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Abstract

Across the human genome, there are nearly 500 ‘ultraconserved’ elements: regions of at least

200 contiguous nucleotides that are perfectly conserved in both the mouse and rat genomes.
Remarkably, the majority of these sequences are non-coding, and many can function as

enhancers that activate tissue-specific gene expression during embryonic development. From their
first description more than 15 years ago, their extreme conservation has both fascinated and
perplexed researchers in genomics and evolutionary biology. The intrigue around ultraconserved
elements only grew with the observation that they are dispensable for viability. Here, we review
recent progress towards understanding the general importance and the specific functions of
ultraconserved sequences in mammalian development and human disease and discuss possible
explanations for their extreme conservation.

Introduction

The early 2000s marked an inflection point in comparative genomics, with researchers
racing to mine for similarities and differences between the newly sequenced genomes of
various vertebrate species. The Human Genome Project published an initial draft reference
in 20011, with the first “finished’ version in 20042. In parallel, complementary efforts
sequenced the genomes of other vertebrates to facilitate research performed in common
laboratory models and because it was well-recognized that sequence conservation between
humans and other organisms is a powerful tool for identifying loci with important functions
in the human genome3-5. During this time, the rapid succession of sequenced reference
genomes included mouse (2002)3, pufferfish (2002)8, rat (2004)°, chicken (2004)7, dog
(2005)8, chimpanzee (2005)?, and others. Against this backdrop, early comparisons between
the human, mouse, and rat genomes led to the identification of so-called ‘ultraconserved’
elements (UCEs), originally defined in 2004 as sequences with at least 200 base pairs (bp)
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of perfect, uninterrupted conservation between these three species!? (Fig 1a). In total, 481
sequences fulfilled these criteria, and the sequencing of genomes for additional vertebrate
species has identified strong conservation of these loci beyond the mammalian lineagel1-1°,
The majority of ultraconserved sequences were found outside of known or predicted gene
exons and were thus non-codingC. This was surprising given the expectation that coding
sequences would display higher levels of constraint than non-coding loci, a presumption
predicated on the well-known importance of many protein-encoding genes for organismal
viability, development, and overall health10.

In addition to their strong conservation between species, ultraconserved elements show
reduced sequence variation within the human population. Upon their initial discovery,

it was observed that human single-nucleotide polymorphisms known at the time were
heavily depleted (by ~20-fold) in these elements, further suggesting that mutations in these
sites are selectively disadvantageous!®. However, some speculated that highly conserved
non-coding sequences could instead be mutation cold spots, presumably resulting from

a theoretical molecular mechanism that repressed mutagenesis!®. Subsequent larger-scale
human population sequencing confirmed an overall depletion of variants in human
ultraconserved sites and also showed that variants that are found are skewed towards

those with rare derived allele frequencies®17 (Fig. 1b shows similar analyses using

more recent human population data). In other words, common variants are particularly
depleted in ultraconserved loci, while extremely rare variants occur at levels close to

those observed elsewhere in the genome, excluding the possibility that ultraconserved
elements are generally protected from mutation. Furthermore, ultraconserved elements have
been consistently shown to be depleted within copy number variants found in healthy
individualsi8-21, Collectively, these findings strongly support that these sites are under
purifying selection, reinforcing their importance in human biology.

In recent years, experimental studies have painstakingly explored the reasons for
ultraconservation. In parallel, the widespread adoption of human whole genome sequencing
(WGS) has ignited new interest in both elucidating how mutations in ultraconserved
sequences contribute to human disease and in the identification of loci with extreme
evolutionary signatures. Here, we review research on ultraconserved sequences found in

the human genome. We first focus on our current understanding of the functions and
biological importance of the original 481 human-mouse-rat ultraconserved sequences, in
particular their role in regulating gene expression during embryogenesis. We highlight their
importance in establishing normal development while having no obvious impact on viability,
and we investigate possible explanations for their perfect sequence conservation. Next, we
discuss how sequence comparisons to additional vertebrate species have identified thousands
of non-coding human loci with conservation levels similar to ultraconserved sequences

and explore how studies of ultraconserved elements can inform our understanding of the
functional importance of this much larger collection of extremely conserved sequences.

We next describe variants in extremely well-conserved gene regulatory sequences that

are associated with human phenotypes, especially neurodevelopmental disorders. Finally,
we articulate outstanding questions that remain about ultraconserved elements and how
these sequences could aid interpretation of newly identified variants from emerging whole-
genome sequencing studies of human cohorts.

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.
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Functions of ultraconserved sequences

Human-rodent ultraconserved sequences are reported to play a role in various aspects of
gene function and expression regulation, from activation of transcription to exon splicing
(Fig. 2a). When first defined in 2004, ultraconserved sequences were shown to overlap
exons of protein-coding genes (111/481, 23%), sequences that were possibly exons of
protein-coding genes (114/481, 24%), and non-coding regions (256/481, 53%) in the human
genomel®, Because human genome annotation has improved substantially since 2004, we
used the latest UCSC RefSeq gene annotation set to update these classifications (Fig. 2b).
Consistent with the original study, 23% (110) of ultraconserved elements overlap exons

of protein-coding genes, while the vast majority (371, or 77%) do not. Ultraconserved
sequences that overlap exons of coding genes are enriched in genes associated with

RNA processing, including regulation of RNA splicingl. Ultraconserved elements in

5’ untranslated regions (5’UTRs) of coding genes likely regulate the cell-type-specific
translation of the resulting protein?2. Some ultraconserved exons are alternatively spliced as
poison exons, which interrupt the reading frames of genes, for example by introducing an
in-frame early stop codon, and target the resulting messenger RNAs for degradation?? (Fig.
2a). Functional dissection of ultraconserved poison exons revealed them to be crucial for
cultured cell growth, with some exhibiting tumor-suppressor activity2425.

