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ABSTRACT

The completion of vertebrate genome projects revealed that only a small fraction of DNA encodes
proteins, while most consists of non-coding regions containing essential regulatory elements.
Comparative genomics offers a powerful framework to identify conserved non-coding elements
(CNEs), enhancers, and long non-coding RNAs (IncRNAs) that govern gene expression and drive
vertebrate diversity. This review summarizes advances in identifying and functionally annotating
non-coding regulatory elements through comparative and integrative genomics. Using case
studies such as the ZRS enhancer of Shh, Pitxl pelvic enhancer, Human Accelerated Regions

(HARs), and conserved IncRNAs like Fendrr and HOTTIP, we illustrate how subtle non-coding Recgived 12 July 2025;
variations shape morphology and lineage-specific traits. Overall, the evolution of gene regulation Revised 01 August 2025;
rather than protein-coding changes alone emerges as a major force in vertebrate evolution. Accepted 08 August 2025

Integrating functional genomics, single-cell transcriptomics, and machine learning will further
clarify how non-coding DNA contributes to adaptation and disease.

Introduction

The sequencing of multiple vertebrate genomes over the
past two decades has fundamentally transformed our
understanding of genome organization, revealing that the
vast majority of functional information resides outside of
protein-coding regions. In humans, more than 98% of the
genome is composed of non- coding DNA, encompassing a
diverse repertoire of regulatory elements including
enhancers, silencers, insulators, promoters, and long non-
coding RNAs (IncRNAs) that together orchestrate precise
spatial and temporal control of gene expression (Figure 1).
Far from representing “junk DNA,” these elements constitute
the regulatory circuitry that underpins embryonic
development, cell identity, and physiological homeostasis.
Disruption of these elements is increasingly implicated in
developmental disorders, cancer, and complex diseases,
underscoring their biological and clinical significance [1-3].
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Figure 1. Comparative genomics identifies conserved non-coding
elements such as enhancers and IncRNAs across vertebrates. Sequence
conservation and divergence among species reveal how non-coding
DNA regulates gene expression and drives evolutionary diversity.

Comparative genomics has emerged as a powerful
framework for the systematic identification of functional
non-coding elements. The approach leverages evolutionary
constraint as a proxy for functionality: sequences that have
been preserved across hundreds of millions of years are
likely to be under purifying selection and thus essential for
organismal fitness. Multi-species genome alignments and
conservation scoring tools have identified thousands of
conserved non-coding elements (CNEs), which are
frequently enriched near key developmental regulators such
as Hox, Sox, and Pax genes (Figure 2). Functional studies
demonstrate that many CNEs act as enhancers with
exquisitely specific spatiotemporal expression patterns
during embryogenesis [4].
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Figure 2. Compositionof the human genome.

The pie chart illustrates the proportional organization of
major genomic components, emphasizing the predominance
of non-coding regions. Protein-coding genes constitute only
~2% of the human genome, while the remaining ~98%
comprises diverse non-coding sequences with regulatory,
structural, and evolutionary functions. Repetitive elements
(~45%) and introns (~30%) represent the largest genomic
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fractions, followed by intergenic regions (~15%), regulatory
elements (~10%), and long non-coding RNAs (IncRNAs) and
other ncRNAs (~4%). Collectively, these non-coding
components form an intricate regulatory landscape that
governs gene expression, chromatin organization, and
genome evolution.

Notably, comparative approaches also reveal lineage-
specific regulatory innovations that underpin phenotypic
diversity. Human accelerated regions (HARs), for example,
are genomic segments that were highly conserved across
vertebrates but underwent rapid evolution in the human
lineage, implicating regulatory rewiring in the emergence of
human-specific traits [5, 6]. Similarly, mutations in the
deeply conserved ZRS enhancer of the Shh gene are
associated with limb reduction and loss in snakes,
illustrating how modification of a single cis-regulatory
element can produce dramatic morphological changes [7, 8].
These findings highlight the dual nature of the non-coding
genome: maintaining developmental stability while serving
as a substrate for evolutionary innovation.

of regulatory elements. Genome-wide profiling of
chromatin states, histone modifications (e.g., H3K27ac,
H3K4mel), and open chromatin landscapes using ATAC-seq
and DNase-seq has enabled the identification of active
regulatory regions across cell types and developmental
stages. Integrating these epigenomic signatures with
evolutionary conservation has revealed that regulatory
programs active during the phylotypic stage of vertebrate
development are among the most deeply conserved [3, 9,
10].

