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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 the largest alignment of mammalian genomes to 
date. To facilitate exploration of accelerated evolution in other lineages, we implemented an 
open-source Nextflow pipeline that runs on any computing platform. 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 (TADs) 
containing human-specific genomic variants that change three-dimensional (3D) genome 
organization. Differential gene expression between humans and chimpanzees at these loci in 
multiple cell types suggests rewiring of regulatory interactions between HARs and 
neurodevelopmental genes. Thus, comparative genomics together with models of 3D genome 
folding revealed enhancer hijacking as an explanation for the rapid evolution of HARs.  

One-Sentence Summary: Human-specific changes to 3D genome organization may have 
contributed to rapid evolution of mammalian-conserved loci in the human genome.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

3 
 

 

Main Text: 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 relative, the chimpanzee, 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”, or “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 (12, 15–17), and previous work 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). 
Recent work comparing multiple great ape genomes identified a high quality set of 17,789 
human-specific structural variants (hsSVs) (22). We hypothesized that some HARs were 
hijacked due to hsSVs, changing their target gene repertoire and subjecting them to different 
selective pressures in humans, thus driving their human-specific accelerated evolution. 

 
To test this hypothesis, we leverage the largest alignment of mammalian genomes to date, 
Zoonomia (23). We first identify an updated set of HARs (zooHARs) and chimpanzee 
accelerated regions (zooCHARs), and develop an open-source Nextflow pipeline for 
reproducible and streamlined identification of accelerated regions (ARs) in any lineage using 
large multiple sequence alignments. We find that TADs containing hsSVs are enriched for 
zooHARs. Using Akita, a deep learning model of three-dimensional (3D) genome folding, we 
predict that multiple hsSVs change the chromatin interactions of zooHARs and zooCHARs. We 
then validate these predictions by generating high-resolution chromatin capture (Hi-C) data from 
human and chimpanzee induced pluripotent stem cell derived neural progenitor cells (NPCs) at 
matched developmental time points and show that differentially expressed genes from NPCs (24) 
and cerebral organoids (25) are enriched in TADs containing zooHARs and hsSVs (Chi-squared 
p-value < 0.05). By integrating a machine learning model of enhancer activity, a network-based 
cell type labeling method, and a massively parallel reporter assay (MPRA) performed on primary 
cells from the human mid-gestation telencephalon, we characterize the regulatory activity of 
zooHARs and zooCHARs in specific neuronal cell types. Taken together, 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 accelerated regions are enriched in 3D topological associating domains with 
human-specific structural variants 

The identification of species-specific accelerated regions in alignments containing many species 
with large genomes requires significant computational resources. Pipeline management software 
enables analyses like these to be made portable to different parallel computing environments 
(26). Therefore, we compiled previously developed methods for detecting accelerated regions (1, 
27–29) into a new Nextflow pipeline and optimized modeling parameters in the Phylogenetic 
Analysis with Space/Time models (PHAST) software package for large multiple sequence 
alignments, creating a scalable software tool for identification of lineage-specific accelerated 
elements in any species on any computing platform (Fig. 1A, Supplemental Text).  

 
We then leveraged the Zoonomia alignment of 241 mammal genomes to identify 312 zooHARs 
and 141 zooCHARs (Table S1, Table S2). These ARs demonstrate similar features to previous 
sets of HARs, including being mainly noncoding, having signatures of positive selection (82% of 
zooHARs and 86% of zooCHARs), and being located near genes involved in developmental and 
neurological processes (Fig. S1-3) (6, 9, 10). Approximately one-third of zooHARs and 
zooCHARs are transcribed in the developing human neocortex (Fig. S1E-F). The median 
distance between zooHARs and zooCHARs is significantly less than expected (1.05Mb, 
bootstrap p-value=0.02, both in hg38), as observed in previous sets of primate accelerated 
regions (30). Genes near both zooHARs and zooCHARs are significantly enriched for roles in 
transcriptional regulation (hypergeometric tests (31, 32); Fig. S2, 3). As human and chimpanzee 
ARs demonstrate similar characteristics, the smaller number of zooCHARs is likely attributable 
to the lower quality of the chimpanzee reference genome and the strict filtering we performed, 
though the annotations of genes nearby zooHARs suggest connections to a broader diversity of 
developmental processes compared to zooCHARs. Together these analyses demonstrate that 
zooHARs identified from an alignment of 241 mammals demonstrate features consistent with 
previous studies proposing gene regulatory functionality, particularly in neurodevelopment. 
 

