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Abstract

INTRODUCTION: Human accelerated regions (HARs) are evolutionarily conserved sequences 

that acquired an unexpectedly high number of nucleotide substitutions in the human genome since 

divergence from our common ancestor with chimpanzees. Prior work has established that many 

HARs are gene regulatory enhancers that function during embryonic development, particularly in 

neurodevelopment, and that most HARs show signatures of positive selection. However, the events 

that caused the sudden change in selective pressures on HARs remain a mystery.

RATIONALE: Because HARs acquired many substitutions in our ancestors after millions of years 

of extreme constraint across diverse mammals, we reasoned that their conserved roles in regulating 

development of the brain and other organs must have changed during human evolution. One 

mechanism that could drive such a functional shift is enhancer hijacking, whereby the target gene 

repertoire of a noncoding sequence is changed through alterations in three-dimensional genome 

folding. The regulatory information encoded in a hijacked enhancer would likely need to change 

to avoid deleterious expression of the altered target gene while also possibly supporting modified 

expression patterns. Structural variants—large genomic insertions, deletions, and rearrangements

—are the greatest sources of sequence differences between the human and chimpanzee genomes, 

and they have the potential to affect how a region of the genome folds and localizes in the nucleus. 

We therefore hypothesized that some HARs were generated through enhancer hijacking triggered 

by nearby human-specific structural variants (hsSVs).

RESULTS: We leveraged an alignment of hundreds of mammalian genomes plus a Nextflow 

pipeline that we wrote for automating the detection of lineage-specific accelerated regions to 

identify 312 high-confidence HARs (zooHARs). Through massively parallel reporter assays and 

machine learning integration of hundreds of epigenomic datasets, we showed that many zooHARs 

function as neurodevelopmental enhancers and that their human substitutions alter transcription 

factor binding sites, consistent with previous studies. We further mapped zooHARs to specific 

cell types and tissues using single-cell open chromatin and gene expression data, and we found 

that they represent a more diverse set of neurodevelopmental processes than a parallel set of 

chimpanzee accelerated regions.

To test the enhancer hijacking hypothesis, we first examined the three-dimensional neighborhoods 

of zooHARs using publicly available chromatin capture (Hi-C) data, finding a significant 

enrichment of zooHARs in domains with hsSVs. This motivated us to use deep learning to 

predict how hsSVs changed genome folding in the human versus the chimpanzee genomes. We 

found that 30% of zooHARs occur within 500 kb of an hsSV that substantially alters local 
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chromatin interactions, and we confirmed this association in Hi-C data that we generated in human 

and chimpanzee neural progenitor cells. Finally, we showed that chromatin domains containing 

zooHARs and hsSVs are enriched for genes differentially expressed in human versus chimpanzee 

neurodevelopment.

CONCLUSION: The origin of many HARs may be explained by human-specific structural 

variants that altered three-dimensional genome folding, causing evolutionarily conserved 

enhancers to adapt to different target genes and regulatory domains.

Graphical Abstract

Example of HAR enhancer hijacking. The HAR is nearby and regulates gene A, but not gene 

B, as the chimpanzee genome folds. An insertion in the human genome brings the HAR closer to 

gene B, causing expression of gene B. The HAR adapts to being in gene B’s regulatory domain 

through substitutions to previously conserved nucleotides.

Abstract

Human accelerated regions (HARs) are conserved genomic loci that evolved at an accelerated 

rate in the human lineage and may underlie human-specific traits. We generated HARs and 

chimpanzee accelerated regions with an automated pipeline and an alignment of 241 mammalian 

genomes. Combining deep learning with chromatin capture experiments in human and chimpanzee 

neural progenitor cells, we discovered a significant enrichment of HARs in topologically 

associating domains containing human-specific genomic variants that change three-dimensional 

(3D) genome organization. Differential gene expression between humans and chimpanzees at 

these loci suggests rewiring of regulatory interactions between HARs and neurodevelopmental 
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genes. Thus, comparative genomics together with models of 3D genome folding revealed enhancer 

hijacking as an explanation for the rapid evolution of HARs.