Types of Non-Coding Regulatory Elements in
Vertebrate Genomes

The completion of vertebrate genome projects has revealed
that only ~1-2% of the genome encodes proteins, while the
vast majority comprises non-coding regions with diverse
regulatory and structural functions [3, 11]. Understanding
this “dark matter” of the genome remains a central
challenge in functional genomics (Table 1). Comparative
genomics has emerged as a powerful framework for
classifying and functionally annotating these non-coding

Recent advances in epigenomics have synergized with elements, providing insights into their roles in
comparative approaches to refine the functional annotation development, physiology, and evolution [12, 13].
Table 1. Types of non-coding regulatory elements in vertebrate genomes.
Element Definition Primary Case Evolutionary Key
Functions Studies Insights References
Enhancers 50-1500 bp cis-regulatory elements  Recruit TFs and ZRS enhancer of Show deep conservation and [8,14-16]
that activate transcription in position-  cofactors; establish ~ Shh; Sox9, Pax6 rapid  turnover; lineage-
and orientation-independent manner ~ chromatin loops to  enhancers; specific enhancers contribute
activate  distant  VISTA-validated to species-specific traits
promoters enhancers
Human Non-coding elements conserved  Many HARI (neocortex), Indicate human-specific [17,18]
Accelerated  across vertebrates but with excess  Developmental HAR2 /HACNS1 regulatory  innovations
Regions substitutions in human lineage enhancers, (limb enhancer) linked to brain evolution
(HARs) especially in brain and morphology
Conserved >70-100 bp with high identity = Developmental Pitx1 pelvic enhancer; Retained >400 Myr; purifying [19,20]
Non-Coding between mammals/fish; UCEs 2200  Enhancers, CNE clusters near selection maintains core body
Elements bp conserved across mammals silencers, splicing  Hox, Sox, Otx plans; lineage-specific loss
(CNEs) regulators, linked to  morphological
chromatin changes
organizers
Long Transcripts >200 nt, little /no Chromatin Xist (X- inactivation), Rapid sequence evolution but [21,22,23]
Non-Coding coding potential, often remodeling, Malatl (RNA Splicing), conserved synteny/expression;
RNAs syntenically conserved transcriptional Terc (Telomerase RNA) essential for development and
(IncRNAs) interference, dosage compensation
scaffolding, RNA
processing
Silencers Negative regulatory elements Recruit Neural-restrictive Often under Strong selection  [24]
that repress gene transcription repressors and silencer element to maintain spatiotemporal
chromatin-modi (NRSE) controlling repression patterns
fying complexes neural genes
Insulators / DNA elements that block Establish TAD CTCF binding sites at Evolutionarily conserved [25,26]
Boundary enhancer-promoter boundaries; TAD boundaries in mammals; maintain 3D
Elements communication or define mediate genome integrity
chromatin domains chromatin
architecture via
CTCF /cohesin

Enhancers- modular switches of gene expression

Enhancers are short cis-regulatory DNA elements, typically
50-1,500 bp in length, that increase transcription of target
genes in a position- and orientation-independent manner
[14]. They function by recruiting transcription factors and

cofactors, promoting chromatin looping, and establishing
spatial proximity between distal regulatory regions and
promoters  within the three-dimensional nuclear
architecture [15, 17].
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Comparative genomics and discovery

Multi-species genome alignments have identified thousands
of evolutionarily conserved enhancer candidates, frequently
clustered near key developmental genes [16, 18]. Resources
such as the VISTA Enhancer Browser and ENCODE project
have experimentally validated hundreds of enhancers,
generating tissue-specific functional annotations across
multiple species [19,20].

Evolutionary dynamics

Enhancers exhibit both deep conservation and rapid
evolutionary turnover. Highly conserved enhancers regulate
fundamental developmental pathways, whereas lineage-
specific enhancers contribute to phenotypic innovation and
species-specific traits [18, 21].

Case study: Shh limb enhancer (ZRS)

The limb-specific Shh enhancer ZRS is deeply conserved
across vertebrates but contains snake-specific mutations
linked to limb reduction [8].

Human accelerated regions (HARs)

Several HARs function as enhancers with human-specific
activity in the developing neocortex, suggesting roles in the
evolution of human cognition [5, 22].