Genomic loci near duplicated genes have been shown to evolve rapidly, suggesting synergy 
between structural variation and sequence-based genome evolution (33). To explore this, we 
sought to determine whether zooHARs and hsSVs tended to co-locate in the context of the 3D 
genome. Using a high-quality set of TADs from lymphoblastoid cells (34), we found that 
zooHARs are strongly enriched in TADs with hsSVs relative to the set of conserved (phastCons) 
elements from which zooHARs are identified (odds ratio = 3.0, bootstrap p-value < 0.001, Fig. 
1B). This enrichment is robust to repeating the analysis with TADs from other cell types, 
including primary mid-gestation telencephalon, and a different TAD-calling method, but it is not 
observed with random genomic windows (Fig. S4). To determine whether the enrichment is 
simply driven by localization of hsSVs near zooHARs in the 1D 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. S4D-E). Thus, we conclude that 
zooHARs are specifically enriched in TADs with hsSVs, suggesting a role for 3D genome 
organization and structural variation in the accelerated evolution of HARs.  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

5 
 

 

Human-specific structural variants are predicted to have changed the 3D chromatin 
environment of zooHARs 

Structural variants are the main contributor to genome-wide genetic divergence between the 
human and chimpanzee genomes (11), and they have the potential to generate large changes in 
3D genome organization through disruption of insulating boundaries or other structural motifs 
(35). Based on our observation that zooHARs are enriched in TADs with hsSVs, we sought to 
determine whether hsSVs may have generated changes in the 3D genome near zooHARs. Using 
Akita, a neural network-based machine learning model trained on six cell types to predict 3D 
genome contact matrices from DNA sequence (36), we assessed the impact 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. Many 
hsSVs are predicted to change 3D genome organization near zooHARs and zooCHARs; 30% of 
zooHARs and 27% of zooCHARs 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 modified through hsSVs. 
 

High-resolution Hi-C data from human and chimpanzee validates 3D genome 
reorganization near zooHARs and zooCHARs 

In order to validate the predicted changes to 3D genome organization mediated by hsSVs near 
zooHARs, we generated Hi-C data from NPCs differentiated from two human and two 
chimpanzee induced pluripotent stem cell lines, together generating over 3.4 billion uniquely 
mapped chromatin contacts (Table S4)(37). All lines were from male individuals, and two 
replicates were generated per sample. Stratum-adjusted correlation coefficients (38) 
demonstrated high concordance of data between replicates and individuals from the same species 
(Fig. S5), so we merged data from replicates and samples from the same species for downstream 
analyses. The cis/trans interaction ratio and distance-dependent interaction frequency decay 
indicate that the data is high quality (Table S4, 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 (34, 39–44). We found 10% of TAD boundaries to be species-
specific (Table S5), slightly less than the 14% identified in a recent study comparing human and 
macaque chromatin organization (42), likely due to chimpanzees being more closely related to 
humans than are macaques. The majority of chromatin loops, also termed ‘dots’ or ‘peaks’ (45), 
are conserved or partially conserved (Table S5, Fig. S7) (46, 47). These results support the idea 
of conservation of large-scale chromatin structures between human and chimpanzee, though 
differences are detectable in specific loci.  
 

We next confirmed the enrichment of zooHARs in TADs containing hsSVs in our Hi-C data 
from human NPCs (Fig. S4C, Table S5). This enrichment was also observed between 
zooCHARs and chimpanzee-specific structural variants (22) in TADs from the chimpanzee data 
(odds ratio=4.8, bootstrap p-value=0.04), indicating that co-location of lineage-specific structural 
variants and ARs is not a human-specific phenomenon. As SVs and Hi-C data are generated for 
more species, it will be possible to use the tools from this study to quantify this striking 
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association across Eukaryotes. Finally, we used our NPC Hi-C data to associate zooHARs and 
zooCHARs with genes and found significant enrichment for transcriptional regulators of 
developmental processes, confirming and extending our GO results based on nearby genes. 
 

Hijacked zooHARs and zooCHARs are associated with differentially expressed genes 
We next used gene expression data from NPCs (24) and cerebral organoids (25) derived from 
human and chimpanzee induced pluripotent stem cells to test if zooHARs with altered chromatin 
interactions are associated with altered gene regulation. We observed that differentially 
expressed genes in both datasets are enriched in TADs containing zooHARs and hsSVs (chi-
squared p-values < 0.05). In contrast, genes differentially expressed between human and 
chimpanzee adult brain tissue (48), induced pluripotent stem cells (iPSC), iPSC-derived 
cardiomyocytes, and heart tissue (49) are not enriched in TADs containing zooHARs and hsSVs, 
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 an hsSV, which 
is highly similar to the differences observed in NPC Hi-C data (Fig. 2A, B) (36). The average 
disruption peaks at specific genomic elements within the 1Mb region (Fig. 2C, D), including at 
species-specific loops and the promoters of genes differentially expressed between humans and 
chimpanzees (Fig. 2E, F). For example, the Tourette’s syndrome gene NECTIN3 (50) is in the 
same TAD with an hsSV and zooHAR.126, and it is downregulated in human versus chimpanzee 
NPCs (24). Similarly, the developmental gene MAF, implicated in Ayme-Gripp syndrome, is 
differentially expressed between human and chimpanzee in inhibitory neurons, NPCs, iPSCs, 
iPSC-derived cardiomyocyte progenitors (24, 25, 49), and it is in a TAD encompassing a hsSV 
and zooHAR.15, which overlaps previously identified 2xHAR.21 (51). In order 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 (42). For both loci, the human-specific changes to 3D genome organization 
described here were not observed in rhesus macaque data, suggesting that they are human-
derived as a result of the hsSVs, as predicted by Akita (Fig. S8) (36). 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 

