element in the inde-
pendent lineages was initially affected by a trait-inactivating
mutation (fig. 1A). Thus, a matching evolutionary pattern
between an independently lost trait and an independently
eroding genomic region violates the expected evolutionary
conservation more than once, and suggests a functional rela-
tionship between the phenotype and the genotype. Based on
this principle, Hiller et al. devised a “forward genomics” ap-
proach—named for its similarity to forward genetics—to
identify protein-coding genes most likely to be responsible
for a given independently lost trait (Hiller, Schaar, Indjeian,
et al. 2012). Given phenotypic evolutionary conservation pat-
terns, they were able to link loss of vitamin C synthesis with
the inactivation of the gene Gulo, and low biliary phospholipid
levels in guinea pig and horse with the inactivation of the gene
ABCB4 (Hiller, Schaar, Indjeian, et al. 2012). Recently, the for-
ward genomics approach has been used in comparative evo-
lutionary analysis of a previously undescribed lncRNA (long
non-coding RNA) in a transcriptional study of neuronal pro-
genitors in the human cortex (Johnson et al. 2015).

CNEs are thought to be less pleiotropic than the genes they
regulate (Carroll 2008). Their inactivation is thus less delete-
rious, and it is anticipated that CNE loss events are more

common than gene loss events (Carroll 2005). In this article,
we hypothesized that some evolutionary phenotypic modifi-
cations could map to CNE losses, and we examined our hy-
pothesis using a large phenotypic data set from a recent study
that scores thousands of diverse anatomical and physiological
traits across 86 extant and extinct mammalian species
(O’Leary et al. 2013). Specifically, we present an inverted phe-
notype–genotype mapping approach called “reverse geno-
mics”—akin to “reverse genetics”—that examines
thousands of human CNEs, one at a time, and tries to
match them against hundreds of possible phenotypic roles
each CNE could play. We first identify thousands of human
CNEs that have been independently lost (IL-CNEs) twice or
more during placental mammal evolution. Next, we trace the
evolutionary histories of human CNEs and mammalian traits
in order to predict phenotype–genotype pairs that are likely
to be functionally related on the basis of shared independent
evolutionary patterns that persist in both (fig. 1B). In this way,
we identify a total of 2,759 candidate trait-CNE associations in
a diverse set of traits. By assigning IL-CNEs to nearby genes, we
demonstrate that this set is enriched for agreement between
the CNE matched traits and the functions of the neighboring
genes. We discuss multiple examples of such associations, and
provide a comprehensive list of predictions.

Results

Identifying Independent CNE Loss Patterns in
Placental Mammal Phylogenies

We analyzed a set of placental mammalian CNEs anchored in
the human genome (assembly GRCh37/hg19) to identify
losses of CNEs in two or more independent lineages. We

A B

FIG. 1. (A) An ancestral mammalian phenotype is encoded by a set of genomic regions (such as CNEs) that are required for that trait. Species or clade-
specific trait inactivation events may occur via inactivating mutations in any of the genomic regions related to the trait (a schematic “phenotree” is
shown, where a phenotype across species is projected on the phylogenetic tree). As a consequence of trait inactivation, all related genomic regions
switch from purifying to neutral selection, resulting in decay of the genomic region over time, and matching evolutionary profiles of the eroding
elements and lost trait. Independent loss patterns are in general far less common than single-clade loss patterns, and are expected to match
independent CNE inactivation events in the mammalian phylogeny with higher specificity. (B) A proposed “reverse genomics” approach to link
human IL-CNEs to a large data set of scored phenotypes by matching the evolutionary patterns for many IL-CNEs (projected onto one-dimensional
vectors) against the evolutionary patterns of many mammalian traits.

1359

Function of Human Conserved Noncoding Elements . doi:10.1093/molbev/msw001 MBE



started with a set of human elements at least 50 bp in length
that are highly conserved across mammals (Siepel et al. 2005),
excluding all protein-coding or other known or predicted
transcribed regions (see Materials and Methods). To ensure
the robustness of our phenotype–genotype matches later in
our process, we removed regions not conserved in at least
7 of the 19 sequenced and phenotypically characterized
placental mammals (fig. 2B and supplementary table S1,
Supplementary Material online). Our conservative CNE set
contained 266,116 elements with a mean length of 174 bp
and a maximum length of 2,191 bp, covering 1.5% of the
human genome (supplementary table S4, Supplementary
Material online).