Conserved non-coding elements (CNEs)- evolutionary
anchors

CNEs are stretches of non-coding DNA showing
exceptionally high conservation across distantly related
vertebrates, typically >70-100 bp with 270% identity
between mammals and fish [1, 4]. A notable subset, ultra
conserved elements (UCEs), maintains perfect sequence
conservation over =200 bp across human, mouse, and rat
genomes [23].

Functional roles

CNEs are enriched near developmental transcription factor
genes and often function as enhancers, silencers, or other
cis-regulatory modules [16;24]. In vivo reporter assays
demonstrate that many CNEs drive highly specific
spatiotemporal expression patterns during embryogenesis
[25, 26].

Evolutionary insights

CNEs have been preserved under strong purifying selection
for over 400 million years, highlighting their critical roles in
developmental robustness and body plan conservation [9,
13]. However, lineage-specific loss or modification of CNEs
has contributed to morphological diversification,
exemplified by pelvic reduction in sticklebacks caused by
deletion of a Pitx1 enhancer [27].

Long non-coding RNAS (IncRNAS) - The regulatory
transcriptome

LncRNAs are transcripts longer than 200 nucleotides with
minimal protein-coding potential, yet they perform diverse
regulatory functions, including chromatin remodeling,
transcriptional interference, scaffolding of molecular
complexes, and post-transcriptional regulation [28, 29].

Comparative genomics

Although IncRNAs exhibit lower primary sequence
conservation than protein-coding genes, many retain
conserved synteny and tissue-specific expression patterns
across vertebrates [30, 31]. A subset including Xist (X-
chromosome inactivation), Malatl (RNA processing), and
Terc (telomerase RNA component) is deeply conserved and
essential for development [32].

Functional validation

CRISPR/Cas9-mediated loss-of-function studies demonstrate
that numerous IncRNAs exert significant phenotypic effects,
underscoring their roles as critical regulators of transcriptional
and epigenetic programs [33, 34].

Additional regulatory elements

Beyond enhancers, CNEs, and IncRNAs, additional cis-
regulatory sequences also contribute to transcriptional
control:

Silencers

Repressive elements that downregulate gene expression by
recruiting transcriptional repressors or chromatin-modifying
complexes [35]. Genome-wide silencer maps reveal their
abundance and context- dependent functionality, with
disease-associated variants frequently enriched in these
regions.

Insulators /boundary elements

These sequences define topologically associating domain
(TAD) boundaries and restrict inappropriate enhancer—
promoter interactions. Typically marked by CTCF binding and
cohesin recruitment, they are essential for maintaining
higher-order chromatin organization [36, 37].

Comparative Genomics Approaches and Tools

Comparative genomics has become an indispensable
framework for uncovering and functionally characterizing
non-coding regulatory elements in vertebrate genomes. By
integrating high-quality genome assemblies, evolutionary
conservation analyses, epigenomic profiling, and experimental
perturbation studies, researchers can systematically resolve
the regulatory architecture underlying development,
physiology, and disease susceptibility. Figure 3 provides a
schematic overview of the major steps in a comparative
genomics workflow, and Table 2 summarizes the key
approaches, computational tools, and resources discussed in
this section.
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Figure 3. Comparative genomicsworkflow for identifying conserved
regulatory elements.

© Reseapro Journals 2025

A. Bioinfor. Comput. Biology., 2025, 1, 1-10 )
https://doi.org/10.61577/abcb.2025.100006


https://doi.org/10.61577/abcb.2025.100006

RESEAPRO

JOURNALS

ARCHIVES OF BIOINFORMATICS AND COMPUTATIONAL BIOLOGY
2025, VOL. 1, ISSUE 2

Schematic overview of the major analytical steps in
comparative genomics. Genome assemblies from multiple
species are aligned to detect conserved regions, followed by
conservation scoring to assess evolutionary constraint.
Epigenomic data are integrated to refine functional annotation,
and candidate elements are validated experimentally through
reporter or CRISPR-based assays. Validated elements are then
incorporated into public databases, enabling systematic
exploration of non-coding regulatory sequences and their
roles in vertebrate evolution and development.