In order to define the cell types and tissues that may be impacted by hijacked HARs, we 
expanded on previous work demonstrating enhancer-associated epigenomic signatures of HARs 
in specific cell types and tissues and predicting enhancer activity (52) by including recently 
generated data from 61 ATAC-seq, 40 DNase-seq and 204 ChIP-seq datasets in 44 cell types 
including multiple brain regions from specific developmental timepoints (53–60). 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 markers indicative of 
neurodevelopmental regulatory activity including ATAC-seq peaks and promoter capture Hi-C 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

7 
 

 

interactions in multiple neuronal cell types (bootstrap p < 0.05; Fig. S9). For 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, Table S6). 
Using these datasets as features, we trained a new machine learning model on in vivo validated 
VISTA enhancers (64) and used it to predict that 197/312 zooHARs (63.1%) function as 
neurodevelopmental enhancers based on their epigenetic profiles. This increases the proportion 
of HARs with predicted regulatory activity in the brain relative to previous work (Table S1) (9, 
54).  

 
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 single-cell ATAC-
seq with RNA-seq from the developing human telencephalon surveyed at mid-gestation  (59, 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, Table S7)(59). 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. This difference may provide clues towards 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 as parallel chimpanzee data are not available 
(Fig. S9, Table S7). 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 ARs mapped to adult 
heart cell types. In the adult brain, fewer zooCHARs were assigned cell types compared to 
zooHARs, with the largest species difference being in excitatory neurons, mirroring our finding 
in mid-gestation brain (Fig. S10, Table S7).  
 

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 zooHARs in five replicates of human primary cells from mid-gestation 
(gestation week 18) telencephalon. 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 (Methods; Table S6). This high-
confidence set of human accelerated enhancers active in human neurodevelopment includes 
zooHAR.1, zooHAR.133, zooHAR.138, and zooHAR.156, all of which are in TADs with 
developmental genes (GBX2, 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 mouse validated zooHAR.1 (also known as 
HACNS1, HAR2, 2xHAR.3) as an enhancer of GBX2 and zooHAR.138 (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 due 
to using 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 
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the developing brain. 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. 
 

Discussion 
 

Lineage-specific ARs 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 ARs in any species in very large alignments, as demonstrated with 
the Zoonomia dataset of 241 mammals (23). Integration of dozens of public and novel datasets 
refined our understanding of which HARs may function as regulatory elements, at which 
developmental stages, and in what cell types. Viewing ARs through the lens of 3D genome 
organization revealed an enrichment of HARs and CHARs in TADs containing species-specific 
SVs. Generation of the highest resolution cross-species Hi-C dataset to date in matched NPCs 
from human and chimpanzee enabled 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. HARs are active enhancers in diverse cell 
types and the majority contact putative target genes in a cell type-specific manner (71), so future 
investigation of more cell types may uncover further perturbations.  
 

It is interesting to ask about the sequence of genomic events in loci with hsSVs and HARs. One 
intriguing 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 new target genes. With available data, however, we cannot rule 
out the possibility that the accelerated region changed prior to the structural variant. Nor can we 
confidently infer that the structural variant and 3D genome changes caused accelerated sequence 
evolution of the regulatory element. It is also important to note that the vast majority of TADs 
containing hsSVs with high disruption scores do not contain zooHARs, and about a 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 non-coding 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. 
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Materials and Methods 
Automated identification of human and chimpanzee accelerated regions  