Using a pairwise alignment between human CNEs and
their orthologous locations in other genomes (Kent et al.
2003), we determined if a CNE is conserved or lost in a
given mammalian species. Specifically, we compute two
quantities for the orthologous genomic region: 1) percent
identity, defined as the number of matches divided by the
total alignment length and 2) percent match, defined as the
number of matches divided by the total number of bases in
the reference genome (fig. 3A). Percent identity penalizes in-
sertions (by length) in the orthologous region, while percent
match ignores insertions. As percent identity is always less
than or equal to percent match, these two quantities can be
thought of as lower and upper bounds, respectively, on the
CNE similarity between human and a query species. We de-
rived two species-specific thresholds based on the evolution-
ary distance from human (fig. 3B; see Materials and
Methods)—the conservation threshold and the loss thresh-
old—that define whether a given CNE is considered con-
served or lost. We call a human CNE “lost” in a species if its
percent match (i.e, upper bound for similarity) is less than the
loss threshold, and call it “conserved” if its percent identity
(i.e., lower bound for similarity) is greater than the conserved
threshold; otherwise, its state is labeled as “unknown” (fig. 3C).
Our approach does not require full CNE deletion, which
allows us to identify partial deletion and excessive substitu-
tion events as losses. Moreover, because the functional effects
of large insertions remain unclear (e.g., an insertion could
eliminate regulatory activity by disrupting a TF binding site
or by increasing the spacing between synergistic binding sites
[Guturu et al. 2013], or have negligible impact on enhancer
activity [Smith et al. 2013]), we only call an element conserved
if its percent identity—which considers insertions significantly
deleterious—is high, and only called an element lost if its
percent match—which ignores insertions—is low.

Next, we identified human CNEs that were independently
lost during placental mammalian evolution. We used a par-
simony-based algorithm that, for a given rooted phylogenetic
tree (in our case, a tree with 19 placental mammals; supple-
mentary table S1, Supplementary Material online) with leaves
annotated with either “1” or “0” (representing CNE “pres-
ence” or “absence,” respectively), infers the state of each an-
cestral node and computes the minimum number of loss
events that are needed to explain the particular evolutionary
pattern of ones and zeros. We restricted 0 to 1 transitions in
accordance with Dollo’s irreversible evolution hypothesis

(Gould 1970), which asserts that lost ancestral characters—
in this case, ancestral DNA elements—cannot be restored.
We extracted CNEs for which we identified at least two in-
dependent loss events in the eutherian tree (see Materials and
Methods). From the initial set of 266,115 human CNEs, we
extracted 10,575 independently lost CNEs (IL-CNEs), the ma-
jority of which contains exactly 2 independent losses (fig. 3D).
We also applied the same method to trait phylogenetic trees
to identify independently lost traits, as well as the matched
trait-CNE phenotrees; both are discussed in more details
below.

Hundreds of Anatomical and Physiological Traits
Have Been Independently Modified during Placental
Mammal Evolution

To discover interordinal relationships of living and fossil pla-
cental mammals and to date the origin of placental mammals
relative to the Cretaceous-Paleogene boundary (a mass ex-
tinction event about 65 Ma), O’Leary et al. (2013) curated a
phenomic matrix scoring 4,541 anatomical and physiological
characters across 86 fossil and living mammals (fig. 2A). From
this matrix, we extracted mammalian traits with patterns of
independent evolutionary loss in extant species for which
whole genome sequences are available. Specifically, of the
extant phenotyped species in the matrix, 20 mammals includ-
ing humans (19 placental mammals and platypus—for the
complete list of assemblies and list of remaining species, see
supplementary tables S1 and S2, Supplementary Material
online) have whole genome sequences, and represent a
wide phylogeny that spans over 60 My of placental
mammal evolution (fig. 2B). There are 3,454 traits that are
characterized by two possible states across species (e.g.,
“Brain–Cerebral cortex folding”: “smooth” or “multiple
folds”), the majority of which are traits with binary pres-
ence/absence characterization (e.g., “Presence/absence of
Omasum in the Digestive tract”) (fig. 2C).

