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SUMMARY

This study explores the relationship between three dimensional genome organization and 

ultraconserved elements (UCEs), an enigmatic set of DNA elements that are perfectly conserved 

between the reference genomes of distantly related species. Examining both human and mouse 

genomes, we interrogate the relationship of UCEs to three features of chromosome organization 

derived from Hi-C studies. We find that UCEs are enriched within contact domains and, further, 

that the subset of UCEs within domains shared across diverse cell types are linked to kidney-

related and neuronal processes. In boundaries, UCEs are generally depleted, with those that do 

overlap boundaries being overrepresented in exonic UCEs. Regarding loop anchors, UCEs are 

neither overrepresented nor underrepresented, but those present in loop anchors are enriched for 

splice sites. Finally, as the relationships between UCEs and human Hi-C features are conserved in 

mouse, our findings suggest that UCEs contribute to interspecies conservation of genome 

organization and, thus, genome stability.
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In Brief

McCole et al. demonstrate the nonrandom relationship between the positions of perfectly 

conserved genomic regions, termed the ultraconserved elements (UCEs), and three-dimensional 

genome organization within mammalian nucleus as defined by Hi-C studies. They postulate that 

these connections aid in orchestrating genome packaging and preserving genome function and 

integrity.

INTRODUCTION

Chromosome organization in the mammalian nucleus is strikingly orchestrated, like a 

symphony played throughout the organism’s life span, composed by evolutionary forces. To 

explore this process of evolutionary ‘‘composition,’’ we are investigating the relationships 

between chromosome organization and sequence evolution in the mammalian genome, 

focusing on some of the most highly conserved regions—the ultraconserved elements 

(UCEs) (Bejerano et al., 2004; Sandelin et al., 2004; Woolfe et al., 2005). UCEs show 

staggering levels of interspecies sequence conservation, demonstrating perfect sequence 

identity extending ≥200 bp between species that diverged 90–300 million years ago and 

comprising one of the most puzzling findings in comparative genomics (Harmston et al., 

2013; Polychronopoulos et al., 2017). While UCEs have been found to encompass a variety 

of functions, including enhancer, promoter, splicing, and repressive activities (Bejerano et 

al., 2004; Dickel et al., 2018; Kushawah and Mishra, 2017;Pennacchio et al., 2006; Poitras et 

al., 2010; Sandelin et al., 2004; Warnefors et al., 2016), these functions arguably fall short of 

explaining ultraconservation, per se. We have suggested that UCEs may maintain their 

sequence conservation through a mechanism involving the pairing and comparison of allelic 

UCEs, followed by loss of fitness should mutations or rearrangements that disrupt UCE 

pairing be detected (Chiang et al., 2008; Derti et al., 2006; McCole et al., 2014) (see also 

Elgar and Vavouri, 2008; Kritsas et al., 2012). Such a mechanism would protect genome 

integrity in the body overall and, at the organ-ismal level, promote ultraconservation over 
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evolutionary timescales. Consistent with this model, UCEs are associated with regions of 

elevated synteny (Dimitrieva and Bucher, 2012; Dong et al., 2009; Irimia et al., 2012; Kikuta 

et al., 2007; Polychro-nopoulos et al., 2014, 2016; Sandelin et al., 2004; Sun et al., 2006, 

2009). Furthermore, and in line with our proposal that disruptions of UCEs or UCE pairing 

lead to loss of fitness, the genomes of healthy individuals are generally not disrupted in the 

vicinity of UCEs (Chiang et al., 2008; Derti et al., 2006; McCole et al., 2014), while this 

pattern does not hold for genomes representing the cancerous state, or individuals with 

neurodevelopmental disorders or mental delay and congenital anomalies (Martínez et al., 

2010; McCole et al., 2014). Highly conserved noncoding sequences can also interact in three 

dimensions (Robyr et al., 2011), adding weight to our proposal that interactions between 

UCEs in the nucleus may be important to their function. Finally, and of direct relevance to 

the proposal that allelic UCEs may pair, is the capacity of somatic genomes to support 

localized or whole chromosome pairing in a wide range of species (as reviewed by Joyce et 

al., 2016), with the most dramatic example in mammals being observed in renal oncocytoma 

(Koeman et al., 2008).

Here, we examine UCEs in the context of the three-dimensional organization of the genome, 

considering three features revealed by chromosome conformation capture (Hi-C) studies. We 

begin with contact ‘‘domains’’ (also called topologically associated domains [TADs]) and 

“boundaries”; contact domains are regions displaying frequent intra-regional interactions, 

while boundaries, which flank contact domains, are characterized by a paucity of 

interactions that traverse them (Bonev and Cavalli, 2016; Dekker et al., 2002; Denker and de 

Laat, 2016; Dixon et al., 2012, 2016; Liu and Weigel, 2015; Nora et al., 2012; Rao et al., 

2014; Sexton et al., 2012). A third type of interaction involves the association of cis-linked 

regions known as ‘‘loop anchors,’’ wherein the intervening genomic segment forms a loop 

(Rao et al., 2014). In concordance with the functional importance of these three features, the 

positions of approximately half of domains, boundaries, and loops are conserved (Dixon et 

al., 2012; Rao et al., 2014), with domains preserved as units when positions are not 

conserved (Vietri Rudan et al., 2015). Thus, disrupting three-dimensional contacts inside 

domains may be disadvantageous, perhaps even oncogenic (Corces and Corces, 2016; Hnisz 

et al., 2016; Lupiáñez et al., 2016; Valton and Dekker, 2016; Weischenfeldt et al., 2017).