Human accelerated regions (HARs) are genomic loci that were conserved over millions 

of years of vertebrate evolution but evolved quickly in the human lineage and thus are of 

great interest based on their potential to underlie human-specific traits (1-8). Many HARs 

are predicted to function as gene enhancers, particularly for genes implicated in neural 

development (9). Furthermore, most HARs appear to have evolved under positive selection 

due to having more human substitutions than expected given the local neutral rate (10)—

an indication that the sequence changes were beneficial to ancient humans. However, the 

mechanisms facilitating their shift in selective pressure after millions of years of constraint 

remains to be determined.

Structural variation is a substantial driver of genome evolution. The majority of genomic 

differences between humans and our closest extant relatives, chimpanzees and bonobos, 

derive from structural variation, largely in the noncoding genome (11). Changes to genome 

organization mediated by structural variants can rewire gene regulatory networks through 

enhancer hijacking—also called enhancer adoption—through which genes gain or lose 

regulatory signals, affecting spatiotemporal gene expression (12-14). Enhancer hijacking 

has been identified as a contributing factor to cancer and other human diseases (13, 15-17), 

and previous work has proposed that it may be a driver of species evolution (7, 18, 19). 

For example, the locus containing the cluster of Hox genes is encompassed in a single 

topologically associating domain (TAD) in the bilaterian ancestor, but vertebrates have two 

separate TADs; this difference may have driven evolutionary innovations in developmental 

body patterning specific to vertebrates (18, 20, 21).

Motivated by these findings, we hypothesized that some HAR enhancers were hijacked 

as a result of human-specific structural variants (hsSVs) altering their three-dimensional 

(3D) contacts. This could have changed the HAR’s target gene repertoire and subjected 

it to different selective pressures in humans, thus driving its human-specific accelerated 

evolution. Testing this complex hypothesis is now possible because of the confluence of 

recent datasets and technologies. First, the Zoonomia Consortium generated an alignment 

of 241 mammalian genomes (22), which provided the opportunity to detect lineage-specific 

evolutionary patterns at an unprecedented scale. Second, recent work comparing multiple 

great ape genomes has identified a high-quality set of 17,789 hsSVs (23). Third, publicly 

available epigenomic, transcriptomic, and chromatin interaction datasets for many cell 

types and tissues enable machine learning predictions of how lineage-specific sequence 

changes affect genome function (24). Finally, we had access to primary tissue from the 

human midgestation telencephalon to validate our predictions. In this study, we combine 

these experimental and computational resources to demonstrate that HARs and hsSVs 

occur in the same TAD significantly more often than expected and that these TADs are 

enriched for genes that are differentially expressed between humans and chimpanzees. 

These results implicate enhancer hijacking as a genetic mechanism to explain the lineage-

specific accelerated evolution of many HARs, potentially underlying human-specific 

neurodevelopmental phenotypes.
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Human and chimpanzee accelerated regions share features consistent with 

function as neurodevelopmental enhancers

To test HAR loci for enhancer hijacking, we first sought to generate an updated set of 

HARs from the Zoonomia alignment (zooHARs) alongside a consistently inferred set 

of chimpanzee accelerated regions (zooCHARs). The identification of species-specific 

accelerated regions in alignments containing many species with large genomes requires 

substantial computational resources. The necessary methods are implemented in the 

Phylogenetic Analysis with Space/Time models (PHAST) software package (25), but 

users need to combine multiple methods and runtime parameters to manipulate multiple 

sequence alignments, fit phylogenetic models, identify conserved elements, and perform 

statistical tests for acceleration. These requirements are limiting how many researchers 

can conduct these analyses. To assist with implementation on high-performance computing 

and automate previously developed scripts for detecting accelerated regions (1, 25-27), we 

developed a Nextflow pipeline that is portable to different parallel computing environments 

(28). This required optimizing modeling parameters in the PHAST software package for 

large, multiple-sequence alignments (25). The resulting open-source software tool, called 

AcceleratedRegionsNF (29), enables automated, reproducible, and streamlined identification 

of accelerated regions in any species or lineage on any computing platform (Fig. 1A) (29).