The largest category of ultraconserved sequences comprises those that lie in the non-

coding genome (Fig. 2b). These often cluster together and are enriched in the vicinity

of developmental transcription factor (TF) genes®, which suggested a role for non-

coding ultraconserved sequences in regulating the expression of key patterning genes

during organismal development. This role was first confirmed for ultraconserved sites

in the vicinity of /rx genes using in vivo transgenic enhancer-reporter assays® (Box

1). Subsequent systematic screens using transgenic assays showed that many non-coding
ultraconserved sequences activate tissue-specific reporter gene expression during mouse
embryogenesis?6:27, Qut of 245 non-coding ultraconserved sequences tested in these two
studies, 123 (50%) were reproducibly positive for enhancer activity (Fig. 2c), with the
majority active in neural tissues (67/123, or 54%). These assays tested enhancer activity
only at a single developmental time point (embryonic day 11.5 (E11.5)), so those that were
negative could, in principle, activate gene expression at a different stage. Indeed, intersecting
the 122 sequences negative for enhancer activity in transgenic assays at E11.5 with
chromatin data from ENCODE’s high-resolution series of mouse tissues and developmental
stages?® shows that 71 (58%) of these ‘negative’ sites are marked by H3K27ac, a strong
predictor of enhancer activity, at some point between E10.5 and birth (Fig. 2c). Furthermore,
of the 126 non-coding ultraconserved sequences not tested to date using transgenic enhancer
assays, 93 display H3K27ac during mouse embryogenesis. Thus, 77% (287/371) of non-
coding ultraconserved sequences have validated /7 vivo enhancer activity and/or harbor
enhancer-associated histone modifications during mouse embryogenesis, consistent with

the vast majority of non-coding ultraconserved elements regulating gene expression during
development.

In addition to enhancer activity, non-coding ultraconserved sequences can have other roles in
gene expression regulation. One element upstream of the HoxD locus has been reported with

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.
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dual functions, acting as an enhancer or a repressor of gene expression depending on context
and assay27-2%, Non-coding ultraconserved sequences have been reported to be transcribed
into non-coding RNAs (ncRNAs), especially in cancer cells®0. Although less is known about
the role of ultraconserved ncRNAs in development, anecdotally one long non-coding RNA
(IncRNA) containing an ultraconserved element has been shown to play a role in genome
organization during neurogenesis3!. Recent work reported that noncoding ultraconserved
sites are considerably depleted at topologically associating domain (TAD) boundaries

and enriched inside domains, suggesting that they do not generally function as boundary
elements in establishing high-order, three-dimensional genome organization32. In addition
to the validated roles described above, alternative theoretical functions have been proposed
for non-coding ultraconserved sequences. The most prominent of these is a chromosome
counting function, whereby ultraconserved sequences are hypothesized to ensure accurate
counting of chromosomes during cell division®. However, this proposed function currently
lacks experimental support. In summary, 60% (287/481) of all ultraconserved sequences
show characteristics of enhancer activity during embryonic development, 23% (110/481) fall
within exons of coding genes, and anecdotal examples are associated with other functions.

The primary focus of the remainder of this Review will be on enhancer functions of
ultraconserved sequences since they are the most extensively studied function to date
and likely contribute to the conservation of the majority of ultraconserved sequences.
Nonetheless, it is important to keep in mind that other functions may also be associated
with some or most ultraconserved sequences.

Does ultraconserved equal ultra-important?

The studies described above were instrumental in identifying developmental enhancer
activity as a predominant functional category of ultraconserved elements. However, these
observations did not provide an immediate answer to the core evolutionary question
surrounding these elements: does their extreme conservation signal that these sites are
especially critical for viability? To begin to answer this question, Ahituv and colleagues
selected four ultraconserved sequences and individually deleted each from the mouse
genome33, Importantly, all four ultraconserved sites had previously been shown to act

as enhancers /n vivo, and all were in the vicinity of, and most had activity patterns
similar to, genes that are critical for embryonic development (e.g., Dmirt1/2/3, Pax6, Arx
and Sox3). Remarkably, mice that were homozygous-null for individual ultraconserved
enhancers (or hemizygous-null males for enhancers on the X chromosome) showed

no indication of increased prenatal lethality, were fully viable at birth, and lived well

into adulthood. Assessments of pathology, growth, and gene expression did not reveal
obvious detrimental phenotypes resulting from the loss of these enhancers. Given the
extreme sequence conservation of these loci, the lack of apparent phenotypes was quite
surprising to many in the field and led to various hypotheses as to the reason for this
observation. Possible explanations included: the presence of other enhancers with functions
partially redundant to ultraconserved enhancers!2.27:33 the presence of phenotypes that
are subtle and/or not readily apparent under laboratory conditions2:33, a susceptibility of
ultraconserved sequences to gain-of-function mutations33, and the speculative possibility

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.
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of unconventional drivers of conservation that would be sensitive to sequence changes but
tolerant of homozygous deletion, such as the theoretical molecular copy counting function®.