This study considers our proposal that ultraconservation protects genome integrity (Chiang 

et al., 2008; Derti et al., 2006; McCole et al., 2014) and hypothesizes that UCEs contribute 

to the preservation of domains over evolutionary time. In particular, we predicted that UCEs 

would be enriched within domains. In line with this, a recent publication reported that 

clusters of highly conserved noncoding elements (CNEs) correlate with the spans of 

domains encompassing genes involved in development (Harmston et al., 2017); although the 

thresholds for the length and identity used in this publication to define CNEs (>50 bp of 

70%−90% conservation between human and chicken genomes) are much less stringent than 

those used to define UCEs, the findings are intriguing in light of our proposal. To test our 

hypothesis, we examined ten human and six mouse Hi-C datasets (Dixon et al., 2012; Fraser 

et al., 2015; Rao et al., 2014) and asked whether UCEs are enriched in or depleted from 

domains, boundaries, or loop anchors. Excitingly, UCEs proved to be significantly enriched 

in domains, and domains containing UCEs tend to be larger and relatively gene sparse, 

possibly suggesting a more structural role for these domains. In contrast, UCEs are generally 
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depleted from boundaries and neither enriched nor depleted from loop anchors. The UCEs 

that do, nevertheless, occur in boundaries and loop anchors are predominantly exonic, with 

those in loop anchors enriched in splice sites. Our findings demonstrate that UCEs show 

specific, conserved relationships to domains, boundaries, and loops, hinting that UCEs may 

play a role in establishing and maintaining genomic organization.

RESULTS

UCEs Are Enriched within Domains, Depleted from Boundaries, and Indifferent to Loop 
Anchors

We began our studies by delineating how the Hi-C annotated genomic features of domains, 

boundaries, and loop anchors are related to the positioning of UCEs. To do this, we first 

collected published Hi-C datasets derived from nine human and five mouse tissues (Table 

S1), representing a variety of cell types (Dixon et al., 2012; Fraser et al., 2015; Rao et al., 

2014). As Hi-C annotated regions vary between studies due to differences in cell type, 

species examined, amount of starting material, Hi-C protocol (in-solution [Dixon et al., 

2012; Fraser et al., 2015] or in-nucleus [Rao et al., 2014]), and sequencing depth, we 

examined each dataset individually in addition to querying datasets combined according to 

species and genomic feature (Table S1) (Dixon et al., 2012; Fraser et al., 2015; Rao et al., 

2014). Regarding UCEs, our analyses used our previously defined dataset (Table S2C), 

which comprises 896 elements that are ≥200 bp in length and identical in sequence within at 

least one of three groups of reference genomes (Derti et al., 2006; McCole et al., 2014). The 

three groups consist of the reference genomes of human, mouse, and rat (HMR), of human, 

dog, and mouse (HDM), and of human and chicken (HC), with the combined dataset of 896 

UCEs designated as HMR-HDM-HC (Table S2C). To obtain UCE positions in the mouse 

genome, we aligned human UCE sequences to the mouse genome and recovered 893 

orthologs (Supplemental Experimental Procedures; Table S2D). UCEs were also subdivided 

into exonic, in-tronic, and intergenic categories, which were then examined jointly and 

separately for enrichment or depletion within the Hi-C annotations (Experimental 

Procedures). Of note, a UCE is considered exonic if any part overlaps an exon; hence, 

exonic UCEs may overlap splice sites and contain intronic sequence.

To assess whether UCEs are significantly enriched in or depleted from domains, boundaries, 

and loop anchors, we used our previously established method (Chiang et al., 2008; Derti et 

al., 2006; McCole et al., 2014) (Figure 1), which compares ‘‘observed overlaps,’’ in base 

pairs, between UCEs and Hi-C annotated regions to ‘‘expected overlaps’’ between a set of 

regions matched to UCEs in terms of number and length, but randomly positioned in the 

genome. Expected overlaps are generated 1,000 times to produce a distribution of expected 

overlaps, which, when normally distributed, is subjected to a Z-test to compare the observed 

overlap with the distribution of expected overlaps. In cases where normality is not observed, 

the proportion of expected overlaps equal to, or more extreme than, the observed overlap is 

reported. In all cases, we report the ratio of observed to mean expected overlap (obs/exp). 

This tailored approach for each Hi-C dataset enables comparison of datasets that differ in 

number of identified regions, median region size, and percentage of genome covered.
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We first analyzed ten datasets of domains, drawn from Dixon et al. (2012) and Rao et al. 