The foundation of comparative genomics is the availability
of high-quality reference genomes from a broad range of
vertebrate lineages. Advances in long-read sequencing
technologies such as PacBio HiFi and Oxford Nanopore
together with Hi-C-based scaffolding have significantly
improved genome assembly contiguity and completeness,
enabling precise identification of conserved non-coding
regions [38]. Multi-species alignments are then constructed
using robust frameworks such as MULTIZ [39]. Progressive
Cactus [40, 41], and LASTZ [42], which enable accurate
orthology mapping across hundreds of species. These
alignments form the essential substrate for identifying
conserved non-coding elements (CNEs) and quantifying
evolutionary turnover.

Conservation scoring and evolutionary constraint

Multi-species alignments are interrogated using phylogenetic
models that detect signatures of purifying selection:

PhastCons applies a hidden Markov model to classify
genomic regions as conserved or non-conserved based on
substitution rates across the phylogeny [43].

GERP++ calculates “rejected substitutions,” representing
the number of mutations removed by purifying selection,
thereby quantifying evolutionary constraint [44].

PhyloP provides both base-wise conservation and
acceleration scores, enabling the detection of deeply
conserved elements as well as lineage-specific regulatory
innovations [45].

These conservation scores are widely used to prioritize
candidate enhancers, silencers, and other cis- regulatory
modules for experimental validation.

Epigenomic integration for functional annotation

Although sequence conservation provides a valuable
indicator of evolutionary constraint, not all conserved
elements perform regulatory roles, and conversely, many
regulatory elements exhibit weak or no conservation. To
address these limitations, conservation signals are
increasingly integrated with epigenomic datasets that capture
cell type-specific regulatory activity.

Histone modification profiles offer critical insights into
enhancer states: H3K4mel enrichment marks poised
enhancers, while H3K27ac distinguishes active enhancers
from poised ones. Similarly, chromatin accessibility assays
such as DNase-seq and ATAC-seq identify regions of open
chromatin that are accessible to transcription factors, thereby
highlighting potential cis-regulatory modules.

Comprehensive initiatives such as the ENCODE Project
and the Roadmap Epigenomics Program have generated
large-scale maps of chromatin states, histone modifications,
and accessibility landscapes across diverse tissues and
developmental stages. By integrating these datasets with

conservation analyses, researchers can prioritize and
functionally annotate conserved elements with higher
confidence, supporting the discovery of context-specific
regulatory elements that underlie development, cellular
identity, and disease [20, 46-49].

Functional validation of candidate elements

Computational predictions of regulatory elements must be
corroborated through experimental validation to establish
causal relationships with gene regulation. Traditional
reporter assays such as luciferase or GFP-based constructs
remain widely used to test enhancer activity in vitro or in
transgenic organisms [50]. More recently, Massively Parallel
Reporter Assays (MPRAs) have enabled the simultaneous
functional interrogation of thousands of candidate
elements, providing quantitative readouts of enhancer
activity at scale [51, 52]. In addition, CRISPR-based
perturbation strategies, including targeted deletions,
CRISPR interference (CRISPRi), and CRISPR activation
(CRISPRa), allow assessment of enhancer necessity and
sufficiency in their native genomic context [53, 54]. These
complementary approaches provide mechanistic insight
into how specific regulatory elements orchestrate
transcriptional programs in development and disease.

Databases and computational resources

A wide range of publicly accessible databases and computational
resources facilitate the identification, annotation, and functional
interpretation of conserved non-coding regulatory elements
across vertebrate genomes. These repositories integrate
comparative, epigenomic, and experimental datasets, enabling
comprehensive analyses of genome regulation and evolution:

VISTA enhancer browser

A curated catalog of in vivo-validated enhancer elements
tested in transgenic mice, providing insights into
spatiotemporal enhancer activity during development [26].

UCNEbase

A specialized repository of ultra-conserved non-coding
elements (UCNEs) and their associated genomic regulatory
blocks, emphasizing their evolutionary conservation and
developmental significance [55].

Ensembl compara

Provides multi-species genome alignments, orthology
predictions, and conservation tracks across hundreds of
species, forming a cornerstone for large-scale comparative
genomics analyses [56].

FANTOM5

A comprehensive atlas of promoters and enhancers
identified through Cap Analysis of Gene Expression (CAGE),
offering a global view of transcriptional regulation across
diverse human and mouse cell types [57].

ENCODE / roadmap epigenomics

Large-scale consortia providing extensive reference
datasets of chromatin accessibility, histone modifications,
and transcription factor binding across tissues, supporting
high-resolution annotation of regulatory elements [10, 20].