Phylogenetically independent trait modification and losses
(i.e., traits lost in at least two independent lineages) represent
a subset of relatively rare evolutionary events which we
hypothesized would yield fewer false positive genotype–
phenotype associations. To infer the evolutionary patterns
of independent gains and losses, we employed the same par-
simony-based algorithm described above for CNEs (see
Materials and Methods). To deal with the fact that the phe-
nomic matrix contains missing annotations, we restricted our
analysis to traits for which at least one of the two possible trait
states is conserved across at least 7 of the 19 phenotyped
placental mammals (2,367 of the 3,454 traits), and further
identified a subset of 496 traits with at least 2 independent
losses flanked by species conserving the original trait state
(fig. 2C and supplementary table S3, Supplementary
Material online). This smaller set of traits still encompasses
a broad range of mammalian anatomical and physiological
characters related directly to human development and evo-
lution. The largest fraction of the data consists of traits that
characterize detailed bone structures in the inner and outer
skull (27%), limbs (12.7% and 13.5% for the forelimb and
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hindlimb, respectively), ear (14.11%, including middle, inner,
and outer ear), and axial skeleton (13.3%). Additional subsets
include soft tissues and other organ-specific phenomic char-
acters (e.g., digestive tract, urogenital tract, eye, oral cavity),

vascular processes, brain morphology, reproduction, and de-
velopment. Finally, we constructed individual phylogenetic
trees (a “phenotree,” anchored at the 19 + 1 genotyped spe-
cies) for each independently lost trait, where the species-

A

C

B

FIG. 2. Phenotypic database from Morphobank scoring morphological and physiological mammalian traits across species. (A) A phenomic matrix
curated in a recent study (O’Leary et al. 2013) that scores over 3,400 “two state” and presence/absence traits across 86 species, of which 46 are extant
mammals. For 20 mammals (19 placental mammals and platypus), whole genome sequences are available. (B) Sequenced placental mammal phy-
logenetic tree highlighting the 19 + 1 phenotyped mammals used in the reverse genomics screen. Each major placental clade is sampled, and the
screened species span over 60 My of evolution. XN = Xenarthra; MS = Marsupialia; MN = Monotremata. (C) A subset of 496 independently modified
traits (ILs) is extracted based on the annotation level of the trait across the extant sequenced species, and its conservation pattern across the placental
mammal phylogeny.
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specific phenotypic states (i.e., leaves marked with 1 or 0) are
projected onto one-dimensional vectors. We later match
these phenotrees against similar phylogenetic trees annotated
with genomic conservation or loss of human CNEs, to predict
functional links between human CNEs and these mammalian
phenotypes (fig. 1B).

Assigning Independently Lost CNEs to Genes

We hypothesized that CNEs by and large regulate the expres-
sion of nearby genes (McLean et al. 2010). By performing a
parameter search (described later), we converged on assigning
CNEs to the two nearest transcription start sites (TSSs) up
and downstream, up to 100 kb away. Furthermore, we fo-
cused on CNEs in regulatory domains for genes with annota-
tions in either Human Phenotype ontology (K€ohler et al.
2014) (HPO) or Mouse genome informatics (Eppig et al.
2012) (MGI), and were left with 69,614 CNEs near 6,197 an-
notated protein-coding genes. We further extracted a subset

of 2,077 (fig. 3D and supplementary table S5, Supplementary
Material online) independently lost CNEs (having at least two
independent losses—see Materials and Methods) and proj-
ected the evolutionary profile of each onto one-dimensional
vectors to match against each of the independently lost traits.

IL-CNEs Overlap with Functional Genomic Regions

Current technologies for identifying genomic regions that are
likely to be functionally active in particular tissues and time
points include ChIP-seq for histone modification patterns and
TF binding, as well as DNase open chromatin (Thurman et al.
2012) experiments in large-scale projects like ENCODE (Ecker
et al. 2012) and Roadmap Epigenomics project (REp)
(Roadmap Epigenomics Consortium et al. 2015). To verify
that our set of IL-CNEs significantly overlaps genomic regions
likely to have cis-regulatory functions, we analyzed a set of
H3K27ac and DNase open chromatin regions from REp (cov-
ering 30.5% and 23% of the human genome, respectively), and

A

C

D

B

FIG. 3. A comparative genomic screen for identifying independently lost human CNEs. (A) Two quantities, percent identity and percent match, are
computed over a pairwise alignment of a region between a reference (human, GRCh37/hg19) and a query species. (B) A mammalian phylogeny scaled
by branch length between human and other mammals from which we derive (C) loss and conservation thresholds per species. A percent identity-
percent match interval must fully reside above the conservation cutoff (%) or below loss cutoff (%) to be considered as “conserved” or “lost,”
respectively. Histograms of human CNE percent identity are shown for rat and dolphin, with examples of lost CNEs (or partially lost) in one of the
two species (i–iii), as well as a CNE that has been independently lost in both (iv). (D) From an initial set of 266,115 CNEs, we identify 10,575 IL-CNEs and
69,614 CNEs near (<100 kb) annotated genes. The intersection of the two derived sets (2,077 IL-CNEs) is the input for the reverse genomics screen.
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a set of ENCODE TF binding data (covering 5.3%, version3,
available from the UCSC genome browser). We intersected
these sets with our 2,077 human IL-CNEs, and found that
64.5%, 69.8%, and 17% of our IL-CNE set overlapped the
H3K27ac, DNase, and ENCODE TF binding data sets, respec-
tively. In all our four cases, our IL-CNE set exhibited a statis-
tically significant enrichment for functionally active regions
compared with the full genome background (P < 10�12, bi-
nomial test).