(2014), that examined nine human cell lines, whose origins spanned embryonic (human 

embryonic stem cell [hESC]) and fetal (IMR90 lung fibroblast) development, cancer (HeLa, 

K562, and KBM7), and differentiated tissues (GM12878, human mammary epithelial cell 

[HMEC], human umbilical vein endothelial cell [HUVEC], and normal human epidermal 

keratinocyte [NHEK]), with IMR90 studied by both Dixon et al. and Rao et al. and thus 

contributing two datasets (Table S1). The domains described by these datasets range in 

coverage from 83.2% of the genome for hESC domains from Dixon et al. (2012) to 40.1% 

for HMEC domains from Rao et al. (2014). Excitingly, we observed significant enrichment 

for UCEs within domains in eight out of ten datasets (4.22 × 10−15 ≤ p ≤ 0.020, 1.061 ≤ 

obs/exp ≤ 1.167; Table S2A); the two in which enrichment was not seen represented HMEC 

and NHEK cells from Rao et al. (2014) (Table S2A). Combining all ten datasets, which 

included merging overlapping regions, produced a dataset, called ‘‘pooled domains,’’ 

containing 293 regions covering 89.1% of the genome (Table S1) that is also significantly 

enriched for UCEs (p = 2.77 × 10−6, obs/exp = 1.025; Figure 2A; Table S2A). These results 

show that UCEs are overrepresented within Hi-C domains across many cell types, 

supporting the idea that there is an interrelationship between UCEs and three-dimensional 

chromosome conformation.

We then examined datasets of boundaries from Dixon et al. (2012). These datasets, which 

represent hESC and IMR90 cells and cover 4.0% and 3.6% of the genome, respectively 

(Table S1), are significantly depleted of UCEs (p = 0.002, obs/exp = 0.516, and p = 0.025, 

obs/exp = 0.669, respectively; Table S2A; although for IMR90, the p value hovers at our 

significance cutoff). Merging the two datasets created a ‘‘pooled boundary’’ dataset, 

containing 3,715 regions and covering 6.6% of the genome (Table S1), that is also depleted 

for UCEs (p = 7.51 × 10−4, obs/exp = 0.609; Figure 2A; Table S2A). These findings 

reinforce our observation that UCEs do not commonly occur within Hi-C boundaries and 

complement our previous observation that UCEs preferentially occur within domains.

Our next analysis concerned eight datasets of loop anchors provided by Rao et al. and 

representing GM12878, HeLa, HMEC, HUVEC, IMR90, K562, KBM7, and NHEK cells, 

with genome coverage ranging from 2.3% to 5.9% (Table S2A). For all but two datasets, 

UCEs are neither enriched nor depleted (0.006 ≤ p ≤ 0.480, 0.710 ≤ obs/exp ≤ 1.334; Table 

S2A). Merging all eight datasets produced a dataset of ‘‘pooled loop anchors,’’ comprising 

18,331 regions and covering 13.6% of the genome (Table S1), that is also neither enriched 

nor depleted for UCEs (p = 0.073, obs/exp = 1.124; Figure 2A; Table S2A). The overall lack 

of UCE enrichment in loop anchors is surprising, since many UCEs show enhancer-like 

properties (Bhatia et al., 2013; Lampe et al., 2008; McBride et al., 2011; Pauls et al., 2012; 

Pennacchio et al., 2006; Poitras et al., 2010; Poulin et al., 2005; Visel et al., 2008; Woolfe et 

al., 2005), and enhancer-promoter interactions have been proposed to generate loops (Rao et 

al., 2014). Indeed, we did observe enrichment of UCEs in two of the eight datasets, HUVEC 

(p = 0.020, obs/exp = 1.322; Table S2A) and NHEK (p = 0.006, obs/exp = 1.334; Table 

S2A), suggesting that UCEs might be particularly involved in loop anchors in endothelial 

and epidermal cell types (HUVEC and NHEK cells, respectively).
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Relationships of UCEs to Hi-C Annotations Are Robust

Having revealed positional relationships between UCEs and domains, boundaries, and loop 

anchors, we examined whether these relationships are robust to co-correlation with nine 

other genomic features. These features, which can be considered controls, included six that 

were previously shown to be nonrandomly associated with UCE positions: copy number 

variants (CNVs), cancer-specific copy number alterations (CNAs), genes, exons, introns, and 

segmental duplications (SDs) (Chiang et al., 2008; Derti et al., 2006; McCole et al., 2014). 

They also included open chromatin, since UCEs have been linked to transcriptional activity 

(reviewed in Baira et al., 2008; Fabris and Calin, 2017; Harmston et al., 2013), repetitive 

elements, which UCEs avoid (Bejerano et al., 2004; Chiang et al., 2008; Derti et al., 2006; 

McCole et al., 2014), and GC content, which is associated with the positions of CNVs 

(Koren et al., 2012). We divided the genome into equally sized bins and, because domains 

and the nine control features span a vast range of sizes, our analyses involved multiple 

iterations using a range of bin sizes (20, 50, and 100 kb). Within each bin, the fraction of 

sequence occupied by each control feature was calculated, as was that of UCEs, except in 

the case of GC content, where it was calculated as the fraction of G + C (Experimental 

Procedures). Genome-wide correlations were then determined with respect to each control 

within each bin.