These integrated resources collectively support the
discovery and functional prioritization of regulatory elements,
bridging computational prediction with experimental
validation (Table 2).
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Table 2. Summarizes the key approaches, computational tools, and resources.

Step Approach / Tools Key Contribution References

Genome Assembly & Alignment PacBio, ONT, Hi-C, MULTIZ, High-contiguity assemblies; orthology mapping [38,39]
Progressive Cactus, LASTZ

Conservation Scoring PhastCons, GERP++, PhyloP Detect functional constraint across species [43,44]

Epigenomic Integration H3K27ac, H3K4mel, DNase-seq, Prioritization of active regulatory elements [20]
ATAC-seq, ENCODE, Roadmap

Functional Validation Reporter assays, MPRA, Experimental confirmation of enhancer activity [51]
CRISPRi/a

Databases & Resources VISTA, UCNEbase, Ensembl Curated datasets of conserved /validated CREs [19,55]

Compara, FANTOMS

CaseStudies

Comparative genomics has been instrumental in linking
conserved and divergent non-coding elements to phenotypic

diversity across vertebrates. Below, we highlight four well-
characterized examples where regulatory elements and
IncRNAs have been functionally validated and connected to
evolutionary innovations or disease phenotypes. These case
studies collectively demonstrate that non-coding elements,
including enhancers and IncRNAs, are powerful drivers of
phenotypic diversity. They show that evolutionary changes in
regulatory DNA, whether through point mutations, deletions,
or accelerated substitution rates, can remodel gene
expression programs and generate morphological and

cognitive innovations.

Databases such as UCNEbase, which catalog ultraconserved
non-coding elements (UCNEs) and their organization into
genomic regulatory blocks, have further enhanced our ability
to identify and functionally annotate conserved regulatory
Integrating multi-species
comparative genomics with experimental validation remains
the gold standard for linking sequence evolution to phenotype

regions across species [55].
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Representative examples showing how conserved and
lineage-specific non-coding elements drive vertebrate
diversity. ZRS enhancer of Shh controls limb patterning;
mutations cause polydactyly and snake limb loss. Pel enhancer
of Pitxl regulates pelvic development in sticklebacks, with
deletions leading to recurrent reduction. Human accelerated
regions (HARs) act as enhancers in neocortical development,
contributing to human-specific traits. Conserved IncRNAs such

as Fendrr modulate chromatin and developmental gene
networks, underscoring the evolutionary significance of non-
coding DNA in vertebrate form and function.

ZRS enhancer of Shh and limb development

The zone of polarizing activity regulatory sequence (ZRS) is a
long-range enhancer of the Sonic hedgehog (Shh) gene,
located nearly 1 Mb upstream within intron 5 of Lmbrl. The
ZRS orchestrates Shh expression in the posterior limb bud,
specifying the anterior-posterior axis of the developing limb

(57

Comparative genomic analyses reveal that the ZRS is

deeply conserved across vertebrates from fish to mammals

underscoring its essential role in limb patterning [8].
Notably, accelerated substitution rates within the ZRS have
been identified in limbless squamates such as snakes,
correlating with reduced enhancer activity and the
evolutionary loss of limbs [8].

Functional evidence from mouse transgenic assays and
human genetic studies demonstrates that point mutations
or duplications within key transcription factor binding
motifs (e.g., ETS sites) can ectopically activate Shh in the
anterior limb bud, resulting in preaxial polydactyly
phenotypes [58, 59]. Thus, the ZRS exemplifies how subtle
sequence perturbations within a highly conserved enhancer
can drive significant morphological evolution.

Pel enhancer of Pitx1 and pelvic reduction in stickleback
fish

The Pel enhancer regulates the expression of the hindlimb
transcription factor Pitxl during pelvic development in
three spine sticklebacks (Gasterosteus aculeatus). Multiple
freshwater stickleback populations exhibit recurrent pelvic
reduction resulting from independent deletions or
disruptions of this enhancer [27].

Comparative genomic analyses demonstrate that, while
the Pitx] coding sequence remains intact across
populations, the loss of the Pel enhancer leads to complete
downregulation of Pitxl expression in the pelvic region
producing a loss of pelvic structures. This represents a
striking example of parallel evolution through cis-regulatory
modification [27, 60].

Functional rescue experiments further validate this

relationship: reintroduction of the Pel enhancer into pelvic-
reduced fish restores Pitx1 expression and spine formation,
confirming its causal role in morphological evolution [61].