To facilitate detection of accelerated regions in any lineage on any computing 
infrastructure, we developed a pipeline implemented in Nextflow (26) (Fig. 1A). To date, 
identification of lineage-specific accelerated regions has used custom scripts that call the 
PHAST/RPHAST packages (27, 29, 72) or similar software to identify conserved elements with 
increased rates of nucleotide substitutions in a given part of a phylogeny using a multiple 
sequence alignment of the species in the tree. Highly conserved elements are likely to be 
functional, and they have higher power for detecting accelerated substitution rates on short (e.g., 
human, chimpanzee) branches as compared to less conserved elements. Our pipeline 
AcceleratedRegionsNF, available at github.com/keoughkath/AcceleratedRegionsNF, automates 
these analyses, including tuning run time parameters for large alignments and parallelizing 
compute over genomic regions (see Supplementary Text). Users provide a multiple sequence 
alignment in MAF format, a Newick-formatted, bifurcating species tree, and a neutral model. 
Users may analyze a subset of species in the multiple alignment by also submitting a species list. 
They simply change the configuration file to describe their computing environment, and the 
analysis pipeline will run beginning to end. The pipeline generates a BED-formatted file of 
accelerated regions at a user-defined false discovery rate (FDR) and a table of phastCons 
elements with phyloP scores and p-values (raw and Benjamini-Hochberg adjusted), enabling the 
user to adjust the acceleration FDR if desired after running the pipeline. Run time of the pipeline 
changes based on the size of the computing environment and the size of the input MAF files. 
Splitting the MAF files into smaller segments (e.g., 10 megabases each) speeds up the runtime 
significantly.  

The human (zooHAR) and chimpanzee (zooCHAR) accelerated regions described in this 
work were identified using the Zoonomia 241-mammal human-referenced MAF-formatted 
multiple alignments, a neutral model based on ancestral repeats and the Zoonomia chromosome 
X species tree (23). Because the multiple alignment was human-referenced, zooHARs and 
zooCHARs were both initially identified in the human reference genome (hg38). Using the 
Nextflow pipeline described above, conserved elements in all species in the multiple alignment 
were identified using phastCons (72) with the human or chimpanzee sequence masked, these 
elements were filtered for level one or two synteny with rhesus macaque, dog, and mouse (73). 
Duplications, pseudogenes from Gencode v29, self-chain and repetitive regions were filtered out 
(73). Elements with a phastCons log odds score in the bottom three deciles were removed, as 
well as any elements less than 50 base pairs (bp) long. We note that multiple ~100-bp phastCons 
elements often occur near each other, because a functionally constrained element (e.g., exon, 
enhancer) may be composed of highly conserved regions broken up by several less conserved 
alignment columns that cause phastCons to annotate separate conserved regions.  

Accelerated elements in human or chimpanzee were identified using phyloP (28). Elements 
with a Benjamini-Hochberg false discovery rate less than 0.05 were retained as accelerated 
regions. When several phastCons elements are adjacent pieces of a larger enhancer-like element, 
they were separately tested using phyloP and hence may not all be accelerated. 
Characterization of zooHARs and zooCHARs 

zooHAR distribution relative to gene annotations was performed using GENCODE v37 
annotation in reference human genome assembly hg38 (74). Selection and clustering analyses 
were conducted as previously described (10, 30). Enriched ontology terms for genes proximal to 
zooHARs were identified using GREAT (31). Functional modules associated with zooHAR-
linked genes were detected using HumanBase tissue-specific networks (32). Further gene 
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ontology analysis of genes that co-occur in chromatin loops (10kb resolution) with zooHARs 
was conducted using DAVID (75). Epigenomic annotations were performed on the midpoint of 
each zooHAR extended upstream and downstream by 750bp, and the decision threshold for 
enhancer predictions adjusted to 0.3, in order to more closely match the properties of validated 
VISTA enhancers (64). zooHAR brain cell types were identified by CellWalker (65) as 
implemented in the CellWalkR package (version 0.99, default parameters, with Jaccard 
similarity used for cell edges, gene accessibility used for label edges, and the label edge weight 
parameter set to one)(66)  applied to data from the developing human telencephalon (59, 65). 
zooHAR expression was assessed by overlap with transcripts from (76) lifted over to hg38 (77). 
Enrichment of zooHARs in chromatin contact domains with human-specific structural variants 
(hsSVs) was performed by calculating the odds ratio of a chromatin contact domain containing a 
zooHAR and an hsSV. A p-value was generated by comparing that odds ratio to a null 
distribution of 1000 odds ratios calculated the same way, except with a random draw of N 
phastCons elements, where N is the number of zooHARs. Various computational analyses 
utilized GNU parallel (78). To characterize chimpanzee accelerated regions, the above analyses 
were repeated with zooCHARs in place of zooHARs. 
Prediction in silico of human-specific structural variant impacts 

Prediction of hsSV effects was performed using Akita, a deep learning model that predicts 
chromatin contact matrices from DNA sequence (36). To predict the impact of hsSVs on the 3D 
genome, we submitted two 1Mb sequences to Akita, one with and one without the hsSV. We 
used the human (hg38) sequence if the hsSV was an insertion and chimpanzee (pantro6) 
sequence if the hsSV was a deletion or inversion. We then calculated the mean squared error 
(“disruption score”) between these two contact matrices.  
NPC generation, differentiation, validation  

Two human (WTC11 and HS1) and two chimpanzee (C3649 and Pt2a) induced pluripotent 
cell lines (iPSCs) were cultured in Matrigel-coated plates with mTeSR media (WTC11 and 
C3649 were cultured in StemFlex) in an undifferentiated state. Cells were propagated at a 1:3 
ratio by treatment with 200 U/mL collagenase IV (or PBS-EDTA) and mechanical dissection.  