Using pairwise Spearman correlation coefficients and associated p values for the strength of 

correlation, we first determined that UCEs are significantly and positively associated with 

pooled domains (p = 5.4 × 10−6; Figure 2B), significantly negatively correlated with pooled 

boundaries (p = 0.002; Figure 2B), and not correlated with pooled loop anchors (p = 0.183; 

Figure 2B). These results correspond well to UCE enrichment, depletion, and neither 

enrichment in nor depletion from pooled domains, boundaries, and loops, respectively 

(Figure 2A). Then, using a partial correlation approach, we asked whether these correlations, 

or lack thereof, are influenced by co-correlation with any of the nine control genomic 

features. With a bin size of 50 kb, the correlation between UCEs and pooled domains 

remains significantly positive in all cases, indicating that it is robust to contributions from 

the control features (Figure 2B). Similarly, the negative correlation between UCEs and 

pooled boundaries remains robust to all control features (Figure 2B). As for pooled loop 

anchors, the correlation with UCEs is insignificant in all cases but one, consistent with 

UCEs being neither enriched nor depleted in pooled loop anchors (Figure 2B). The one 

exception pertains to repetitive elements, where the correlation is significantly negative. 

Investigating this further, we discovered a negative correlation between UCEs and repetitive 

elements (p = 1.0 × 10−130; Figure 2C), which is unsurprising, as UCEs are non-repetitive 

(Bejerano et al., 2004; Chiang et al., 2008; Derti et al., 2006) and avoid insertions of 

repetitive elements (Zhang et al., 2017). We also uncovered a strong negative correlation 

between pooled loop anchors and repetitive elements (p = 5.6 × 10−149; Figure 2C), which 

may again be expected as loop anchors are derived from Hi-C analyses that exclude reads 

from repetitive regions (Rao et al., 2014). Thus, while a significant negative correlation 

exists between UCEs and pooled loop anchors, it may be secondary to the strong negative 

correlation between repetitive elements and both UCEs and pooled loop anchors. Altering 

the sizes of the genomic bins to 20 kb (Figure S1A) and 100 kb (Figure S1B) produced very 
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similar results. Taken together, the positioning of UCEs relative to domains, boundaries, and 

loop anchors is robust to co-correlation with nine other genomic features.

UCEs Occur Evenly across Large, Gene-Sparse Domains and Are Somewhat Distant from 
Transcription Start Sites

We next investigated the properties of domains containing UCEs. Considering all cell types 

together, we found that domains containing UCEs are larger than those without UCEs (p < 

1.00 × 10−307; Figure 2D; Table S3A) and have a lower density of genes (p = 3.20 × 10−104; 

Figure 2E; Table S3C), with a distribution of UCEs being relatively even across domains and 

not significantly different to that of random control regions (Experimental Procedures) (p = 

0.14; Figure 2F; Table S3E). Nevertheless, we found slightly fewer UCEs within 100 kb of 

the nearest transcription start site (TSS), but slightly more 100–300 kb from the nearest TSS, 

compared to within random control regions (p = 9.06 × 10−6; Figure 2G; Table S3G). With 

regard to domain size, gene density, UCE position, and distance from UCE to TSS (Table 

S3), the domains of individual cell types followed the trends observed for all domains 

combined, except for the domains of HUVEC and IMR90 cells as described by Rao et al. 

(2014), where UCEs tended to occupy the center of domains (Table S3E). In summary, 

UCEs are arranged roughly evenly across large, gene-sparse domains and are slightly 

distanced from TSSs, perhaps highlighting a potential role for UCEs in the maintenance of 

genome structure.

Positioning of UCEs within Hi-C Annotations Is Conserved between Human and Mouse

Since UCEs are defined by their extreme evolutionary conservation between species, we 

next asked whether the relationships observed between UCEs and domains, boundaries, and 

loop anchors in the human genome are conserved in the mouse genome. Accordingly, we 

turned to the 893 mouse orthologs (Table S2D) of our human UCEs and three Hi-C studies 

(Dixon et al., 2012; Fraser et al., 2015; Rao et al., 2014), addressing mouse embryonic stem 

cells (mESCs), blood (B-lymphoblasts), neuronal precursor cells (NPCs), post-mitotic 

neurons, and cortical tissue (Table S1). We found that the relationships of UCEs to domains, 

boundaries, and loop anchors are evolutionarily conserved. For domains, we examined six 

datasets covering between 29.0% (lymphoblasts from Rao et al.) and 92.5% of the genome 

(neurons from Fraser et al. [Table S1]). All six datasets are significantly enriched for UCEs 