Reverse Genomics Associates Developmental and
Evolutionary Functions with Human IL-CNEs

We identified putative functional genotype–phenotype links
between coevolving human IL-CNEs and mammalian phe-
nomic characters. Each of the 2,077 human IL-CNEs anno-
tated for conservation or loss across 19 placental mammals
and platypus were matched against each of the 496 traits
scored across the species. We extracted trait-CNE pairs that
highly match in their evolutionary profiles with at least two
overlapping independent losses shared by both the trait and
CNE. We required that at least an additional seven placental
mammals preserve both the CNE and the trait, and elimi-
nated any phenotype–genotype conflicts in platypus (i.e.,
phenotype 1/CNE 0, or vice versa). Our final set consisted
of 2,759 unique trait-CNE pairs.

To assess the quality of our discovered trait-CNE associa-
tions and to perform a parameter search for maximizing
phenotype–genotype association with putative biological sig-
nificance (see below), we compared the anatomical definitions
of the matched phenotypes with gene annotations contained
in the mammalian phenotypic ontology from MGI (Eppig
et al. 2012) as well as the human phenotypic abnormality
ontology from HPO (K€ohler et al. 2014). In lieu of HPO/MGI
codes for the matched Morphobank traits, we created a map-
ping between each of the 496 traits from O’Leary et al. to one
or more ontology terms from MGI and HPO using a free text–
based mapping approach (see Materials and Methods). We
hypothesized that a trait-CNE link predicted through reverse
genomics is more likely to be functional if the trait matches via
its textual definition to annotations of a gene to which the
CNE is assigned. For example, an association that links a “pha-
langes” trait (digital bones in the hand and feet) with a CNE in
the regulatory domain of a gene annotated with terms like
“short phalanx of finger” yields a contextual “closed loop” we
hypothesize to be putatively functional (fig. 4). We automat-
ically detected closed loops within our set of independently
lost CNEs and traits using our devised textual mapping. We
validated a mapping accuracy of at least 85% between the
Morphobank traits and ontology terms in the set of closed
loop phenotype–genotype associations. For example, for all
the “teeth”-related phenotype–genotype closed loop associa-
tions, we verified that 90.9% of the CNEs are indeed nearby
teeth-related genes (e.g., annotated by teeth terms in either
HPO or MGI ontology) (supplementary fig. S1, Supplementary
Material online).

Our designed textual mapping between Morphobank
traits and gene annotation terms from HPO/MGI allows us

to run a parameter search for thresholds that maximize the
proportion of closed loop associations in our predicted set of
phenotype–genotype (i.e., the fold enrichment relative to ex-
pected number of closed loops). We scanned through thresh-
olds of the minimal number of ontology terms in closed loop
mappings (1–4 minimum terms), as well as the maximal dis-
tance between a CNE and nearest gene’s TSS (50 kb, 100 kb,
250 kb, 500 kb, 750 kb, 1 Mb). We converged on closed loop
thresholds of at least 4 MGI or HPO ontology terms such that
the CNE is within 100 kb of the TSS of the annotated gene and
our textual mapping system maps the trait name to those
ontology terms (fig. 4). Of all possible associations (1,030,192)
between the 496 independently modified traits and 2,077 IL-
CNEs, we counted 45,880 (4.45%) unique trait-CNE pairs that
can yield a contextual closed loop between the matched trait
and ontological terms annotating the gene next to the IL-
CNE. Of these 45,880 closed loop trait-CNE pairs, 183 were in
our set of 2,759 (6.63%) pairs extracted via reverse genomics,
representing a significant enrichment (P = 2.83 � 10�6, hy-
pergeometric test, Bonferroni corrected; fig. 5A). We addition-
ally computed an empirical P value by performing 10,000
shuffles, where the fold enrichment was computed over a
set of 2,759 unique pairs created at random between the
input traits and IL-CNEs, and calculated a mean fold enrich-
ment well above the value computed for the trait-CNE list
from the screen (Z-score = 6; fig. 5B). The lists of trait-CNE
associations are provided as supplementary tables with geno-
mic coordinates (BED format, GRCh37/hg19) of the impli-
cated CNEs and nearby genes (supplementary tables S6 and
S7, Supplementary Material online).