Subsequent mouse studies, including the targeted deletion of additional ultraconserved
enhancers and more in-depth phenotyping, have shed some light on this issue34-36, To
date, a total of eight ultraconserved enhancers have been individually deleted from the
mouse genome (Table 1). Some of the enhancers consist of 2-3 ultraconserved elements

in close proximity, so, in total, 11 distinct ultraconserved elements from the original
Bejerano et al. list have been deleted. Consistent with the Ahituv ef a/. results, all mice
with homozygous/hemizygous-null deletions of ultraconserved enhancers to date have
been viable and fertile33-35, However, detailed phenotyping revealed the presence of
developmental phenotypes in several of the ultraconserved enhancer deletion lines (Table
1). Individual loss of two ultraconserved enhancers at different genomic loci and with
different tissue-restricted activity patterns, one in forebrain (enhancer hs119, near Arx)
and one in limb (enhancer hs280, near 7memb53), both resulted in overall body mass
reduction3435. Neither showed obvious phenotypes specific to the tissue in which they are
active. Individual deletion of two additional ultraconserved enhancers (hs121 and hs122)
near the Arxtranscription factor gene, which is critical for the development of the brain
and other tissues, resulted in brain abnormalities34. Loss of enhancer hs121 resulted in
altered densities of specific cortical interneuron types, including cholinergic neurons. Loss
of enhancer hs122, which is active in the dorsal forebrain, led to the reduced expression

of Arxspecifically in the dorsal forebrain, along with changes to the size and morphology
of the hippocampus34. Importantly, these phenotypes have definitively confirmed the role
of these ultraconserved enhancers in the regulation of Arx. Both the cholinergic neuron
alterations and hippocampal defects observed mimic a subset of the changes observed when
the Arx gene itself is deleted in mice34:37:38, Overall, non-lethal but potentially detrimental
developmental phenotypes have been identified in half (4 of 8) of the mouse knockout
lines where a single ultraconserved enhancer has been deleted (Table 1). There have thus
far been no published experiments directly assessing if these phenotypes lead to decreased
lifespan or are selected against in wild environments, but it is plausible to assume that
such phenotypes would be detrimental in living conditions outside of a laboratory. For
example, the hippocampus has a well-established role in memory formation and learning?®,
and reduction of cholinergic neurons is associated with Alzheimer disease in humans*C.

The high density of ultraconserved forebrain enhancers at the Arx locus has been critical
for studying potential functional redundancy between these elements. At this locus, two
distinct ultraconserved enhancers (hs119 and hs121) are active in overlapping spatial
domains within the ventral forebrain, while two others (enhancers hs122 and hs123)

drive expression in similar areas of the dorsal forebrain®!. Like mice missing individual
ultraconserved enhancers, mice with pairs of these potentially redundant enhancers
(hs119+hs121 or hs122+hs123) deleted on the same haplotype were found to be viable34. In
one case (hs119+hs121), hemizygous-null mice displayed a combination of the growth and
neuronal phenotypes observed when either enhancer is deleted individually34. However, the
phenotypes were generally more severe for the hs119+hs121 double knockout than either
individual deletion. For the other double knockout (hs122+hs123), hemizygous-null mice
showed a phenotype of similar severity to loss of enhancer hs122 alone (no phenotypes

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.
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resulting from loss of enhancer hs123 alone have been described to date). Combined, these
results suggested some limited functional redundancy between enhancers hs119 and hs121,
since their combined loss resulted in a more severe phenotype. However, these results also
highlighted that individual enhancers at this locus have their own distinct roles in regulating
Arx expression and development. Collectively, mouse knockout studies of ultraconserved
enhancers suggest that these loci are generally well conserved because they are often
individually necessary for proper development, and their loss results in phenotypes that,
while subtle or possibly not apparent under laboratory conditions, are likely to be selectively
disadvantageous in the wild34,

Explanations for enhancer ultraconservation

Deletion experiments and associated developmental phenotypes addressed why
ultraconserved enhancers are generally conserved but do not explain why they show
uninterrupted sequence conservation. Mutagenesis studies of various less well-conserved
elements indicate that enhancers can typically withstand some change to their nucleotide
sequences without affecting their function, due to the presence of redundant binding

sites for TFs and the degeneracy of TF recognition sequences*2-46, For example, single
nucleotide changes introduced into twenty-five different mammalian enhancers as part of
massively parallel reporter assays (MPRAS) performed in cell culture and mouse liver
showed only modest effects#3-4°. Individual sequence variants often had no measurable
effect on enhancer activity, and those that did rarely changed the activity more than two-fold.
Nucleotides that were more critical to enhancer activity tended to be more conserved, but
that was not always the case. Changes to some conversed nucleotides did not alter enhancer
activity, and not all nucleotides that altered activity were under purifying selection.

Comparative functional genomics studies have used complementary approaches to explore
the effect of nucleotide variation on enhancer properties. For example, multiple studies
have used ChlP-seq to enhancer-associated TFs to profile tissue or cells from different
mouse strains and/or rodent species to determine whether and how sequence changes in TF
recognition sites alter TF binding®”48. As expected, these studies show there is typically an
enrichment of sequence variants in the TF binding sites (TFBSSs) in loci where TF binding
is not conserved between species. However, many loci that are functionally divergent in

TF binding frequently have no sequence differences between the strains/species being
compared, and many sites of conserved TF binding do have sequence differences in the
TFBS. These studies have highlighted the importance of combinatorial binding of multiple
different TF proteins in preserving the functions of putative enhancer regions. For example,
binding of a TF is more likely to be functionally conserved between species if it occurs in
close proximity to binding by other TFs#’, and TF binding can be disrupted by sequence
variants in neighboring binding sites*8. Together, MPRA and comparative genomic studies
reveal a complex relationship between genetic variation and functional changes in enhancer
activity, with many individual variants having little impact on the functions of enhancers that
are not ultraconserved.