Using AcceleratedRegionsNF (29), we leveraged the Zoonomia alignment of 241 mammal 

genomes (22) to identify 312 zooHARs (table S1). The zooHARs demonstrate similar 

features to previous sets of HARs, including being mainly noncoding and being located 

near genes involved in developmental and neurological processes (fig. S1A and fig. S2; 

see additional discussion in the supplementary text) (6, 9, 30). The majority of zooHARs 

(86%) also have signatures of positive selection, here defined as having a substitution rate 

that significantly exceeds a local estimate of neutral rate and not showing a substitution 

pattern consistent with GC-biased gene conversion (fig. S1B). We assessed evidence for 

selection, GC-biased gene conversion (faster than neutral substitution rate with a strong bias 

toward A/T to G/C changes), and loss of constraint (approximately neutral substitution rate 

in the human lineage versus conservation in other mammals) using a previously published 

model (10). Supporting roles in neurodevelopment, approximately one-third of zooHARs are 

transcribed in the developing human neocortex (fig. S1C).

To compare accelerated evolution in the human and chimpanzee genomes side by side, we 

next used the Zoonomia alignment (22) and AcceleratedRegionsNF (29) to identify 141 

zooCHARs. The median distance between zooHARs and zooCHARs is significantly less 

than expected (1.05 Mb; bootstrap P value = 0.02, both in hg38), as observed in previous 

sets of primate accelerated regions (31). We then annotated the zooCHARs (in hg38) 

with the same datasets as zooHARs and observed that these two sets of species-specific 

accelerated regions have similar genomic and epigenomic features (fig. S1, D and E; fig. 

S3; and table S2). These annotations are strongly indicative of zooCHARs being regulatory 

elements in the developing brain and other tissues, similar to zooHARs, despite a human 

bias in the available annotation datasets. Genes near both zooHARs and zooCHARs are 

significantly enriched for roles in transcriptional regulation (hypergeometric tests; figs. S2 
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and S3). Orthologous regions to zooCHARs are also transcribed in the developing human 

neocortex (fig. S1F). These findings suggest that distinct sets of evolutionarily conserved 

enhancers regulating transcription factors and other neurodevelopmental genes evolved 

under positive selection in both the human and chimpanzee genomes.

Despite these notable similarities, we also observed some differences between zooHARs 

and zooCHARs. The annotations of genes nearby zooHARs suggest connections to a 

broader diversity of developmental processes compared with zooCHARs (figs. S2 and S3), 

which may indicate that enhancer evolution affected more aspects of neurobiology and 

development in humans compared with chimpanzees. Another difference is the smaller 

number of zooCHARs. A similar number of conserved elements were used in the zooHAR 

versus zooCHAR analyses (225,317 and 225,287, respectively), but a smaller percentage 

of conserved elements qualified as zooCHARs (0.06% compared with 0.1% for zooHARs). 

Although it is tempting to speculate that the higher number of zooHARs is because of more 

adaptive evolution in the human versus chimpanzee lineage, it may instead be attributable to 

the lower quality of the chimpanzee reference genome and the strict quality control filtering 

we performed when running AcceleratedRegionsNF (29). Prior work has found that the 

number of accelerated regions identified in different primates is related to how deeply the 

genomes were sequenced (31). Future improvements to genome assemblies for nonhuman 

primates will enable reliable estimates of the relative levels of genomic acceleration across 

species. Together, these analyses demonstrate that zooHARs identified from an alignment 

of 241 mammals have features consistent with previous studies proposing functionality 

as gene regulatory elements, particularly in neurodevelopment, and possibly with broader 

downstream consequences than can be linked to zooCHARs.

HARs are enriched in 3D TADs with hsSVs

Genomic loci near duplicated genes have been shown to evolve rapidly (32), which suggests 

that there is synergy between structural variation and nucleotide-level genome evolution. 

To explore this, we sought to determine whether zooHARs and hsSVs tended to colocate 

in the context of the 3D genome. Using a high-quality set of TADs from lymphoblastoid 

cells (33), we found that zooHARs are strongly enriched in TADs with hsSVs relative to 

the set of phastCons conserved elements from which zooHARs are identified (odds ratio = 

3.0, bootstrap P < 0.001; Fig. 1B). This enrichment is robust to repeating the analysis with 

TADs from other cell types, including primary midgestation telencephalon, and a different 

TAD-calling method (fig. S4). To determine whether the enrichment is simply driven by 

localization of hsSVs near zooHARs in the linear genome sequence, we replaced the 

TADs with random, size-matched windows and found that zooHARs were not significantly 

enriched in this context relative to phastCons elements (fig. S4). Thus, we conclude that 

zooHARs are specifically enriched in TADs with hsSVs, which suggests that 3D genome 

organization and structural variation may be linked to the accelerated evolution of HARs.
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hsSVs are predicted to have changed the 3D chromatin environment of 

zooHARs

Structural variation is the main contributor to genome-wide genetic divergence between the 

human and chimpanzee genomes (11), and it has the potential to generate large changes in 

3D genome organization through the disruption of insulating boundaries or other structural 

motifs (34). Based on our observation that zooHARs are enriched in TADs with hsSVs (Fig. 