This case exemplifies how morphological diversity often

originates from mutations in regulatory elements rather

A. Bioinfor. Comput. Biology., 2025, 1, 1-10
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than protein-coding regions,

selection and phenotypic innovation.

Human accelerated regions (HARs) and brain development

Human Accelerated Regions (HARs) are short non-coding
DNA elements that are deeply conserved across vertebrates
yet exhibit an unusually high rate of substitution in the
human lineage [22]. This rapid evolution suggests adaptive

modifications potentially linked to human-specific traits.

Comparative and functional genomic analyses have
revealed that many HARs overlap with enhancer elements
active during cortical neurogenesis, particularly in the
developing neocortex, implicating them in the evolution of

human brain size and complexity [62].

A notable example, HAR], is transcribed into a long non-
coding RNA (HARI1A) expressed in Cajal- Retzius neurons
comparisons

divergence
between the human and chimpanzee HARIA transcripts,
suggesting potential changes in RNA function that may have

Structural
structure

during cortical development.
indicate significant secondary

contributed to human cortical evolution [63,5].

Functional assays further support this view: several HARs
drive distinct spatiotemporal enhancer activity in human

neural progenitor cells compared to other primates,

emphasizing that cis-
regulatory changes are powerful substrates for natural

indicating lineage-specific regulatory innovation [64].

Collectively, HARs represent a paradigm for understanding
how subtle alterations in conserved regulatory elements can
produce profound effects on gene expression, offering
molecular insight into the genetic basis of human-specific
cognitive and anatomical traits.

Conserved IncRNAs regulating developmental pathways

Although most long non-coding RNAs (IncRNAs) evolve rapidly,
a subset exhibits remarkable conservation across vertebrates,
suggesting critical regulatory functions. Comparative
transcriptomic studies reveal that these conserved IncRNAs
are often expressed during embryogenesis and participate in
fine-tuning developmental gene networks [64, 65].

Prominent examples include Fendrr and HOTTIP, which
orchestrate lineage-specific gene expression by recruiting
chromatin-modifying complexes such as PRC2 and the
Trithorax/MLL complex [66,67]. For broader context on
IncRNA mechanisms and evolution, see 29 and 68.

Knockout studies in mice have shown that disruption of
these IncRNAs leads to defects in organogenesis, underscoring
their essential developmental roles. These findings highlight
the dual nature of IncRNA evolution widespread turnover
accompanied by pockets of deep conservation and reinforce
the need for integrative comparative genomics and functional
assays to uncover their biological significance (Table 3).

Table 3. A concise overviewof these case studies, summarizing regulatory elements, functions, evolutionary insights, and key references.

Case Study Regulatory Element Function Evolutionary Insight / Key References
Phenotypic Outcome
ZRS Enhancer of ZRS (long-range Orchestrates Shh expression in ~ Deeply conserved across vertebrates;  [8,58]
Shh enhancer of Shh) posterior limb bud; specifies accelerated substitutions in snakes
anterior—posterior limb axis correlate with limb loss; mutations
cause polydactyly
Pel Enhancer of Pel enhancer (regulates Controls Pitxl expression Independent loss-of-function deletions [27, 60, 61]
Pitx1 Pitx1) during pelvic development cause recurrent pelvic reduction in
freshwater sticklebacks; reintroduction
rescues phenotype
Human HARI (IncRNA), other Enhancer activity in Human-specific substitution bursts in [5,22, 62, 63]
Accelerated HARs developing neocortex; conserved regions; likely contributed
Regions (HARs) HAR1 transcribed in to cortical expansion and cognitive
Cajal-Retzius neurons traits
Conserved Fendrr, HOTTIP, other Regulate Despite rapid turnover of most (64, 67]
IncRNAs conserved IncRNAs chromatin-modifying IncRNAs, a conserved subset is
complexes; fine-tune essential for organogenesis;
developmental gene knockout causes developmental
networks defects
Censorved enhancors Farallelfeonvergent Human-specific Conserved IncRNAS can drive major phenotypic changes (e'g'v ZRS and

as developmental hubs evolution
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Figure 5. Principles of non-coding regulatory evolution in vertebrates.
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Four major principles illustrated in figure 5: (1) conserved
enhancers act as developmental hubs where small mutations

convergent traits (e.g., Pel enhancer in sticklebacks); (3)
human accelerated regions (HARs) near neurodevelopmental
genes contribute to species-specific cognitive traits; and (4)
conserved IncRNAsfine-tune gene expression. A summary
ribbon highlights these unifying principles.