WTC11 and C3649 iPSCs were differentiated to neural progenitor cells (NPCs) and 
validated as previously described (37). Briefly, 2-2.5×10⁵ cells per cm² were seeded on Matrigel-
coated wells in StemFlex containing 2 μM Thiazovivin. The following day (Day 0), medium was 
replaced with E6 containing 500 nM LDN193189 (Selleckchem), 10 μM SB431542 
(Selleckchem), and 5 μM XAV-939 (Selleckchem). Starting on Day 3, medium was replaced 
with E6 containing 500 nM LDN193189 and 10 μM SB431542 every 48 hrs. Starting on Day 12, 
medium was replaced with Neurobasal containing 2 mM GlutaMAX, 60 μg per ml L-Ascorbic 
acid 2-phosphate, N2, and B27 without Vitamin A every 48 hours. Around Day 16, cells were 
washed with PBS, dissociated with Accutase, pelleted and resuspended in Neurobasal containing 
2 mM GlutaMAX, 60 μg per ml L-Ascorbic acid 2-phosphate, N2, and B27 without Vitamin A, 
10 ng per ml fibroblast growth factor 2, and 10 ng per ml epidermal growth factor, and seeded on 
poly-L-ornithine-, fibronectin-, and laminin-coated wells. Cells were collected for HiC at 
passage 5-7. 

To differentiate HS1 and Pt2a iPSCs into NPCs, cells were split with EDTA at 1:5 ratios in 
culture dishes coated with matrigel and culture in N2B27 medium (comprised of DMEM/F12 
medium (Invitrogen) supplemented with 1% MEM-nonessential amino acids (Invitrogen), 1 mM 
L-glutamine, 1% penicillin-streptomycin, 50 ng/mL bFGF (FGF-2) (Millipore), 1x N2 
supplement, and 1 x B27 supplement without Vitamin A (Invitrogen)) supplemented with 100 
ng/ml mouse recombinant Noggin (R&D systems). Cells at passages 1-3 were split by 
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collagenase into small clumps, and continuously cultured in N2B27 medium with Noggin. After 
passage 3, cells were plated at the density of 5×10⁵ cells/cm² after disassociation by TrypLE 
express (Invitrogen) into single-cell suspension, and cultured in N2B27 medium supplemented 
with 20 ng/mL bFGF and EGF. Cells were maintained and collected at passage 18-20. Our use of 
two differentiation protocols reflects rapid progress in stem cell research during the course of this 
study. Cells from the same populations were validated and used in a previous study (37). We 
verified that the chromatin interactions in the resulting Hi-C data did not show a batch effect 
across protocols. 
Hi-C data generation 

Hi-C was performed using the Arima Hi-C kit (Arima Genomics) according to the 
manufacturer’s instructions. 10 million cells were used. The sequencing library was prepared 
using Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences) according to the manufacturer's 
protocol. Two independent biological replicates were prepared for each cell line. In total eight 
libraries were pooled and sequenced with paired-end 150-bp reads using two lanes of a 
NovaSeq6000 S2 (Illumina) at the Chan Zuckerberg Biohub. 
Hi-C data processing 

Adapters were trimmed from raw FASTQ files using TrimGalore [v0.6.5] with options --
illumina --paired. The data were then processed from adapter-trimmed FASTQ files to Hi-C 
contacts as cooler files using Distiller [v0.3.3] (79). This processing includes read mapping with 
BWA-MEM (80), filtering (MAPQ >= 30), contact pair processing with pairtools (81) and 
normalization via matrix balancing (82). Samples were processed both per replicate, per 
individual and per species. For easier comparison of samples in some analyses, we mapped the 
data from each species to the reference genome of the other species (human to pantro6 and 
chimp to hg38). Cis/trans ratio was calculated as the ratio of cis to trans contacts for each 
replicate (83). Distance-dependent interaction frequency decay was computed using cooltools 
with 100-kilobase (kb) bins (83, 84).  