(5.52 × 10−10 < p < 0.002; 1.020 < obs/exp < 1.260; Figure S1C; Table S2B), with domains 

containing UCEs being larger (p = 1.24 × 10−240; Table S3B), and more gene sparse (p = 

1.37 × 10−13; Table S3D) as compared to domains without UCEs, recapitulating our findings 

for human domains. For boundaries, we examined a dataset described by Dixon et al. (2012) 

to be common to both mESC and cortex tissue and covering 8.1% of the genome, calling 

this dataset ‘‘mouse common boundaries” (Table S1). This dataset shows significant 

depletion for UCEs (p = 4.68 × 10−7, obs/exp = 0.452; Figure S1C; Table S2B). Finally, we 

examined one dataset representing loop anchors in lymphocytes from Rao et al. This dataset 

covers 2.2% of the genome (Table S1) and is neither enriched in nor depleted of UCEs (p = 

0.090, obs/exp = 0.701; Figure S1C; Table S2B).
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When UCEs Are Found in Boundaries and Loop Anchors, They Show an Excess of Exonic 
UCEs Associated with RNA Processing

Having established that UCEs are differentially associated with domains, boundaries, and 

loop anchors, we queried whether specific subsets of UCEs might be driving the 

associations. We examined intergenic, intronic, and exonic UCEs separately, since these 

subdivisions have behaved distinctly in our previous studies; for example, CNVs are more 

depleted for intergenic and intronic UCEs than for exonic UCEs (Chiang et al., 2008; Derti 

et al., 2006; McCole et al., 2014). First, we examined all of the individual datasets for 

domains as well as pooled domains and found that, in all cases, there is no significant 

deviation from expected in the observed proportions of intergenic, intronic, and exonic 

UCEs (0.131 ≤ Z p ≤ 0.892; Figure 3A; Tables S3A and S3B). That the proportions of UCEs 

in pooled domains are the same as those within the entire UCE dataset is not surprising, as 

pooled domains contain all 896 UCEs, including boundary UCEs, since boundaries in some 

cell types are organized as domains in other cell types.

For pooled boundaries, the distribution of intergenic, intronic, and exonic UCEs deviates 

significantly from that of the full set of UCEs (p = 3.46 × 10−7; Figure 3B; Table S4A). We 

found a depletion of intergenic and intronic UCEs, with 21.6% (8 out of 37) and 21.6% (8 

out of 37), respectively, in boundaries, as compared to the expected 32.4% and 47.0%, 

respectively. In contrast, exonic UCEs are overrepresented, with 56.8% (21 out of 37) in 

pooled boundaries, while making up only 20.6% of all UCEs. The overrepresentation of 

exonic UCEs is especially striking since the majority (52.7%) of pooled boundary DNA is 

intronic (109 Mb), with only a small fraction (5.3%) being exonic (11 Mb) (p = 2.89 × 

10−44; Experimental Procedures; Table S4C).

We also found significant deviation of the proportions of intergenic, intronic, and exonic 

UCEs in pooled loop anchors (p = 2.79 × 10−4; Figure 3C; Table S4A). Intergenic and 

intronic UCEs represent only 28.6% (44 out of 154) and 37.7% (58 out of 154) of UCEs, 

respectively, whereas 32.4% and 47.0% of the full UCE set are intergenic and intronic, 

respectively. As in pooled boundaries, exonic UCEs are overrepresented at 33.8% (52 out of 

154) as compared to 20.6% of all UCEs. These proportions deviate significantly from 

expectation based on the sequence composition of pooled loop anchors, which is 47.0% 

intronic and only 5.02% exonic (p = 5.38 × 10−60; Table S4C). These results point to 

intronic, and, to some extent, intergenic, UCEs as drivers of depletion from pooled 

boundaries and to exonic UCEs as the dominant type of UCE within both pooled boundaries 

and loop anchors.

We next used the Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et 

al., 2010) and discovered that exonic UCEs in pooled boundaries and pooled loop anchors 

are enriched for gene ontology (GO) terms associated with RNA processing (Figures S2A 

and S2B), and this is in line with previous reports that exonic UCEs are associated with 

RNA processing, including splicing (Baira et al., 2008; Bejerano et al., 2004; Lareau and 

Brenner, 2015; Lareau et al., 2007; Lupiáñez et al., 2016; Ni et al., 2007; Pirnie et al., 2017; 

Rödelsperger et al., 2009). Considering further the structure of exonic UCEs themselves, we 

found that 76% (16 out of 21; Table S5A) and 82% (43 out of 52; Table S5B) of exonic 

UCEs in pooled boundaries and loop anchors, respectively, partially overlap in-trons and 
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hence cover splice sites, as compared to 57% in the full set of exonic UCEs (107 out of 185; 

Table S2E). Thus, while exonic UCEs in pooled boundaries are not enriched for splice sites 

(p = 0.07; Table S5A), those in pooled loop anchors are (p = 1.82 × 10−4; Table S5B). These 

results suggest a two layered association of UCEs with RNA processing, whereby UCEs are 

associated with genes involved in RNA processing and UCEs may also help the splicing of 

these very same genes. This double association is particularly prominent in loop anchors, 

suggesting that UCEs in loop anchors may assist in particular splicing mechanisms.