IL-CNEs Are Associated with a Diverse Set of
Mammalian Phenotypic Characters

Our set of 2,759 unique associations between IL-CNEs and
traits spans a broad range of organs and tissue types with
intriguing relations to morphological and physiological adap-
tations in mammals (fig. 5C and supplementary table S6,
Supplementary Material online). Of the 15 categories of
traits present in our data set, we found at least one represen-
tative from each category in our set of 183 closed loop trait-
CNE associations, with the exception of “vascular system.”
Manual inspection reveals appealing matches between vas-
cular system traits and IL-CNEs near genes such as THBS1 and
TLR2 that are implicated in vascular development and blood
circulation; however, our automated textual mapping does
not detect closed loops in such cases, due to the highly diverse
nature of vascular traits and its distribution across many
organs. Across our data set, we observed many compelling
trait-CNE associations with matching annotations for nearby
genes. A middle ear trait related to the morphology of the
cochlea is associated with a region (IL-CNE605) about 20 kb
upstream of BMP7, a gene that has been implicated in inner
ear development (Mann et al. 2014). An association with a
pelvis trait related to bone positioning in the iliac spine in-
volves a CNE (IL-CNE107) in an intron of fibrillin 1 (FBN1),
which has been associated with hip dysplasia and stature
abnormalities in diseases like acromicric dysplasia (Klein
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A B

C

FIG. 5. (A) Matching 2,077 IL-CNEs against 496 independently modified traits. We extracted a total of 2,759 unique trait-CNE associations (P = 2.83�
10�6, Bonferroni corrected, hypergeomtric test, fold enrichments = 1.5), among which we discovered 183 closed loop associations. (B) 10,000 shuffles
where 2,077 IL-CNEs were randomly linked to 496 traits (fold computed over 2,759 random unique trait-CNE pairs). (C) A categorical classification of
2,759 trait-CNE associations by types of phenotypic characters.

FIG. 4. Matching human IL-CNEs to independently lost mammalian traits and identifying contextual closed loops via HPO/MGI gene annotations. Each
of the IL-CNEs is matched by reverse genomics to hundreds of IL-traits from Morphobank, yielding an evolutionary matched phenotype–genotype (ph
and g) pattern. An IL-CNE is associated with the closest gene (in either direction) if the distance from the TSS is less than 100 kb. A subset of predicted
trait-CNE associations will generate closed loops (dashed blue) if the context of the matched phenotypic character matches the ontology terms
annotating the nearby gene, which is presumed to be regulated by the IL-CNE (McLean et al. 2010). A predicted ph-g association is illustrated with a
phenotypic character of the “phalanges” (bones of the hand and feet fingers). The matched IL-CNE resides in the regulatory domain of GPC3, a gene
annotated with phalanges-related terms.
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et al. 2014) and Marfan syndrome (Haine et al. 2015). We also
observe a midbrain morphology phenotype—exposure of the
inferior colliculus in species from multiple lineages including
rodents, microbats, and afrotherians—that is matched to a
CNE (IL-CNE56) in a UBE4B intron. Interestingly, this CNE
overlaps an H3K27ac histone modification mark in the sub-
stantia nigra, which is adjacent to the inferior colliculus in the
midbrain (see supplementary table S7, Supplementary
Material online, for detailed list of the 183 closed loop asso-
ciations, with neighboring genes and inferred species).

To further motivate follow-up work on our set of 2,759
trait-CNE associations, we highlight an example of IL-CNE
that has been lost in two independent aquatic mammalian
lineages: Dolphins and manatees. The pectoral flipper of these
aquatic mammals resembles the human arm in bone place-
ment within the forelimb, having a ball and socket joint in the
shoulder, and other homologous structures such as humerus,
ulna, radius, carpals, and phalanges. The varying environment
and functional tasks that accompanied the transition from
land to water likely morphed forelimb bone structures in
the flippers of these mammals (McGowen et al. 2014). Our
screen identified a CNE lost in both dolphins and manatees
that is located about 10 kb upstream of the EGR2 gene on
human chromosome 10. This CNE was matched with a fore-
limb trait related to the skeletal structure of the elbow, as both
aquatic species also have modified bone structures in their
elbows that presumably prevent forelimb flexion and rota-
tional motion (Lovejoy et al. 2009) (fig. 6A and B). We man-
ually verified that the observed deletions in dolphin, manatee,
as well as killer whale were not due to sequencing gaps or other
artifacts, and that the region deleted was syntenic with EGR2 in
dolphin, manatee, and killer whale. Notably, EGR2 is annotated
in both HPO and MGI with functions related to forelimb bone
morphology (fig. 6C). Taken together, this evidence suggests
that this CNE influences forelimb structure by regulating EGR2.