A and B compartments were identified by eigenvector decomposition of the contact 
matrices, phased by GC content with A compartment having higher GC content than B 
compartment using cooltools (79). We assessed conservation between TAD boundaries based on 
the method from (42). We identified boundaries by calculating the insulation score at a 
resolution of 50kb and using a 800-kb sliding window, considering bins with boundary strength 
greater than 0.1 and insulation score less than zero as boundaries. Boundaries were considered 
conserved if they were within two bins (100 kb) of a boundary in the other species, and species-
specific if they were more than five bins (500 kb) from the nearest boundary in the other species 
after liftOver (42). TADs for the zooHAR enrichment analyses were identified using a 400-kb 
window and 10-kb bin size, with boundary strength greater than 0.1 and insulation score less 
than zero as boundaries. Loops were identified using Mustache at 5-kb resolution (46). 
Conservation of loop anchors was conducted using mapLoopLoci (47). 
Massively parallel reporter assay 

We designed 270-bp oligos centered on zooHARs and positive control enhancer 
sequences. For zooHARs longer than 270 bp, we tiled oligos across the element. A 31-bp 
minimal promoter (minP) and 15-bp random barcodes were placed downstream of the 
synthesized oligos via PCR and cloned into an MPRA vector as previously described (85). The 
library was packaged into lentivirus and used to infect human primary cortical cells dissociated 
from two fresh tissue samples (gestational week 18). Cells were cultured for two days prior to 
infection and 3 days following infection in a DMEM-based media containing B27, N2, and Pen-
Strep. Cells were harvested, then DNA and RNA were obtained for sequencing. For each oligo, 
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we quantified enhancer activity using the ratio of barcode abundance in RNA versus DNA 
normalized and batch corrected across replicates. A zooHAR was determined to be active if its 
maximally active tile had an RNA/DNA value exceeding the median of a set of positive control 
enhancer sequences that we included in the MPRA library.  

Supplementary Text 
Impact of number and choice of species in the alignment 

Previous analyses to identify human accelerated regions (HARs) have generally used 
alignments of fewer than 30 species (1, 2, 51). The Zoonomia multiple alignment analyzed in 
this work, as well as other commonly used multiple alignments of vertebrates, such as the 100-
way UCSC alignment, are much larger. Additionally, genome quality and completeness for 
many species have improved greatly since early HAR analyses. Therefore, we systematically 
assessed each step of the HAR identification analysis laid out in earlier work to determine 
whether changes needed to be made.  

In order to assess the variability of HARs and phastCons elements per species number and 
set, we identified HARs and phastCons elements from the 100-way hg38 UCSC multiple 
alignment of vertebrates using sets of ten to ninety randomly selected species with three 
replicates of random species selection per species number. Each species set included human and 
chimpanzee, but was otherwise randomly selected from the full set of species in the UCSC 100-
way alignment. These HARs were identified using a neutral model based on 4-fold degenerate 
sites, phastCons parameters rho=0.3, omega=45, gamma=0.3 with a Benjamini-Hochberg FDR < 
0.01 for phyloP acceleration. We found that with increasing numbers of species, the number of 
elements identified, genome coverage, and size of elements all decreased (Fig. S11). These 
trends were consistent across other FDR thresholds. We next compared the HARs analyzed in 
the main text using the Zoonomia 241-mammal alignment (zooHARs) to HARs identified from 
the subset of all mammals (UCSC mammal) and from the full set of species (UCSC vertebrate) 
in the hg38 100-way MULTIZ alignment from UCSC, in each case based on a neutral model 
derived from ancestral repeats. Most UCSC vertebrate HARs were a subset of the UCSC 
mammal HARs or zooHARs (Fig. S12), while UCSC mammal HARs and zooHARs shared 
about half of their elements and base pairs. These results indicate that the alignments used to 
identify phastCons elements have a big impact on the resulting set of ARs, and including non-
mammal vertebrates decreases the number of ARs discovered. 
Using a subset of high-quality species for HAR identification 