1B), we sought to determine whether hsSVs may have generated changes in 3D genome 

folding in loci with zooHARs. Using Akita, a neural network–based deep learning model 

trained on six cell types to predict 3D genome contact matrices from DNA sequence (35), 

we assessed the effect of hsSVs (table S3). For each variant, we predicted the chromatin 

contact matrices for the DNA sequence with and without the variant and computed the 

mean squared distance between the two matrices (Fig. 1C and table S3). Many hsSVs are 

predicted to change 3D genome organization near zooHARs, and 30% of zooHARs occur 

within 500 kb of a hsSV with a disruption score in the top decile of all disruption scores for 

hsSVs. These results suggest that human-specific 3D genome structures are encoded in DNA 

sequence and are modified through hsSVs.

High-resolution Hi-C data from humans and chimpanzees validates 3D 

genome reorganization near zooHARs and zooCHARs

To validate the predicted changes to 3D genome organization mediated by hsSVs near 

zooHARs, we generated chromatin capture (Hi-C) data from neural progenitor cells (NPCs) 

differentiated from two human and two chimpanzee induced pluripotent stem cell (iPSC) 

lines at matched developmental time points. Together, these experiments generated more 

than 3.4 billion individually mapped chromatin contacts (table S4). All lines were from 

male individuals, and two technical replicates were generated per sample. Stratum-adjusted 

correlation coefficients (36) demonstrated high concordance of data between replicates 

and individuals from the same species (fig. S5), so we merged data from all replicates 

and samples of each species for downstream analyses. The cis/trans interaction ratio and 

distance-dependent interaction frequency decay indicate that the data are high quality (table 

S4 and fig. S6).

Conservation of 3D genome structures, such as A and B compartments and TAD boundaries, 

has been demonstrated in various species. However, our understanding of the extent of this 

conservation is still developing, with gene regulatory interactions inside TADs appearing to 

be somewhat dynamic across cell types and species (33, 37-42). Analyzing our NPC Hi-C 

data, we found 10% of chromatin loops and 8% of TAD boundaries to be human specific 

(table S5). This is slightly less than the 14% identified in a recent study comparing human 

and macaque chromatin organization (40), likely because chimpanzees are more closely 

related to humans than are macaques. Thus, the majority of chromatin loops, also called 

dots or peaks (43), are conserved or partially conserved between the human and chimpanzee 

NPCs (table S5 and fig. S7) (44, 45). These results support the idea of conservation of 

large-scale chromatin structures between human and chimpanzee, although differences are 

detectable in specific loci.
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We next confirmed the enrichment of zooHARs in TADs containing hsSVs in our Hi-C 

data from human NPCs (fig. S4E and table S5). This enrichment was also observed 

between zooCHARs and chimpanzee-specific structural variants (23) in TADs from the 

chimpanzee data (odds ratio = 4.8, bootstrap P = 0.04), indicating that colocation of lineage-

specific structural variants and accelerated regions is not a human-specific phenomenon. As 

structural variants and Hi-C data are generated for more species, it will be possible to use the 

tools from this study to quantify this notable association across diverse Eukaryotes. Finally, 

we used our NPC Hi-C data (table S5) to associate zooHARs and zooCHARs with genes 

and found significant enrichment for transcriptional regulators of developmental processes, 

confirming and extending our gene ontology (GO) results based on nearby genes (table S6).