Discussion
The repertoire of noncoding function in the human genome
is far from fully understood. Epigenomic “active enhancer”
measurements (e.g., H3K27ac Chip-seq marks) provide infor-
mation about where and when an element is active, but
cannot link enhancers to specific phenotypes or estimate
how important the element is for the tissue (e.g., how knock-
ing out the element will affect fitness). To address these chal-
lenges, we have developed an evolutionary-based reverse
genomics approach to link human CNEs with phenomic
characters on the basis of mutual independent phenotype–
genotype modification patterns. Using a phenotypic matrix
that scored trait states (i.e., trait presence or absence) across
species, coupled with whole genome sequence alignments,
we identified 2,759 functional trait-CNE associations. These
associations are enriched for agreement with known gene
annotations about mammalian phenotypes (Eppig et al.
2012) and human abnormalities (K€ohler et al. 2014).

We link CNEs to traits related to a broad range of mor-
phological and developmental traits. Among “two-state”
traits sufficiently annotated across species with whole
genome sequences, we have identified hundreds of

phenotypic characters for which the ancestral state was mod-
ified independently at least twice during the evolution of
placental mammals. In contrast to independent phenotype
losses, we found that independent CNE losses are much less
common: From an initial set of highly conserved human non-
coding regions, we identified less than 5% as having multiple
independent losses (the vast majority of which have indepen-
dently lost exactly twice). It is possible that a higher than
expected degree of pleiotropy of conserved cis-regulatory el-
ements (i.e., driving expression in more than one anatomical
structure) is a major factor constraining CNE losses (Hiller,
Schaar, Bejerano, et al. 2012).

In carrying out a genomic screen for IL-CNEs, our work
unifies, for the first time, large efforts from two disparate
communities with convergent goals. We believe that geno-
micists could greatly benefit from the detailed curation efforts
of morphologists (zoologists and paleontologists) (O’Leary
and Kaufman 2011) in identifying novel links between geno-
mic loci and function. Similarly, morphologists could use ge-
nomics to address the molecular basis for species anatomical
and physiological diversity, or to infer ancestral traits from
ancestral genomic states (Ma et al. 2006). There are concrete
steps that members of both communities can take to facili-
tate this synergy. For example, genomicists could prioritize
higher the whole genome sequencing of currently nonse-
quenced species with extensive morphological annotations
(supplementary table S2, Supplementary Material online),
thereby increasing the power of future screens similar to
ours. In turn, morphologists could prioritize the development
of a common vocabulary between free text trait descriptions
in Morphobank and structured biological databases devel-
oped by the genomics community (e.g., by mapping scored
trait terminology to the nearest ontology terms in MGI and
HPO), thereby enabling both communities to combine each
other’s data in their studies.

We believe that our proposed approach is able to identify a
large number of important functional links between CNEs
and morphological traits. However, no method is without
limitations. First, associations involving pleiotropic CNEs
may remain undetected, as the elements are constrained by
their roles in additional traits. Second, our approach hinges on
detecting ancestral traits that are encoded by ancestral geno-
mic elements. The loss of similar phenotypic traits that are
nonetheless encoded by distinct (nonorthologous) genomic
regions will evade our current screen, as will be the case if an
attempt is made to extend our approach to phenotypic gains
that are mediated through nonorthologous genomic modifi-
cations. Looking forward, however, we expect our reverse
genomics approach to become more powerful over time.
Whole genome sequencing technology is rapidly marching
forward, giving rise to novel sequence assemblies for many
species (Lindblad-Toh et al. 2011) and significant improve-
ments in the quality of existing assemblies. In parallel, our
understanding of how different genes affect complex mam-
malian phenotypes is continuously expanding, making our
gene annotations richer, and the proposed interpretation of
nearby cis-regulatory elements via nearby genes more feasible.
On the phenotypic side, structured phenotypic databases like
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Morphobank (O’Leary and Kaufman 2011) provide a rich and
appealing resource for the investigation of genotype–pheno-
type links when intersected with comparative genomics anal-
yses over multiple types of functional loci, including cis-
regulatory elements, genes, and noncoding RNAs. Advances
in automated text-mining approaches (Peters et al. 2014)
have the potential to greatly increase the amount of available
structured genomic and phenotypic information that can be
easily processed computationally. Finally, experimental ad-
vances and the incorporation of accurate genome-editing
tools like the CRISPR/Cas systems (Cong et al. 2013) will,
over time, enhance the throughput of in vivo studies of

trait-CNEs predictions and thus dramatically expand the
landscape of opportunities for exploring cis-regulation in
cross-species phenotypic diversity and in human biology.