In contrast, extended blocks of perfect sequence identity suggest that ultraconserved
enhancers may be uniquely susceptible to the effects of mutagenesis and that even single

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.
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base pair changes could alter their function. Mapping of /n vitro protein-DNA interactions
has revealed a high degree of TF occupancy throughout ultraconserved enhancers, which

is attributed to overlapping conserved TFBSs#9. Therefore, one possible explanation of
ultraconservation at enhancers is that, unlike less well-conserved enhancers, every base pair
in the sequence may be essential for enhancer activity (Fig. 3, Model 1). In this case, any
mutation would result in the partial or complete loss of enhancer function and reduced
expression of the enhancer’s target gene. Alternatively, ultraconserved enhancers may be
uniquely susceptible to gain-of-function mutations that result in new spatiotemporal gene
expression33 (Fig. 3, Model 2), a phenomenon observed in at least one less well-conserved
enhancer®%-52, Ultraconserved sequences may also not constitute single enhancer units

but be composed of multiple overlapping enhancers that are active in different spatial
domains or at different developmental stages (Fig. 3, Model 3). Finally, the function of
transcriptional enhancers alone might be insufficient to explain the phenomenon of non-
coding ultraconservation, and it has been proposed that multiple superimposed functional
constraints could result in uninterrupted blocks of conserved nucleotide sequences®3. For
example, one ultraconserved element has been shown to have coding and enhancer activity,
and both functions are likely under selective pressure®. Purely non-coding ultraconserved
sites may harbor additional, unspecified, non-coding functions overlapping nucleotides
responsible for enhancer activity (Fig. 3, Model 4). These proposed models are not mutually
exclusive, and it is conceivable, or even likely, that a combination of two or more of these
possibilities underlies the phenomenon of ultraconservation.

If ultraconserved enhancers indeed constitute a binding hub for interdependent, non-
redundant transcription factors, their mutagenesis would be expected to result in significant
changes to gene regulatory function. To address how mutations affect enhancer function of
ultraconserved sequences, a recent study used transgenic mouse assays combined with large-
scale mutagenesis of nearly two dozen ultraconserved enhancers /n vivo, mutating from 2
to 20% of ultraconserved base pairs within each enhancer®®. Initial experiments, aimed at
testing the first hypothesis (Fig. 3, Model 1) were performed at a single developmental stage
midway through mouse gestation (typically E11.5). Nearly all (83%) of the ultraconserved
enhancers showed no decrease in enhancer activity upon mutation of at least 2% of their
ultraconserved base pairs. Surprisingly, even at a substantial mutation rate of 5%, nearly
half of them (44%) remained active. In one extreme case, an ultraconserved enhancer
showed residual tissue-specific activity upon mutation of 20% of ultraconserved base pairs.
These results indicated that ultraconserved enhancers do not commonly lose their enhancer
function upon even significant levels of mutation. These data also enabled the testing

of the second hypothesis (Fig. 3, Model 2), i.e. the gain of additional, ectopic enhancer
activity upon mutation. In only rare cases (5% of all tested alleles) did mutations lead to

a gain of enhancer activity, which included cases of stronger activity in the same tissue

as well as activity in a new tissue. Together, these results suggest that ultraconserved
enhancers are surprisingly robust to sequence changes and that susceptibility to either loss
or gain of the known enhancer function at E11.5 is unlikely to be the sole explanation for
ultraconservation.

General support for the notion that a combination of activities across tissues and time
points (Figure 3, Model 3) may explain ultraconservation comes from the observation that

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.
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many noncoding ultraconserved elements display the H3K27ac chromatin mark at multiple
stages of embryonic development and in multiple tissues®®. While this mark is associated
with enhancer activity®5, it is not a perfect predictor of regulatory function?8:57, Therefore,
this hypothesis was further tested by using the transgenic mouse assay approach to assess
the activity of mutated ultraconserved enhancers at more than one developmental stage®.
Out of 9 enhancers that had been impervious to loss-of-function for 5% mutagenesis at
E11.5, five showed the same robustness at E14.5, while four showed reduced activity. These
results offered partial support for Model 3. To explore this further, three of the tested 5%
mutation alleles were used to replace the wild-type enhancers at the endogenous locations
in the mouse genome. This included mutated alleles of enhancers hs121 and hs122 that lost
regulatory activity in the transgenic mouse assay, along with an allele of hs121 that was
robust to mutagenesis at both E11.5 and E14.5. As expected, alleles that had no enhancer
function in transgenic assays resulted in brain phenotypes in postnatal mice, similar to those
resulting from the complete loss of the enhancers. By contrast, one mutated allele that

had normal function in transgenic assays resulted in normal brain development, suggesting
that the introduced mutations did not substantially impact the enhancer’s activity at any
preceding developmental stage. Therefore, while differential enhancer activities across
tissues and stages exist, they are unlikely to be the sole explanation for ultraconservation.

While offering general support for three of the proposed models contributing to the selective
constraint acting on ultraconserved sequences, it remains unclear if these are collectively
sufficient to explain the perfect conservation. Notably, enhancer activity was only assessed at
one or two developmental stages, and while it is likely that examining additional stages will
reveal further detrimental effects of mutagenesis, the full quantitative extent of these stage-
specific effects remains unclear. Furthermore, /77 vivo mouse transgenic assays provide data
on enhancer activity throughout an organism but can miss more subtle quantitative changes
to reporter gene expression. This study also did not assess the effect of mutations on possible
functions aside from enhancer activity (Fig. 3, Model 4), which is conceptually challenging
since these may include hitherto unidentified molecular mechanisms. These limitations
notwithstanding, the collective findings from this study provide direct evidence for three

of the proposed models, supporting that non-coding ultraconservation is likely to be driven
by the cumulative effects of multiple forces, including loss- and gain-of-function effects, as
well as negative selection to maintain stage- and tissue-specific enhancer activities.

This conclusion is consistent with a study of sequences that are ultraconserved across
Drosophila species, which are distinct from those found in vertebrates but have similar
overall characteristics, such as enrichment in the vicinity of developmental genes. This
study reported multiple forces acting to maintain perfect conservation of ultraconserved
exons®8 by identifying that >70% of coding ultraconserved elements in Drosophila species
are associated with at least two distinct functions: protein coding, alternative splicing,
RNA editing, and/or TF binding. To confirm these multiple roles, the authors mutated

one alternatively spliced ultraconserved exon in the Hox gene Ultrabithoraxin a way that
would not alter its protein coding potential. This resulted in a decrease in the expression of
the corresponding mRNA isoform, most likely by altering the binding of splicing factors.