Hijacked zooHARs associated with differentially expressed genes

Based on the idea that zooHARs are regulatory elements that control gene expression, we 

sought to determine whether genes that are differentially expressed between humans and 

chimpanzees are linked to zooHARs in the 3D genome. We compiled a compendium of 

matched human and chimpanzee RNA sequencing (RNA-seq) datasets and converted these 

into lists of genes that are differentially expressed between the two species in various 

tissues and cell types. Intersecting these with our NPC TAD calls (table S5), we observed 

that TADs containing zooHARs and hsSVs are enriched for genes differentially expressed 

between humans and chimpanzees in NPCs (chi-squared P = 0.018; table S7) (46) and 

cerebral organoids (chi-squared P = 0.003; table S7) (47). By contrast, genes differentially 

expressed between human and chimpanzee adult brain tissue (48), iPSCs, iPSC-derived 

cardiomyocytes, and heart tissue (49) are not enriched in TADs containing zooHARs and 

hsSVs (table S7) (23, 46-49). These results support our enhancer hijacking hypothesis while 

suggesting that the effects of enhancer hijacking may be developmental stage and cell type 

specific.

The loci encompassing zooHAR.126 and zooHAR.15 are two clear examples of how hsSVs 

can alter 3D regulatory interactions between HAR enhancers and neurodevelopmental genes. 

Each locus has a strong Akita prediction of altered genome folding in the presence of 

a hsSV, which is highly similar to the differences observed in NPC Hi-C data (Fig. 2, 

A and B) (35). The average disruption, which measures differences between the human 

and chimpanzee Hi-C data, is greatest at specific genomic elements within the 1-Mb 

region (Fig. 2, C and D), including at species-specific loops and the promoters of genes 

differentially expressed between humans and chimpanzees (Fig. 2, E and F, and fig. S8). 

For example, the Tourette’s syndrome gene NECTIN3 (50) is in the same TAD with a 

hsSV and zooHAR.126, and it is down-regulated in human versus chimpanzee NPCs (fig. 

S8) (46). Similarly, the developmental gene MAF, implicated in Ayme-Gripp syndrome, is 

differentially expressed between humans and chimpanzees in inhibitory neurons, NPCs, 

iPSCs, and iPSC-derived cardiomyocyte progenitors (46, 47, 49), and it is in a TAD 

encompassing a hsSV and zooHAR.15, which overlaps previously identified 2xHAR.21 

(51). To determine with higher confidence that the observed changes in 3D structure at 

these loci were human derived, we assessed the orthologous loci in previously published 

rhesus macaque fetal brain cortex plate (40). For both loci, the human-specific changes to 

3D genome organization described here were not observed in the rhesus macaque data (40), 
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which suggests that they are human derived as a result of the hsSVs, as predicted by Akita 

(fig. S9) (35). Together, these results establish that the 3D genome changes in these loci are 

human specific, associated with gene expression changes, and likely caused by the hsSVs.

Many zooHARs are neurodevelopmental enhancers with cell type–specific 

activity

To define the cell types and tissues that may be affected by hijacked HARs, we expanded 

on previous work demonstrating enhancer-associated epigenomic signatures of HARs in 

specific cell types and tissues (51) and predicting HAR enhancer activity (9, 50). We 

annotated a 1500–base pair (bp) genomic window centered at the midpoint of each 

zooHAR by overlap with recently generated datasets of open chromatin [61 assay for 

transposase-accessible chromatin with sequencing (ATAC-seq), 40 deoxyribonuclease 1 

hypersensitive sites sequencing (DNase-seq)], chromatin-bound proteins [204 chromatin 

immunoprecipitation sequencing (ChIP-seq) experiments for histone modifications and 

transcription factors], and 3D chromatin interactions [4 proximity ligation–assisted ChIP-seq 

(PLAC-seq), 4 promoter-capture Hi-C] (52-59). This window size was chosen to match the 

typical size of in vivo validated enhancers (60). Collectively, these annotations cover 44 

human cell types, including multiple brain regions from specific developmental time points. 

To explore the gene regulatory pathways of zooHARs, we further annotated them with 

previously published transcription factor footprints (55).