Synthesis of case study insights
Several unifying principles emerge from these examples.
Developmental hubs and sensitivity to change

Deeply conserved enhancers serve as critical regulatory
“hubs” within developmental gene networks. Even subtle
sequence alterations can produce profound morphological
consequences, as exemplified by ZRS enhancer mutations
that lead to polydactyly in vertebrates [68].
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Parallel and convergent evolution

Regulatory evolution frequently proceeds in parallel across
independent lineages. The repeated loss of the Pitx1 pelvic
enhancer in freshwater stickleback populations illustrates
how similar adaptive phenotypes can arise through
convergent regulatory modifications rather than protein-
coding changes [69].

Human-specific regulatory innovations

Human Accelerated Regions (HARs) exemplify the emergence
of species-specific regulatory elements, particularly those
associated with neurodevelopmental genes. These regions
highlight how non-coding divergence contributes to cognitive
and neurological traits unique to humans.

Fine-tuning by conserved IncRNAs

Conserved long non-coding RNAs (IncRNAs), such as Fendrr,
modulate gene expression in subtle and context-dependent
ways, integrating spatial and temporal developmental cues.
Their deep conservation across vertebrates suggests a role in
fine-tuning complex regulatory programs, complementing
enhancer-mediated gene activation.

Collectively, these findings demonstrate that evolutionary
innovation is not solely driven by changes in coding sequences
but often emerges through the nuanced modulation of non-
coding regulatory landscapes. Comparative genomics has been
instrumental in linking such conserved and divergent
regulatory elements to phenotypic diversity across
vertebrates, revealing the molecular basis of morphological
and functional evolution [70].

Limitations of current approaches

Despite major advances, several methodological and conceptual
challenges continue to constrain the interpretation of
regulatory evolution.

Conservation bias

Many comparative genomics pipelines emphasize deep
conservation, which can obscure lineage-specific regulatory
elements that play critical roles in adaptation and
diversification.

Incomplete functional validation

Only a small subset of predicted enhancers and IncRNAs
have undergone experimental validation. Epigenomic
signatures such as histone modifications or chromatin
accessibility provide valuable context but do not
consistently confirm regulatory activity across conditions or
species.

Regulatory redundancy

The existence of shadow enhancers and overlapping
regulatory modules can buffer phenotypic effects, making
single-element perturbations appear neutral and masking
their full biological significance.

Variability in annotation frameworks

Differences in enhancer definitions, computational detection
algorithms, and reference genome quality contribute to
inconsistencies across datasets, complicating cross-species
and meta-analytical comparisons.

Addressing these limitations requires integrating experimental
and computational strategies that move beyond conservation-
based inference and toward dynamic, functional characterization.

Integration with developmental biology

Achieving a systems-level understanding of regulatory
evolution demands close integration with developmental
biology. Temporal and spatial epigenomic profiling during
critical morphogenetic windows can pinpoint active
regulatory elements with greater resolution. Reconstructing
gene regulatory networks (GRNs) situates enhancers and
IncRNAs within broader developmental cascades, clarifying
their mechanistic roles in phenotype formation.

Conclusions

Achieving a systems-level understanding of regulatory
evolution demands close integration with developmental
biology. Temporal and spatial epigenomic profiling during
critical morphogenetic windows can pinpoint active
regulatory elements with greater resolution. Reconstructing
gene regulatory networks (GRNs) situates enhancers and
IncRNAs within broader developmental cascades, clarifying
their mechanistic roles in phenotype formation.

Comparative genomics, when coupled with experimental
developmental biology, provides a robust framework for
establishing causal links between regulatory sequence
variation and phenotypic outcomes [11, 13, 64]. Cross-species
transgenic reporter assays and CRISPR-based perturbations
remain gold standards for testing enhancer function and
causality. Furthermore, multi-omics approaches integrating
comparative sequence analysis, chromatin conformation
capture, transcriptomics, and 3D genome architecture
promise to refine predictive models of regulatory evolution.

Ultimately, these integrative frameworks will deepen our
understanding of how non-coding DNA orchestrates
vertebrate development, drives morphological innovation,
and underpins the emergence of species-specific traits.
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