UCEs within Domains That Are Shared in Many Cell Types Are Associated with Kidney-
Related Processes

While domains vary between cell types, studies suggest that at least 50% are shared across 

cell types (Dixon et al., 2012; Fraser et al., 2015; Rao et al., 2014). Thus, we next focused 

on UCEs that occur within domains common across multiple cell types; these might address 

the functional significance underlying the enrichment of UCEs. We first identified 124 

UCEs that overlap domains in all ten individual human datasets across diverse cell types 

(Table S1), calling these ‘‘human invariant domain UCEs’’ (Table S5C); such UCEs overlap 

between 30 and 51 domains depending on the individual dataset (Table S3A). For mouse, we 

identified 310 UCEs that overlap domains identified by all six mouse datasets (Table S1), 

calling these ‘‘mouse invariant domain UCEs’’ (Table S5D). Using GREAT, these human 

and mouse invariant domain UCEs were compared to the full UCE sets in humans and 

mouse, respectively, revealing a surprising association with kidney-related GO terms for 

human invariant domain UCEs (Figure S3A). Terms related to kidney biology were also 

obtained in the case of mouse UCEs, although, here, other terms were obtained as well, 

some with greater significance (Figure S3B). These findings are corroborated by the 

association with kidney-related processes, as well as neuronal development, of the 74 UCEs 

shared between the human and mouse invariant domain UCE datasets (Figures S3C and 

S3D; Table S5E). Interestingly, domains containing the 74 shared invariant domain UCEs 

were smaller and more gene rich than were all UCE-containing domains (p = 5.45 × 10−4 

and p = 5.52 × 10−10, respectively; Tables S3A and S3C), suggesting that these domains 

may be functionally different from domains in general, perhaps with UCEs specifically 

involved in regulating kidney and neuronal development. Of note, a recent study has 

demonstrated that UCEs are required for normal brain development (Dickel et al., 2018). In 

brief, functions related to kidney and neuronal development might be a feature of UCEs 

within domains shared among diverse cell types.

DISCUSSION

Our findings reveal a non-random UCE distribution among three main arenas of three-

dimensional genome organization, with UCEs being enriched in domains, depleted from 

boundaries, and indifferent to loop anchors (Figure 4). Furthermore, domains containing 

UCEs are larger and less gene rich than those without UCEs, and while UCEs are distributed 

relatively evenly across domains, they are slightly further away from TSS than expected, 

suggesting that UCEs may help maintain the structure of large domains in a role distinct 

from that of gene regulation. The UCEs that do occupy boundaries and loop anchors display 

an overrepresentation of exonic UCEs, and in loop anchors, those UCEs are enriched for 
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overlap with splice sites, suggesting a specific involvement of loop anchors containing UCEs 

in splicing. With respect to UCEs in domains that do not vary between cell types, they are, 

as a group, significantly associated with kidney-related and neuronal gene ontologies.

These findings tying UCEs to genome organization are especially intriguing in light of the 

proposal that UCEs may contribute to genome integrity through yet another potent 

organizational feature of genomes—allelic and homolog pairing (Chiang et al., 2008; Derti 

et al., 2006; Kritsas et al., 2012; McCole et al., 2014; Vavouri et al., 2007). Indeed, they raise 

the question of whether UCEs contribute to the establishment of domains, and/or whether 

the evolution of a domain promotes the fixation of UCEs within the domain. Consistent with 

this, Harmston et al. (2017) recently reported that clusters of CNEs predict the span of 

domains, suggesting that CNEs might be involved in chromatin folding. For example, since 

some UCEs embody enhancer activity (Bejerano et al., 2004; Bhatia et al., 2013; Lampe et 

al., 2008; McBride et al., 2011; Pauls et al., 2012; Pennacchio et al., 2006; Poitras et al., 

2010; Poulin et al., 2005; Sandelin et al., 2004; Vavouri et al., 2007; Visel et al., 2008; War-

nefors et al., 2016; Woolfe et al., 2005) and, thus, are likely to participate in enhancer-

promoter interactions, might that activity help define chromosomal contacts? Separately, but 

not exclusively, might selection against changes that disrupt chromosomal domains promote 

sequence invariance and, thus, ultraconservation? Specifically, if, as we have proposed 

(Chiang et al., 2008; Derti et al., 2006; McCole et al., 2014), rearrangements that disrupt the 

pairing of allelic UCEs are culled, then UCEs will contribute to the structural invariance of 

genomic regions in which they lie. In this way, UCEs may have enhanced the capacity of 

certain regions to evolve the intra-regional contacts that, today, define contact domains.

The strong association of invariant domain UCEs with kidney-related and neuronal GO 

categories was intriguing and merits further exploration. In this light, it may be noteworthy 

that evolution of the kidney has been argued to be an early defining process in the 

emergence of vertebrates (Ditrich, 2007). If so, that evolution may have benefitted from the 

genome stability provided by UCEs.