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.
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Collectively, these studies illustrate that ultraconservation is likely to be maintained by
multiple forces.

Extreme but not unparalleled constraint

The original definition of ultraconserved elements was striking in its simplicityC. It imposed
the most extreme possible conservation threshold (perfect, uninterrupted conservation)
across a considerable length (=200 bp) between three mammalian reference genomes that
were available at the time (human, mouse and rat). As such, it served as a valuable starting
point for exploring the most extremely conserved subset of human non-coding sequences.
However, the original description of ultraconserved sequences already noted that this
definition is likely to capture only a small subset of strongly conserved sites in the human
genome. For example, lowering the length threshold for human-mouse—rat comparisons to
100 bp increased the number of identified elements by an order of magnitude, to more than
5,00010. The use of comparison species other than mouse and rat, or even the use of different
individuals to generate the human, mouse, and rat reference genomes, likely would have
resulted in somewhat different lists of ultraconserved elements.

In parallel to the identification of ultraconserved elements, the availability of whole
reference genomes for a growing number of mammalian and vertebrate species sparked

the development of a variety of other strategies to identify extremely conserved sequences in
the human genome. These approaches can be broadly grouped into three categories (Fig. 4).
First, building on the concept of ultraconservation, searches for perfectly conserved stretches
of sequence across varying sets of species and with different length thresholds resulted in
partially overlapping but distinct sets of other types of ‘ultraconserved’ sequences!2:59.60,
Second, approaches imposing a sub-perfect, but considerable, sequence identity threshold
across a small genomic window®1.62 jdentified extremely conserved sequences, especially
when applied to comparisons across phylogenetically distant species, such as humans and
fish26:63-67 Third, methods building on more statistically advanced models that carefully
measure nucleotide substitution events within the context of known phylogenetic distances
and relationships of the species being compared provided more rigorous measures of actual
evolutionary constraint>368-70, These methods identified more than a million sequences

in the human genome that are under negative selection. However, using stringent score

and size thresholds they can be used to identify the most constrained subset of elements
genome-wide from comparisons across a wide range of evolutionary distances.

These methods retrieved different sets of extremely conserved sequences that ranged

in element size (from tens to thousands of nucleotides) and total number across the

genome (from hundreds of ultraconserved elements to tens of thousands of sequences

with statistically rigorous constraint scores in vertebrates). Despite these differences, some
common patterns began to emerge. In most comparisons across different sets of categories, a
strong correlation between perfect or near-perfect conservation in closely-related species
and weaker conservation across extremely long phylogenetic distances was noted. For
example, many human non-coding elements are conserved within the tetrapod and vertebrate
linages, while non-coding sites that are conserved between humans and more distantly
related non-chordate species (e.g., sea urchin, insects, sea anemone) are rare’1:/2, Like
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the human—mouse-rat ultraconserved sequences?0, classes of extremely highly conserved
sequences defined by other criteria are predominantly non-coding, and their genome-

wide distribution is not random. They, too, show marked enrichment in the vicinity of
certain categories of genes, such as transcriptional regulators and developmentally active
genes®3. Indeed, developmental regulatory genes are commonly embedded in genomic
regulatory blocks, regions of extended interspecies synteny that contain the gene and a
collection of highly conserved distal elements that regulate its expression’3.74, Topologically
associating domains that contain conserved regulatory elements have high conservation
levels throughout the whole domain, suggesting that sequence conservation is preserved

in blocks of these self-interacting domains’®. Like human—-mouse-rat ultraconserved
sequences, systematic testing through large-scale /in vivo reporter studies in transgenic
mouse and fish models confirmed that many other types of extremely conserved non-coding
sequences also act as reproducible, tissue-specific regulators of gene expression during
vertebrate embryonic development14:26.65.76.77 However, these studies did not directly
answer the question whether there is any difference with respect to this functional property
between ultraconserved elements and the larger number of extremely, but imperfectly,
conserved sequences present in the human genome.

A targeted investigation2? of this question tested the in vivo enhancer activity of more than
200 elements that showed extreme but imperfect evolutionary constraint in human—mouse—
rat genome comparisons®® alongside more than 200 human-mouse—rat ultraconserved
sequences. These ‘ultra-like’ sequences were identified using statistical measures of
evolutionary constraint and showed similar characteristics to ultraconserved sequences in
terms of branch length and rejected substitution counts in other mammalian species. Mouse
transgenic assays revealed that half of the tested regions in both categories (115 of 231
regions, containing a total of 245 ultraconserved elements; and 102 of 206 ‘ultra-like’
regions tested) activated highly reproducible reporter expression in specific tissues or organs
of developing mouse embryos?”. Additionally, the distribution of embryonic tissues in
which ultraconserved and the ‘ultra-like’-conserved sequences activated expression were
virtually identical, with subregions of the central nervous system being the most frequent
sites of reporter expression for both categories of elements. Likewise, both groups of
elements showed strong enrichment near genes associated with the same set of biological
functions, such as regulation of transcription (6.9-fold vs 5.3-fold enrichment in related gene
ontology [GO] terms in ultraconserved vs ‘ultra-like” sequences), development (4.8-fold vs
4.3-fold enrichment), and nervous system development (6.5-fold vs 6.3-fold enrichment).
Cumulatively, these studies indicate that the initial definition of ultraconserved elements
identified only a small subset of a much larger collection of similarly well-conserved
sequences, with both similar distributions throughout the genome and functional properties,
at least with respect to their likelihood of being developmentally active enhancers.
Ultraconserved enhancers have been a useful model class for studying the functions,
necessity, and other characteristics of this much larger category of highly conserved
enhancers.