First, we used these annotations to explore the cell types in which zooHARs may function 

as gene regulatory elements. Even against a stringent background set of phastCons elements, 

which themselves tend to be enriched for gene regulatory marks related to development (9), 

zooHARs are enriched for annotations indicative of neurodevelopmental regulatory activity, 

including ATAC-seq peaks and promoter-capture Hi-C interactions in multiple neuronal cell 

types (centered odds ratio range, 2.20 to 55.9; bootstrap P < 0.05; fig. S10). As one example, 

zooHAR.126 overlaps numerous regulatory epigenomic marks and footprints for seven 

transcription factors (Fig. 3A). Over all zooHAR footprints, enriched transcription factors 

included inhibitory neuron specifier DLX1 (61), master brain regulator and telencephalon 

marker FOXG1, and cortical and striatal projection neuron marker MEIS2 (62, 63) (Fig. 3B 

and table S8). Thus, zooHARs do have epigenetic signatures consistent with developmental 

enhancer activity, particularly in the embryonic brain, consistent with prior HAR studies.

Next, we used these epigenetic annotations to build a new machine learning model for 

predicting neurodevelopmental enhancers (materials and methods) (30). The epigenetic 

datasets were used as features, and the in vivo validated VISTA enhancers (64) served 

as examples of neurodevelopmental enhancers for training the model. After validating the 

model on held-out VISTA enhancers, we used it to predict that 197/312 zooHARs (63.1%) 

function as neurodevelopmental enhancers based on their epigenetic profiles (table S1). This 

increases the proportion of HARs with predicted regulatory activity in the brain relative to 

predictions from previous work (9, 24).

To further specify cell types in the human brain, where zooHARs likely function as 

regulatory elements, we applied the CellWalker method to map them to cell types using 

Keough et al. Page 9

Science. Author manuscript; available in PMC 2024 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



single-cell ATAC-seq with RNA-seq from the developing human telencephalon surveyed 

at midgestation (58, 65-67). We found the highest number of zooHARs assigned to 

newborn interneurons, radial glia, excitatory neurons from the prefrontal cortex, and medial 

ganglionic eminence intermediate progenitors (Fig. 3C and table S9). Repeating this analysis 

for zooCHARs, cell types were largely similar to those assigned to zooHARs, but many 

fewer zooCHARs mapped to excitatory neurons from the prefrontal cortex (Fig. 3D and 

table S9). This difference may provide clues toward the mechanisms underlying species-

specific neurodevelopmental traits, such as increased plasticity and protracted maturation 

in the human brain. However, these results must be interpreted with the caveat that cell 

type assignments were made from human data because parallel chimpanzee data are not 

available. Finally, we repeated the CellWalker analysis using single-cell ATAC-seq and 

RNA-seq from the human adult brain (68, 69) and heart (70). Very few accelerated regions 

mapped to adult heart cell types. In the adult brain, fewer zooCHARs were assigned cell 

types compared with zooHARs, with the largest species difference being in excitatory 

neurons, mirroring our finding in the midgestation brain (fig. S11 and table S9).

Massively parallel validation of zooHARs in human primary cortical cells

To validate these predictions, we performed a massively parallel reporter assay (MPRA) 

to test the enhancer activity of all 312 zooHARs in five replicates of human primary cells 

from midgestation (gestational week 18) telencephalon (71). After stringent quality control, 

we obtained RNA/DNA ratios of 276 zooHARs and found that 139 (50.1%) drove reporter 

gene expression to a level indicative of enhancer activity as determined by the median 

activity of a set of externally validated positive controls in the MPRA experiment (materials 

and methods and table S8) (30, 71). Thus, many zooHARs are capable of driving gene 

expression in the human telencephalon at midgestation. On the basis of our machine learning 

predictions and epigenetic profiling of zooHARs, we expect that additional zooHARs are 

active enhancers in other brain regions and developmental stages.

Next, we compared MPRA activity with the results of our machine learning predictions 

for the same zooHARs (table S1). Of the 175 zooHARs predicted to function as 

neurodevelopmental enhancers and passing MPRA quality control, 88 (50.3%) drove 

reporter gene expression to a level indicative of enhancer activity (30, 71). This high-

confidence set of human accelerated enhancers active in human neurodevelopment includes 

zooHAR.133, zooHAR.138, and zooHAR.156, all of which are in TADs with developmental 

genes (EFNA5, EN1, and PBX3, respectively) that have differential contacts in our human 

versus chimpanzee NPC Hi-C data. Prior studies precisely reconstructing human-specific 

mutations at the endogenous locus in the mouse have validated zooHAR.1 (also known as 