We explored the strategy of using a subset of “high-quality” species genomes for HAR 
identification, with the rationale that this may help avoid false positives caused by spurious 
alignments or miscalled regions in genomes. A barrier to this approach was that genomes from 
different species were assembled using different sequencing technologies and methodologies, 
making it difficult to establish a set of objective standards for inclusion. Additionally, many of 
the “higher quality” genomes are in the primate clade, thus skewing the phylogenetic 
representation of the species set. Due to these constraints, we were not able to curate an optimal 
species set based on maximizing stability of the HARs identified. Therefore, we decided to 
proceed with the full set of species to identify zooHARs. However, these results emphasize the 
importance of careful species set selection in AR analyses depending on the research goals. To 
this end, in the AR-identification pipeline described in this paper, we enable the researcher to 
submit a list of species in order to analyze a subset of the species present in the multiple 
sequence alignment. 
Tuning phastCons parameters in assemblies with hundreds of species 
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The methods to identify HARs were developed using alignments with less than 30 species 
and older versions of genome assemblies. As multiple species alignments have grown and 
assemblies have improved and become more complete, we systematically assessed the parameter 
choice for identifying the set of conserved elements from which HARs would be drawn. The 
tuning parameters in phastCons that we assessed included ⍴, a scaling factor describing the 
extent to which a neutral tree should be shrunk to approximate the conserved state, ⍵, the 
estimated length of conserved elements, and ɣ, the estimated genome coverage by conserved 
elements. Of these parameters, the most obvious candidate to be adjusted was ɣ, as this 
parameter is inversely proportional to the proportion of the reference genome in the multiple 
alignment blocks. In previous alignments, only 16.5% of the human genome was represented in 
alignment blocks, whereas in the Zoonomia 241-mammal alignment that has increased to 97.7%. 
Therefore, based on (72) and an expected genome coverage of 5% by conserved elements, ɣ is 
approximately 0.05. As another method of checking these parameters, we estimated ⍴, ⍵ and ɣ 
by maximum likelihood using the phastCons program. The parameters were estimated based on 
100 1-Mb windows of the UCSC 100-way alignment, using a neutral model estimated from 
ancestral repeats. The median values identified were ɣ=0.06, ⍴=0.27 and ⍵=4.05. Thus, we 
decided to proceed with parameters ɣ=0.05 and ⍴=0.3 based on these estimates, but we used 
⍵=45 as done in previous work with the goal of increasing the size of the conserved elements 
identified, which increases power in downstream phyloP tests for acceleration (27) and 
eliminates the need to develop ad hoc methods to merge adjacent phastCons elements. 
Additionally, we implemented a threshold for the phastCons log odds score, requiring that 
phastCons elements considered for acceleration were above the third decile of length-normalized 
log odds scores, thus removing elements with the weakest signatures of conservation from 
consideration.  
Automated identification of human- and chimpanzee-specific accelerated regions 

Genome-wide analyses of large multiple-species alignments typically require cluster 
computing, which hinders reproducibility and accessibility. To enable automated detection of 
accelerated regions in any lineage on any computing infrastructure, we implemented our analysis 
pipeline in Nextflow (26) Given a species tree, neutral model, and multiple sequence alignment, 
this open-source software uses PHAST to identify lineage-specific accelerated regions for any 
species of interest (Fig. S1A). This pipeline enables simplified, portable and reproducible 
identification of lineage-specific accelerated regions.    
zooHAR and zooCHAR characterization 
Accelerated regions cluster and are mostly noncoding 

Using the Zoonomia 241-mammal alignments, we identified 312 zooHARs and 141 
chimpanzee accelerated regions (zooCHARs) (Benjamini-Hochberg FDR < 0.05, Tables  S1, 2). 
Median length was 117.5 base pairs (bp) for zooHARs (IQR: 110.5 bp) and 108.0 bp for 
zooCHARs (IQR: 90 bp), similar to prior studies. 32.4% of zooHARs overlap previous lists of 
HARs identified by similar methods (1, 6, 51), and 5.5% of a merged group of previous sets of 
HARs identified by varying methods (1, 3–5, 9, 51) overlap zooHARs, agreeing with prior 
analyses which found that differing methodologies and underlying datasets render most HAR 
sets unique from one another, and thus we do not claim this set to be superior to others (9). 
zooHARs and zooCHARs were identified on all autosomes and chromosome X. Each set is 
clustered along the linear genome so that specific loci harbor more zooHARs (p = 0.01) or more 
zooCHARs (p = 0.01) than expected given the density of conserved (phastCons) regions 
(225,317 phastCons elements from which zooHARs and 225,287 from which zooCHARs were 
identified). zooHARs and zooCHARs show a similar genomic distribution to previous HAR sets 
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with respect to genomic features. The majority are intergenic, although some overlap protein-
coding features and noncoding RNAs (Fig. S1B, C).  

Genes near zooHARs are involved in transcriptional regulation, forebrain development and 
morphogenesis, and multiple other developmental terms based on GREAT analysis (Fig. S2A) 
(31). GREAT analysis also revealed enrichment of zooHARs nearby genes involved in mouse 
neonatal lethality with complete penetrance, and multiple abnormal developmental events in 
mouse (Fig. S2B). GREAT analysis of zooCHARs revealed an enrichment of nearby genes for 
transcriptional regulation and sequence specific DNA binding (Fig. S3) and neonatal lethality 
(31). However, GREAT analyses are based on genes nearest HARs and CHARs, which may not 
be the target genes of these elements. Therefore we also identified ontology terms enriched in 
genes that are associated with HARs and CHARs via 3D chromatin loops from the Hi-C data in 
NPCs generated in this study. Enriched gene ontology (GO) terms included multiple 
developmental terms, including “heart development”, “positive regulation of developmental 
process”. Thus, regardless of the method for associating zooHARs and zooCHARs with target 
genes, we see a clear enrichment for loci with transcription factors in both species. 
Developmental processes are also enriched, particularly for zooHARs. The stronger signal for 
diverse developmental processes in zooHAR loci as compared to zooCHAR loci may be due to 
higher power with the larger set of zooHARs, but it could also reflect biological differences in 
the function of these elements in the two species, consistent with adaptation of each species to 
their distinct environmental niches.  
Most zooHARs and zooCHARs are under positive selection 