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snetkova et al.

Page 11

Phenotypic impacts of human variation

In addition to their functions and genomic properties, there has been considerable

interest in understanding the role of ultraconserved and extremely conserved sequences

in human phenotypes, especially in cancer and developmental phenotypes. Ultraconserved
elements are enriched within somatic copy number alterations found in cancerous cells??,
and common germline sequence variants in ultraconserved elements are associated with
prostate cancer survival and recurrence’8. These examples suggest that DNA sequence
variants, both inherited and somatic, within ultraconserved elements can influence cancer
pathogenesis. Additionally, transcription of ultraconserved elements into ncRNAs has been
studied in cancer. Changes in the expression levels of certain ultraconserved ncRNAs was
found to characterize some cancer types39, and this topic has been thoroughly reviewed
previously 980,

In addition to cancer, there is growing evidence that sequence variants in ultraconserved and
extremely conserved enhancers may contribute to developmental phenotypes. One example
comes from aniridia8?, a severe eye condition that typically results from haploinsufficient
mutations in the gene PAX6. Resequencing of conserved enhancers in the vicinity of PAX6
in patients with aniridia that could not be explained by PAX6 coding mutations identified

a de novo variant in the nearby SIMO enhancer in a single individual. This enhancer is
active in the eye and other tissues during embryogenesis, and it harbors an ultraconserved
core sequence (uc325). Although the de novo variant falls outside of the core ultraconserved
sequence, it changes an otherwise highly conserved base within the enhancer and abolishes
SIMO activity specifically in the eye, suggesting that it could contribute to the development
of aniridia by leading to a reduction in 24.X6 expression.

More recently, copy number analyses and higher-throughput sequencing of increasingly
large human cohorts are signaling that variants in or encompassing highly conserved
non-coding regulatory sequences could underlie neurodevelopmental phenotypes. For
example, ultraconserved sequences are enriched both within de novo copy number

variants and in the vicinity of balanced structural rearrangements found in subjects with
neurodevelopmental disorders82:83. Additionally, the Deciphering Developmental Disorders
(DDD) study resequenced the most highly conserved ~4,400 non-coding sequences in

the human genome in a cohort of nearly 8,000 individuals with genetically unexplained
developmental disorders®4. This study identified an enrichment of de novo variants from
individuals with neurodevelopmental disorders specifically in highly conserved non-coding
regulatory sequences predicted to be active in the brain. Collectively, these studies suggest
that variants that disrupt the gene regulatory activity of ultraconserved and extremely
conserved non-coding sequences may underlie some cases of developmental disorders,
particularly those with neural phenotypes.

Conclusions and perspectives

In the more than 15 years since their initial description, ultraconserved elements have
remained a fascinating, perplexing, and important class of DNA sequences. These elements,
originally defined as 481 sites with perfect sequence conservation between three available
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mammalian reference genomes, have grown to a larger group of thousands of extremely
conserved sites in the human genome that, while generally imperfectly conserved in
human-mouse-rat alignments, show overall similar levels of evolutionary constraint in
other vertebrates and mammals. The majority of these elements, both ultraconserved and
extremely conserved, have clear and often critical roles in regulating the expression of
genes during embryogenesis. In the intervening years, interest in ultraconserved elements
has also extended beyond humans and into ecology. Ultraconserved and other extremely
conserved sites have been defined for numerous other species. For example, in addition

to vertebrates, Siepel et al. identified highly conserved noncoding sequences for insects,
yeasts, and worms®3. Additionally, targeted capture probes to ultraconserved elements have
been used to sequence selected genomic regions from non-model species®®, a method that is
commonly used to map phylogenetic relationships of wild species and museum specimens,
including birds®8, insects®’, and fishes8®.

Currently, unanswered questions remain about why ultraconserved sequences are so highly
conserved and exactly what function evolutionary selection is acting on to maintain this
conservation. To date, half of all ultraconserved enhancers deleted in mice have not

been shown to result in a potentially detrimental phenotype, and there has been no

direct demonstration that loss of any ultraconserved enhancer results in reduced viability,
fertility, or fecundity. Nevertheless, evolution acts over generations, and selection against
even small fitness defects will readily remove deleterious variants from the population.
Therefore, effects on these traits may be very subtle or not observable under typical
laboratory conditions. To explore if the loss of ultraconserved enhancers affects viability
and reproductive success over generations, population-based field experiments, like those
that have been used to study selection in wild mouse populations8®, would be insightful.

Additionally, ultraconserved enhancers appear to be surprisingly robust to mutagenesis
given their extreme level of sequence constraint, and no single hypothesis experimentally
examined to date seems to fully explain their conservation. Since ultraconserved constraint
is likely to be due to a combination of factors, future work should explore evidence for

all potential drivers more fully, including the following lines of research. First, highly
quantitative massively parallel reporter assays could be used in an appropriate cell type to
determine whether ultraconserved enhancer mutagenesis results in modest changes to gene
expression below the detection level of transgenic assays. Second, the effects of mutations
on /n vivo enhancer activity could be assessed across a larger number of developmental
stages. Finally, epigenomic data and experimentation could be used to elucidate whether
non-coding ultraconserved elements broadly have additional functions (e.g., repressor
activity).

The increased use of human WGS, including for both healthy controls and patients, offers
additional exciting avenues for exploring the functions and importance of non-coding
ultraconserved and other extremely conserved sequences, particularly for developmental
phenotypes. As ultraconserved elements were identified by sequence comparisons between
species, non-coding elements with extreme conservation within the human population could
be identified by comparing genomes from millions of healthy human controls. Do such
elements show similar or different functional profiles as human-mouse-rat ultraconserved

Nat Rev Genet. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snetkova et al.