HACNS1, HAR2, 2xHAR.3) as an enhancer of GBX2 and zooHAR.138 (also known as 

2xHAR.20, HAR19, HAR80) as an enhancer of EN1. Other zooHARs with enhancer-like 

epigenetic signatures but lower MPRA activity may function in different developmental 

stages or in cell types poorly represented in our telencephalon samples, or their activity 

may be underestimated by MPRA because of our use of 270-bp sequences and random 

integration sites. Despite these limitations, our MPRA data strongly support the conclusion 

that many zooHARs function as enhancers in cell types of the developing brain.
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Altogether, this work demonstrates that hsSVs cluster in TADs with HARs that likely 

function as regulatory elements in neurodevelopment, and these hsSVs can change 3D 

regulatory interactions of HARs. Our findings demonstrate that HARs, which have multiple 

lines of evidence suggesting enhancer activity in neurodevelopment, cluster in TADs with 

hsSVs that may drive differential 3D interactions of HARs specifically in humans.

Discussion

Lineage-specific accelerated regions represent sequence-based evolutionary innovations in 

the genome that may underlie traits that define each species. The Nextflow pipeline 

introduced in this work enables reproducible identification of accelerated regions in any 

species in very large alignments, as demonstrated with the Zoonomia dataset of 241 

mammals (22).

By integrating dozens of public and newly developed datasets, a machine learning model 

of enhancer activity, a network-based cell type labeling method, and MPRA experiments 

performed on primary cells from the human midgestation telencephalon, we refined our 

understanding of which HARs may function as regulatory elements, at which developmental 

stages, and in what cell types. Viewing accelerated regions through the lens of 3D genome 

organization revealed an enrichment of zooHARs and zooCHARs in TADs containing 

species-specific structural variants. Generation of the high-resolution cross-species Hi-C 

in matched NPCs from humans and chimpanzees enabled the further discovery that hsSVs 

predicted by a deep learning model to change 3D genome organization nearby HARs and 

CHARs correspond to true differences between human and chimpanzee NPCs. Because 

HARs are active enhancers in diverse cell types and the majority of them contact putative 

target genes in a cell type–specific manner (72), future investigations of more cell types may 

uncover further perturbations.

There are interesting questions to be asked about the sequence of genomic events in loci 

with hsSVs and HARs. One possibility is that, in some cases, the hsSV altered the 3D 

chromatin contacts of a conserved regulatory element that then underwent rapid adaptation 

through point mutations in the same species to adjust to its altered target genes. With 

available data, however, we cannot rule out the possibility that the accelerated region 

changed before the structural variant. We also cannot confidently infer that the structural 

variant and 3D genome changes caused accelerated sequence evolution of the regulatory 

element. It is important to note that most TADs containing hsSVs with high disruption 

scores do not contain zooHARs, and approximately one-third contain phastCons elements 

that are not human accelerated. Nonetheless, our integrative data analysis points to enhancer 

hijacking as a potential genetic mechanism to explain HARs and other lineage-accelerated, 

conserved noncoding regions. Further experimentation will be needed to ascertain the 

validity of this hypothesis. However, it is clear that the evolution of genome sequence and 

3D organization do not occur in isolation.

Keough et al. Page 11

Science. Author manuscript; available in PMC 2024 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and methods summary

To identify zooHARs, we ran AcceleratedRegionsNF (29) on the genome-wide, multiple-

sequence alignments of 241 mammals from the Zoonomia Consortium (22), specifying the 

branch from the chimpanzee-human ancestor to modern humans as the lineage to test for 

acceleration and using a false discovery rate threshold of 5%. The phastCons conserved 

elements from which zooHARs were identified served as a background distribution for 

enrichment tests. zooCHARs were discovered and characterized in a similar manner. 

AcceleratedRegionsNF is available as an open-source, Nextflow pipeline that automates 

the computation of accelerated regions on large, multiple-sequence alignments through code 

that is easily ported to any computing environment (28, 29).

The effects of hsSVs on 3D genome folding were predicted using the Akita model (35). 

Genome sequences with and without each hsSV were provided to Akita, and the mean 

squared error (disruption score) between the resulting two contact matrices was computed.

NPCs were differentiated from two human (WTC11 and HS1) and two chimpanzee (C3649 

and Pt2a) iPSC lines. Hi-C was performed using the Arima Genomics Hi-C kit according 

to the manufacturer’s instructions, libraries were sequenced with paired-end, 150-bp reads 

using two lanes of an Illumina NovaSeq6000 S2.