Our studies have also shown that, while boundaries are generally depleted of UCEs, 21 of 

the 37 UCEs found in boundaries are exonic, constituting an enrichment of exonic UCEs in 

boundaries. Of the 21 boundary exonic UCEs, two (UCEs 632 and 633) are in the NIPBL 

gene, which is a cohesin loading factor that, when mutated, leads to a developmental 

disorder known as Cornelia de Lange syndrome (Strachan, 2005). Given that cohesin 

binding is implicated in sister chromatid cohesion and gene expression (Merkenschlager, 

2010; Merkenschlager and Odom, 2013), ultraconservation within NIPBL may speak to this 

gene’s importance in genome structure and function. Indeed, a recent study demonstrated 

that depletion of NIPBL in mouse affects reorganization of chromosome folding (Schwarzer 

et al., 2017). Furthermore, the evolutionarily conserved position of the NIPBL gene within 

boundaries may suggest that the lack of three-dimensional associations across a boundary 

may also be important for its expression.

Turning to loop anchors, their lack of enrichment in UCEs chimes with other findings 

arguing that loops are evolutionarily dynamic (Vietri Rudan et al., 2015). Their dynamic 

nature is consistent with the malleability of enhancers over evolutionary time and thus, also, 
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of enhancer-promoter interactions, both of which make the lack of enrichment for UCEs in 

loop anchors unsurprising. Indeed, unconstrained enhancers may more easily accommodate 

tissue-specific (Lonfat et al., 2014) or even species-specific regulatory programs (Vietri 

Rudan et al., 2015).

To conclude, our data describe the pattern of relationships between ultraconservation of 

DNA sequence and three types of chromosome organization, with domains enriched in 

UCEs, boundaries being depleted, and loops being neither enriched nor depleted. More 

generally, they illustrate how different structural arenas of genome organization display 

distinct degrees of flexibility or stability over evolutionary timescales, as measured by 

ultraconservation.

EXPERIMENTAL PROCEDURES

Depletion or Enrichment Analysis of UCEs in Specific Genomic Regions

The enrichment or depletion of UCEs in genomic regions of interest such as domains, 

boundaries, and loop anchors was assessed using established methods previously reported in 

our publications (Chiang et al., 2008; Derti et al., 2006; McCole et al., 2014). Briefly, 

observed overlap between UCEs and regions of interest were compared to a distribution of 

expected overlaps produced using 1,000 randomized sets of elements that match UCEs in 

number and length. Deviation of the observed overlap from the expected overlaps is 

indicated by the obs/exp ratio, and statistical significance was determined by a Z-test where 

appropriate.

Correlation Analyses

The genome was divided into bins of equal sizes. Within each bin, the fraction of sequence 

occupied by each control feature was calculated, as was that of UCEs, except in the case of 

GC content, where it was calculated as the fraction of G + C. Then genome-wide 

correlations within each bin were preformed among feature densities or GC content. The 

Spearman correlation coefficients and matching p values were provided.

Analyses of Domains Containing UCEs

Custom scripts were used to calculate metrics and p values for domain size, gene density 

(Mann-Whitney U test), UCE position within domains (K-S test), and distances to the 

nearest TSS (Anderson Darling test). Expected distributions were defined using 100 sets of 

regions matched to UCE number and position generated as for Depletion or Enrichment 

Analysis of UCEs in Specific Genomic Regions.

Distribution of Intergenic, Intronic, and Exonic UCEs That Overlap Domains, Boundaries, 
and Loop Anchors

The distribution of intergenic, intronic, and exonic UCEs that overlap feature of interest, i.e., 

either domains, boundaries, or loop anchors (reported in Table S2A), was compared to the 

full set of 896 UCEs using a χ2 test.
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To determine the proportions of domains, boundaries, and loop anchors that are intergenic, 

intronic, and exonic, the overlap between two features (i.e., intergenic regions in domains) 

was calculated using bedtools intersect (Quinlan and Hall, 2010).

Scripts

Custom scripts associated with this study are available at https://github.com/rmccole/

UCEs_genome_organization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• UCEs are enriched in domains, depleted from boundaries, and neither at loop 

anchors

• UCEs in domains shared across cell types are linked to kidney and neuronal 

processes

• UCEs that do occur in boundaries and loop anchors are predominantly exonic

• UCEs that are present in loop anchors are enriched in splice sites
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Figure 1. Strategy for Assessing the Relationship between UCEs and Domains, Boundaries, and 
Loop Anchors
We assess the relationship of UCEs (black) to domains (blue), boundaries (orange), and loop 

anchors (green) via a multi-step process, illustrated here with respect to domains. 