Page 13

elements? Are there non-coding regions of the genome that are highly conserved within
humans but not between humans and other species? Initial analyses in this vein indicate that
while some non-coding ultraconserved sites are under extreme purifying selection against
sequence variants within the human population, the majority are subject to weaker selection
in humans®. Finally, many human genetics studies are performing WGS on thousands of
subjects with developmental phenotypes or birth defects to identify the genetic drivers of
these traits (e.g., Refs.91:92). However, identifying pathogenic non-coding sequence variants
from among the vast majority that are benign remains extraordinarily challenging®2-94

and often requires extensive experimental testing®29°. As suggested by the Deciphering
Developmental Disorders study described above, one strategy to ameliorate this challenge
is to focus first on variants that change base pairs of very highly conserved non-coding
sequences with known regulatory functions. Given the established role of ultraconserved
and other extremely conserved enhancers in regulating developmental gene expression,
their high degree of conservation, and that their mutation or loss is already implicated in
developmental phenotypes in both mice and humans, experimental interrogation of variants
in these enhancers could be an effective initial strategy for interpreting WGS studies of
human developmental phenotypes.

Acknowledgements

Glossary

D.E.D. and L.A.P. are Weill Neurohub Investigators, and this work was supported by U.S. National Institutes

of Health grants ROIHG003988 (to L.A.P.), UM01HG009421 (to L.A.P. and A.V.), ROIMH117106 (to D.E.D.),
and RO1DE028599 (to A.V.). Research was conducted at the E.O. Lawrence Berkeley National Laboratory and
performed under U.S. Department of Energy Contract DE-AC02-05CH11231, University of California.

Coding
The portion of the genome that encodes proteins.

Derived allele frequency

A derived allele is a variant that occurs to change a sequence from its previous (ancestral)
state. The frequency of an allele is the percentage of the allele in a given population, relative
to all observed alleles present at a specific site.

Compar ative genomics

Comparing DNA sequences of different organisms to identify similarities and differences.
Unexpectedly high sequence similarities of loci between species indicate conservation due
to negative evolutionary selection and, therefore, often pinpoint regions of the genome that
have important functions.

Ectopic

In the context of this review, ectopic refers to expression of a gene in an incorrect location.
For example, ectopic reporter gene expression can occur as a result of mutating an enhancer
linked to the reporter gene or from a reporter transgene integrating into the genome near an
active regulatory element.

Functional redundancy
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When two or more genomic elements (e.g., genes or enhancers) perform the same function.
When one element is removed, the remaining element is sufficient to carry out this function
alone.

Haploinsufficient

Here, this refers to a dominant mutation that alters the expression of a gene such that the
remaining wild-type copy of the gene does not produce sufficient quantities of the encoded
protein to prevent a phenotypic change.

Non-coding
The portion of the genome that does not encode proteins. Approximately 98% of the human
genome is non-coding?.

Purifying selection
An evolutionary pressure to remove deleterious sequence variants from a population. Also
known as negative selection.

Synteny
Here, this refers to the conservation in ordering of several blocks of sequence between

species.

Ultraconserved elements

Originally defined as regions of the human reference genome of at least 200 base pairs that
are perfectly conserved to both the mouse and rat reference genomes, which is the definition
used throughout this Review. In the literature, this term has been more broadly used to

refer to highly conserved sequences identified using various definitions of conservation and
different combinations of species, which we refer to here instead as “extremely conserved”
sequences.
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Box 1:
Transgenic assays to study enhancer function of ultraconserved elements

Transgenic assays, first developed over 30 years ago®%:190, have been used extensively
to characterize the enhancer functions of non-coding ultraconserved elements (see the
figure). Transgenic methods have been developed for a variety of model organisms, and
mouse26:27:55 Xenopust®, and zebrafish1415 assays have all been used to examine the
activities of human-mouse-rat ultraconserved enhancers. Historically, transgenic mouse
assays have involved the cloning of a candidate regulatory element of interest in front

of a minimal promoter (e.g., Hsp68 or B-globin) and a reporter gene (e.g., lacZ or

GFP). The resulting DNA plasmid is linearized and microinjected into the pronucleus of
fertilized mouse eggs, where it will randomly integrate into the genome, typically in a
tandem, multi-copy configuration191, This method yields transgenic mice at any desired
developmental stage, which can then be collected and visualized for the expression of the
reporter gene, a proxy for the activity of the tested enhancer.

Despite the utility of a whole-organism readout, traditional mouse transgenesis suffers
from several drawbacks, including 1) position effects, due to the transgene integrating
at a random and unknown genomic locus, frequently result in ectopic reporter gene
expression or silencing; 2) low integration efficiency (on average only ~12% of mouse
embryos successfully take up the transgene construct); 3) the requirement for highly
trained staff to perform pronuclear injections; 4) cost; and 5) limited throughput.