Materials and Methods

Obtaining Genomic and Phenotypic Data

We obtained whole genome alignment data from the UCSC
genome browser 46-way vertebrate multiz alignment (http://
hgdownload.cse.ucsc.edu/goldenPath/hg19/multiz46way/,
last accessed January 19, 2016). Morphological data were
downloaded from Morphobank project 773 (http://morpho-
bank.org/permalink/?P773, last accessed January 19, 2016).

A

B

C

FIG. 6. An example of forelimb morphological trait associated with an IL-CNE (IL-CNE1686) near the EGR2 gene. (A) A bone trait involving the joint
between the humerus, ulna, and radius (see arrows) exists in two states across placental mammals. (B) Left: a phenotree showing that an independent
morphological modification pattern is observed in aquatic mammals and matches a CNE lost in those species. Right: A multiple alignment of the IL-
CNEs with deletions in three delphinidae family members (belonging to the Odontoceti, toothed whale clade of cetacea): Dolphin, killer whale, and
Yangtze River dolphin, as well as manatee from afrotheria. (C) The contextual logic linking the matched trait with the CNE near EGR2, through HPO/
MGI terms related to the forelimb and the implicated bones.
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Identifying Human CNEs from a 46-Way
Vertebrate Alignment

We curated placental mammalian CNEs anchored to the
human genome (assembly GRCh37/hg19). From an initial
set of conserved regions in the human phastCons track
(Siepel et al. 2005), generated from a 46-way vertebrate
multiz alignment, we eliminated regions that overlap exons
of known or predicted genes or functional RNA molecules.
For that purpose, we generated a “might code” track from the
union of regions annotated as exons by UCSC knownGene
(Hsu et al. 2006), Ensembl (Flicek et al. 2013), the Mammalian
Gene Collection (Temple et al. 2009), and RefSeq (Pruitt et al.
2007), including regions that matched RefSeq mRNAs found
in other species. We also included regions predicted as exonic
by Exoniphy (Siepel and Haussler 2004), and exons of pseu-
dogenes annotated by VEGA (Ashurst et al. 2005) or the Yale
Pseudogene Database (Karro et al. 2007). Finally, we included
micro-RNAs from the miRNA Registry (Griffiths-Jones 2004;
Weber 2005), and small nucleolar RNA (snoRNA) and small
cajal body-specific RNA (scaRNAs) from snoRNA-LBME-db
(Lestrade and Weber 2006). We then removed conserved
elements that had nonzero intersection with the “might
code” track.

Next, we merged small conserved regions into larger ones,
by grouping together all regions at most 20 bp apart, and
selected only ones that were at least 50 bp in length. Finally, to
exclude recent (e.g., primate specific) elements, we removed
regions that were not conserved in at least 7 of the 19 se-
quenced and phenotyped placental mammals (fig. 2B and
supplementary table S1, Supplementary Material online).

CNE Orthologous Chain Mapping

We analyzed the evolutionary history of each human (hg19)
CNE, by mapping conserved regions in the human “reference”
genome to other “query” species, through the UCSC liftOver
chain pairwise alignments (Kent et al. 2003). A chain object
depicts a pairwise alignment between orthologous genomic
regions as a series of chain “links,” where each link corre-
sponds to a gapless alignment, separated by either single-
sided gaps (a deletion in one species or an insertion in the
other) or double-sided gaps (representing multiple insertion
or deletion events at the same locus).

Given a region in a reference species (GRCh37/hg19) and a
query species, we find the orthologous coordinates in the
query species, as defined by the liftOver chains. This proce-
dure enables to identify deletions of the region in the query
species, and distinguish them from false deletions created by
assembly gaps. We first used the UCSC BigBed file format to
store the reference genomic region spanned by the chain (i.e.,
storing each link with its chain identifier). We store the links
in sorted order, as it is easier to get the links flanking the input
region to either side. These are useful to eliminate errors due
to assembly gaps.

Identification of CNE Loss Events

We extracted a pairwise alignment between CNEs in human
and the orthologous locations in a query species from the

liftOver chains. We compute two quantities: 1) percent iden-
tity (number of matches divided by the total alignment
length) and 2) percent match (number of matches divided
by the total number of bases in the reference). We mask away
portions of the alignment where a deletion in the query spe-
cies is flanked by chain links aligned to a region with an as-
sembly gap. Similarly, we excluded insertions in the query
species that contain assembly gaps.