Throughout this and other figures, blue, orange, and green refer to analyses related to 

domains, boundaries, and loop anchors, respectively. First, overlaps between UCEs and all 

domains in a dataset are summed to produce the observed overlap; as this example concerns 

domains, overlap between UCEs and boundaries are not tallied (orange cross). The observed 

overlap is then compared to a distribution of expected overlaps generated from the overlap of 

domains with each of 1,000 sets of control genomic sequences, matched to UCEs in number 

and length and randomly positioned in the genome. Finally, the distribution of the resulting 

1,000 control overlaps is tested for normality using the Kolmogorov-Smirnov (KS) test, and 

when normality is observed, a Z-test p value is reported to describe the significance of the 

deviation of the observed overlap from the distribution of expected overlaps. If normality is 

not observed, the proportion of expected overlaps equal to, or more extreme than, the 

observed overlap is stated. See also Table S1 and S2.
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Figure 2. UCEs Are Enriched in Pooled Domains, Depleted from Pooled Boundaries, and 
Indifferent to Pooled Loop Anchors
(A) In thecaseofpooled domains, theobserved overlap (colored vertical line) ofUCEs is 

significantlygreaterthanthe expected overlaps(red line; p = 2.76 × 10−6, obs/exp = 1.025). 

For pooled boundaries, the observed overlap is significantly below expectation (blue line; p 

= 7.51 × 10−4, obs/exp = 0.609). Observed overlap between UCEs and pooled loop anchors 

does not deviate significantly from expectation (gray line; p = 0.073, obs/exp = 1.124). Note 

that pooled domains may include pooled boundaries, because the boundaries of some cell 

types may be organized as domains in other cell types.

(B) Correlation analyses. Spearman correlation: using pairwise Spearman correlation and 

splitting the genome into 50-kb bins, the representation of UCEs is positively correlated with 

that of pooled domains (p = 5.4 × 10-6), negatively correlated with that of pooled boundaries 

(p = 0.002), and not significantly correlated with that of pooled loop anchors (p = 0.183). 

Partial Spearman correlation: the positive and negative correlations between the positions of 

UCEs and pooled domains (first column), and negative correlation between the positions 

ofUCEsand pooled boundaries (second column) remain significant even after accounting 

forthe correlation between the positions of UCEs and nine control genomic features. The 

representation of UCEs and pooled loop anchors (third column) is not significantly 

positively nor negatively correlated except when controlling for repetitive elements, explored 

in (C).
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(C) Although UCEs and pooled loop anchors are not significantly correlated with each other 

(p = 0.183), pairwise correlation analyses of both UCEs and pooled loop 

anchorsshowahighlysignificant negative correlation with repetitiveelements (p=1.0 × 10−130 

and p = 5.6 × 10−149, respectively). In (B) and (C), Spearman (partial) correlation 

coefficients are reported in each box and by a heatmap; p values are reported in parentheses.

(D and E) Domains containing UCEs are significantly larger (D) (p <1.00 × 10−307) and 

relatively gene sparse (E) (p = 3.20 × 10−104) as compared to domains without UCEs. p 

values were calculated by Mann-Whitney U test; box: interquartile range; whisker: 1.5 x 

interquartile range.

(F) UCEs are positioned roughly evenly across domains, with the distribution differing 

insignificantly from expectation (p = 0.14; K-S test; error bar: SD).

(G) UCEs are positioned further than expected from the nearest transcription start site (TSS) 

(p = 9.06 × 10−6; Anderson-Darling test).

See also Figure S1 and Table S1 and S2.
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Figure 3. Underrepresentation of Intronic and Intergenic UCEs in Pooled Boundaries and Loop 
Anchors Are Accompanied by Overrepresentation of Exonic UCEs
Proportions of intergenic, intronic, and exonic UCEs that overlap pooled domains (A, blue), 

boundaries (B, orange), and loop anchors (C, green) compared to the full set of 896 UCEs as 

a control (gray).

(A) Pooled domains that are not significantly different compared to the control set since all 

UCEs fall within pooled domains, so no p value is calculated.

(B and C) Pooled boundaries (B) (chi-square test, p = 3.46 × 10−7) and pooled loop anchors 

(C) (chi-square test, p = 2.79 × 10−4) both show a significant overrepresentation ofexonic 
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UCEsand an underrepresentation ofintronic and intergenic UCEs, as compared with the full 

UCE set.

See also Figure S2 and S3 and Table S4 and S5.
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Figure 4. Schematic Representation Summarizing the Relationship between Chromosome 
Organization and UCEs
Top, domains (blue) are enriched in UCEs, boundaries (orange) are depleted, and loop 

anchors (green) are neither enriched nor depleted. Bottom, examples of UCEs in each 

ofthethreegenomicfeatures asdefined by Hi-C annotation ofhuman GM12878 cells(Rao etal., 

2014) using theJuiceboxtool (Durand et al., 2016). Left, invariant domain UCEs; middle, 

UCE in a boundary; right, UCE in a loop anchor. Domain and loop anchorcalls (squares in 

gray outline) are indicated on the heatmaps as available in Juicebox (Durand et al., 2016). 

Numbers of UCEs are not representative of their true occupancies.
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