A 1500-bp window centered on each zooHAR was annotated with publicly available 

epigenetic and gene expression data plus chromatin loops, TADs, and compartments called 

in our NPC Hi-C data. These annotations were used for enrichment tests and as features 

in a machine learning model trained to distinguish neurodevelopmental enhancers from 

enhancers active in other tissues plus nonenhancers downloaded from the VISTA Enhancer 

Browser (64). We estimated the neurodevelopmental cell types in which zooHARs are active 

using CellWalker (66). Each zooHAR was assessed for evidence for positive selection versus 

GC-biased gene conversion or loss of constraint using a previously published model based 

on population genetic dynamics (10).

To test human zooHAR sequences for enhancer activity, lentivirus-based MPRAs were 

performed in cultured primary cells that were dissociated from human telencephalon tissue 

harvested at midgestation (73). Additional methodological details are available in the 

supplementary materials (30).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. hsSVs are enriched in zooHAR chromatin domains and predicted to change the 3D 
genome.
(A) Pipeline to identify lineage-specific accelerated regions. Blue circles indicate initial 

input data, purple hexagons are intermediate results, and the green square is the final output. 

(B) Odds ratio of chromatin contact domains in GM12878 cells (33) containing hsSVs and 

zooHARs (green line) compared with a null distribution (shaded blue region) of odds ratios 

for chromatin contact domains containing conserved (phastCons) elements and hsSVs from 

1000 random draws of phastCons equaling the number of zooHARs. (C) Akita prediction 

of a locus [hg38.chr4:26614489-27531993; hsSV, human-specific insertion hsSV1 from (23, 

30)] with a human-specific insertion (Original), with the human-specific insertion deleted 

in silico (hsSV deleted), and a subtraction matrix (Original - hsSV deleted) comparing the 

chromatin contact matrices with and without the human-specific insertion. White boxes 

indicate regions that change in the original compared with the hsSV deleted sequences. 

Log(observed/expected) contact values are shown in the heatmaps.
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Fig. 2. hsSVs change the 3D genome around zooHARs and zooCHARs.
White boxes highlight differences between the species. Log(observed/expected) values 

are shown in the heatmaps. (A and B) Subtraction matrices for the in silico predicted 

change due to the human-specific insertion (left) and observed chromatin contact 

maps in human compared with chimpanzee NPC Hi-C (right) for the loci containing 

zooHAR.126 [hg38.chr4:26614489-27531993; hsSV1 from (23, 30)] and zooHAR.15 

[hg38.chr16:79237694-80155198; hsSV2 from (23, 30)], respectively. (C and D) Human 

(top) and chimpanzee (bottom) log (observed/expected) Hi-C contact frequencies in each 

locus, with the disruption score (10-kb resolution) in between. (E and F) zooHAR locations 

denoted by vertical lines adjacent to their names. Conserved (blue), chimpanzee-specific 

(green), and human-specific (orange) loops are shown [5-kb resolution, loops called with 

Mustache (44)].
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Fig. 3. zooHARs in human brain development.
(A) Transcription factor footprints (55) and epigenomic marks (59) overlapping 

zooHAR.126. NSC, neural stem cell. (B) Subset of enriched transcription factor footprints 

in zooHARs relative to phastCons elements (Fisher’s exact P ≤ 0.05). Full set is available 

in table S8. (C) Cell types in which zooHARs are predicted to regulate gene expression 

based on CellWalker analysis of data from the developing human telencephalon. (D) Cell 

type assignments for zooCHARs based on CellWalker analysis of data from the developing 

human telencephalon. Unlike with HARs, no CHARs map to late-stage excitatory neurons. 

Cell types are abbreviated as follows: excitatory neurons (ENs) derived from primary visual 

cortex (V1) or prefrontal cortex (PFC), newborn excitatory neurons (nENs), inhibitory 

cortical interneurons (IN-CTXs) originating in the medial/caudal ganglionic eminence 

(MGE/CGE), newborn interneurons (nINs), intermediate progenitor cells (IPCs), and 

truncated/ventral/outer radial glia (tRG/vRG/oRG). More cell type information is available 

at hhttps://cells.ucsc.edu/?ds=cortex-dev (58, 66).
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