More recently, Kvon et a/°2 used CRISPR-Cas9 techniques to develop a locus-

specific transgenic mouse assay to reduce these shortcomings. Targeting transgenes

to a specific genomic location necessitated flanking the traditional enhancer-promoter-
reporter transgene with homology arms for an endogenous mouse locus, here the
transcriptionally-neutral H11 locus. The resulting DNA plasmid, along with Cas9 protein
and a single-guide RNA (sgRNA) targeting H11, is then injected into fertilized mouse
eggs, resulting in reproducible site-specific integration (i.e., knock-in) of the transgene
into the mouse H11 locus®2. While the major goal of this approach was to eliminate
undesirable position effects from random transgenesis, it unexpectedly also resulted in
much higher integration efficiency (~50% of resulting mice are transgenic). This advance
has led to a 4-fold increase in throughput for mouse-based gene regulatory assays and
far less ectopic activity or silencing of the transgene. These improvements have enabled
in vivo study designs not previously possible, including the ability to systematically
assess the effects of mutations on enhancer activity. Indeed, this technology directly
enabled a recent large-scale mutagenesis study of ultraconserved enhancers that assessed
reasons for their extreme conservation®® (described in ‘Explanations for Enhancer
Ultraconservation® in the main text).
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Figure 1. Extreme conservation of ultraconserved elements.
a. Schematic visualization of a multispecies sequence alignment illustrating the original

definition of human—mouse—-rat ultraconserved sequences (at least 200 bp of perfect
sequence conservation in these three species), along with the deep conservation of these
elements in other vertebrate genomes. b. Ultraconserved elements are strongly depleted

for human sequence variants, with common variants showing the most severe depletion.
Shown are human population variants that overlap ultraconserved elements compared to
genome background. This analysis is similar to that performed in Ref.16 but was updated
to use more recent population sequencing data, namely the 463 million variants observed
in 62,784 individuals from the Trans-Omics for Precision Medicine (TOPMed) Whole
Genome Sequencing Program® and available through the BRAVO variant browser (https:/
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bravo.sph.umich.edu/freeze5/hg38/). The genome background bar shows the median of 1000
iterations of random genomic sequences of the same size as the ultraconserved elements,
with error bars showing the standard deviation. n.s., not significant; **, p-value < 0.001.
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Figure 2. Ultraconserved sequence functions.
a. Cartoons showing functions attributed to ultraconserved elements (UCEs; pink boxes).

b. Pie chart showing the functional classification of ultraconserved elements using current
human RefSeq® genome annotations. ‘Coding’ includes all types of exons for protein-
coding genes, including untranslated regions (UTRs). c. For the 371 non-coding elements
shown in b, the breakdown of those with validated or predicted enhancer activity. Outer
circle: Transgenic mouse enhancer assay results for each element (positive, negative,

or not tested). Enhancer activity was tested at a single mouse developmental stage
(typically embryonic day (E)11.5). These results were obtained from the VISTA Enhancer
Browser% (https://enhancer.lbl.gov/) and were originally reported as part of two large-
scale screens of ultraconserved elements for enhancer activity?6:27, Inner circle: The
fraction of ultraconserved elements in each category with (+) or without (=) histone
H3K27ac, a strong predictor of enhancer activity, at some point during mouse embryonic
development. Ultraconserved elements were intersected with H3K27ac data generated by the
Encyclopedia of DNA Elements (ENCODE) project for a panel of mouse tissues covering
E10.5 to birth?® (H3K27ac data available at https://www.encodeproject.org/). ncRNA, non-
coding RNA.
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Figure 3. Possible drivers of enhancer ultraconservation.
Schematic illustrations of molecular interactions that may result in the extreme evolutionary

constraint observed at ultraconserved enhancers, including: extremely dense occupancy
by transcription factors (TFs) and/or other proteins in the active state (Model 1); high
susceptibility to gain of enhancer function through creation of TF binding sites (TFBSs)
that act in concert with pre-existing TFBSs (Model 2); differential occupancy of enhancer
subregions by TFs in different tissues and/or at different time points (Model 3); and a
combination of known enhancer function and other molecular interactions and functions
embedded in the same sequence (Model 4). See main text for details.
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Figure 4. Conservation-based approachesfor identification of extremely conserved non-coding

Sequences.

L eft: Ultraconservation is based on defining a minimum length of contiguous nucleotides
with perfect conservation across a selected set of species. Center: Deep conservation
relies on the conservation of non-coding sequences across extremely long phylogenetic
distances. Right: More-advanced statistical models quantify the strength of selection
acting on conserved sequences and can be flexibly applied across a wide range of
phylogenetic distances. *, non-coding elements only; **, scores range from extremely to
moderately constrained elements; ***, depending on calibration and settings. Cited studies

are REFS10.12,26,53,58,59,64,66-70
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Ultraconserved enhancers deleted from the mouse genome.
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Enhancer name Ultraconserved Tissue-specific | Neighboring genes Phenotype(s) observed Reference(s)
(VISTA) elements (Bgerano activity
etal.
Single enhancer deletions
hs112 uc248 Forebrain Dmirt1/2/3 None 33
hs113 uc329 Dorsal root Pax6, Renl, Wil None 33
ganglion
hs427 uc482 Forebrain, Sox3, Alplic None 3336
hindbrain
hs121 uc467 Forebrain Arx, Polal None in original study, altered 33,34
densities of several neuron classes
in the brain identified in subsequent
study
hs119 uc463-464-465 Forebrain Arx, Polal Reduced body mass 34
hs122 uc468-469 Forebrain Arx, Polal Defects to hippocampus, decreased 34
Arxexpression in developing
forebrain
hs123 uc470 Forebrain Arx, Polal None 34
hs280 uc019 Limb Tmemb3, Rnif220, Reduced body mass and overall 35
Eri3 body size, decreased expression of
Tmem53 and Dmap1 in the limb
Compound enhancer deletions
hs119+hs121 uc463-464-465-467 Forebrain Arx, Polal Altered densities of several neuron 34
classes in the brain, reduced body
mass, decreased Arx expression in
developing forebrain, phenotypes
more severe than loss of hs119 or
hs121 alone
hs122+hs123 uc468-469-470 Forebrain Arx, Polal Defects to hippocampus, decreased 34

Arxexpression in developing
forebrain, similar to loss of hs122
alone

In all cases, homozygous-null (or hemizygous-null for X-linked loci) mice are viable, fertile, and born at Mendelian-expected frequencies. VISTA

indicates the name of the enhancer in the VISTA Enhancer Browser96.
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