We defined species-specific percent conservation cutoffs
for a conservation and loss. By expectation, a neutrally evolv-
ing region should have a percent match of roughly 1�b,
where b is the branch length between the two species
(from UCSC multiple alignments, in units of substitutions
per site). We therefore set the quantity 1�b as the loss
cutoff. As this number can be quite high for species with
small distance from humans (e.g., primates), we use a cutoff
of 70% whenever 1�b is greater than 70%. For the conserva-
tion cutoff, we wished to estimate a parameter r (<1) such
that the probability of a mutation at a given base within an
evolutionarily conserved region is approximately rb. Similar
parameters were estimated by Siepel et al. (2005) when de-
veloping the phastCons model for identifying conserved ele-
ments. For various clades, they get estimates of r of
approximately 1/3. We therefore set r = 1/3, and define
the conservation cutoff for a species with a branch length b
to be 1�rb. We applied minor species-specific tuning (final-
ized independently of downstream calculations) to decrease
this cutoff based on manual inspection of the percent identity
histograms for each species.

The state of each CNE in a given query species is either
conserved, lost, or unknown. An element is conserved if the
entire interval lies above the conservation cutoff, and is lost if
the entire interval lies below the loss cutoff (fig. 3). Because
percent identity likely gives too high of a weight to insertions,
and percent match ignores insertions, the interval these two
values define can be interpreted as a “confidence interval”
within which we expect the “true” conservation score to lie, if
we knew exactly how deleterious each insertion was.

Identifying IL-CNEs in Placental Mammal Phylogenies

We extracted a subset of IL-CNEs that are each conserved in
at least 7 of the 19 placental mammals, as well as the human
and armadillo lineages, to ensure that the element spans
much of the placental mammalian phylogeny. We used a
parsimony-based algorithm that, for a given rooted phyloge-
netic tree with leaves annotated with either 1 or 0 (represent-
ing CNE “presence” or “absence,” respectively), computes the
minimum number of loss events that are needed to explain
the particular evolutionary pattern of ones and zeros, restrict-
ing 0 to 1 transitions (Gould 1970). We start at the leaves of
the tree and work our way back toward the root to infer the
state of each ancestral node. The number of independent
losses in the tree equals the number of unique state 1 internal
tree nodes with at least one child node of state 0 and another
of state 1.

For each CNE, we required at least two independent loss
events in the eutherian tree, and that independent loss events
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have outgroups with intact CNEs (i.e., bracketed by leaves
annotated with 1). We applied the same method to trait
phylogenetic trees to identify independently lost traits, as
well as the matched trait-CNE phenotrees.

Mapping Morphobank Traits to MGI and HPO
Ontologies Using Free Text Matching

To facilitate the automated bulk assessment of our candidate
trait-CNE pairs, we mapped Morphobank phenotypic char-
acters (O’Leary et al. 2013) to gene ontology terms related to
mammalian anatomy and physiology. Specifically, we wanted
to map the free text descriptions (O’Leary et al. 2013) of the
496 independently lost traits to one or more terms from the
MGI and HPO ontologies, thus creating a unified vocabulary
that links our phenotypic and genomic data. We started by
preprocessing the textual description of each Morphobank
trait. First, we removed two and three letter words (excluding
C1–C7, which represents column vertebrae, and meaningful
keywords like eye, pad, and ear). Next, using a table of English
word frequency, we removed an additional set of general
terms. Finally, we lemmatized each remaining word (using
the Python stemming package stemming.porter2), ending
up with at least two informative keywords for each pheno-
type. We then mapped each Morphobank phenotype to MGI
and HPO ontology terms whose descriptions contained at
least one of the keywords for the phenotype. To assess and
refine the accuracy of the mapping, keywords were ranked
according to how often they were used to link traits to on-
tology terms, and the top 100 keywords were inspected man-
ually to ensure that they yielded correct phenotype-term
mappings at least 90% of the time. Thirty-five of these 100
keywords were either removed from the table for reducing
the accuracy (e.g., neck, which mapped “neck” related traits to
“small neck of uterus”), required to match as a standalone
keyword (e.g., “ear” should not match “heart”), or replaced
with synonyms that better match the MGI/HPO vocabulary.
The final accuracy of the resultant mapping from
Morphobank traits to MGI and HPO is estimated to be
higher than 85% when analyzing closed loop traits, IL-CNEs,
and genes over particular types of traits (supplementary fig.
S1, Supplementary Material online).

Supplementary Material
Supplementary tables S1–S7 and figure S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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