Accelerated evolution is not synonymous with positive selection. Positive selection 
indicates a rate of nucleotide substitutions that is faster than the (local or genome-wide) neutral 
rate, indicating that the sequence changes are beneficial. Acceleration means a rate of nucleotide 
substitutions that is faster than expected given the rate in the rest of the tree, which could be 
faster, slower or equal to the neutral rate. The rest of the tree is evolving slower than the neutral 
rate for the accelerated regions in this study, so the lineage of interest (human or chimpanzee) 
could be less slow but still below the neutral rate, equal to the neutral rate or faster than the 
neutral rate. GC-biased gene conversion (GBGC) can mimic positive selection (86), but the 
substitutions are biased towards A/T to G/C changes. To infer the evolutionary forces that 
shaped the accelerated regions in this study, we applied a method that uses likelihood ratio tests 
to assess loci for evidence of positive selection, GBGC, or both (10). This method controls for 
local variation in the neutral rate of evolution by comparing each element to the surrounding 1 
Mb of genome rather than the rate of evolution in the other species without the element itself 
(based on rescaling a phylogeny built using the genome-wide neutral rate). This analysis 
estimated that 82% of zooHARs and 86% of zooCHARs are under positive selection, though 7% 
of zooHARs and zooCHARs show strong evidence for GBGC, and 5% of zooHARs may have 
been shaped by a combination of selection and GBGC (Fig. 1D, E; Tables S1, S2).  
zooHARs and zooCHARs are transcribed in the developing human brain 

Some HARs have been shown to function as noncoding RNAs, including the original 
HAR1 (2), therefore we investigated the noncoding RNA potential of zooHARs. Additionally, 
many active enhancers are transcribed (eRNAs). We assessed the expression of zooHARs and 
zooCHARs in RNAseq data from the developing human neocortex (76), including both poly-A 
and total RNA, enabling the study of non-protein-coding RNA transcripts (76) and eRNAs. We 
found that 100 of 312 zooHARs (32%) and 41 of 141 zooCHARs (29%) were expressed in the 
total RNA dataset (TPM>5, Fig. S1E, F). Twenty of the expressed zooHARs overlapped gene 
exons, including ERC2, involved in neurotransmitter release (87), and TNIK, implicated in 
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neurological disorders, neurogenesis and cell proliferation (88). Of the expressed zooHARs 88 
overlapped gene introns, 12 overlapped annotated noncoding RNAs, and 13 do not overlap any 
currently annotated elements, and therefore could represent uncharacterized noncoding RNAs or 
eRNAs.  
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Fig. S1. zooHARs demonstrate similar characteristics to prior HAR sets. 
(A, B) Genic distribution of zooHARs (A) and zooCHARs (B) (both in reference hg38), based 
on Gencode V37 annotations. (C, D) Selective forces acting on zooHARs (C) and zooCHARs. 
(D) from pipeline described in (10). Positive=positive selection, GBGC=GC-biased gene 
conversion, hc=high-confidence. (E, F) Transcription of zooHARs from the positive (E) and 
negative (F) strand in the developing human neocortex at five mid-gestation time points (76). 
Whiskers extend to 1.5 times the inter-quartile range (IQR). TPM=transcripts per million. 
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Fig. S2. GREAT analysis of genes near zooHARs. 
(A) GREAT (31) gene ontology enrichment analysis of zooHARs. (B) GREAT mouse 
phenotype (single knockout) enrichment analysis of zooHARs.  
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Fig. S3. GREAT analysis of genes near zooCHARs. 
GREAT (31) gene ontology analysis of zooCHARs. 
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Fig. S4. Enrichment of zooHARs in TADs with hsSVs compared to random windows. 

(A) Odds ratio of TADs from human iPSCs called with the Arrowhead algorithm (41) containing 
one of the 17,789 human-specific structural variants (hsSVs) and one of the 312 zooHARs 
(green line) compared to a null distribution based on 1000 random draws of 312 phastCons 
elements (blue shaded area). (B-F) Same analysis as in A, but with (B) TADs from mid-gestation 
developing human cerebral cortex (cortical plate and germinal zone) based on insulation scores 
(89); (C) TADs from human NPCs (25); (D) random 185-kb windows, the median size of contact 
domains from (A); (E) random 185-kb windows, the median size of contact domains from (B); 
(F) 280-kb random windows, the median size of the human NPC TADs from (C).  
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Fig. S5. Hi-C correlation values per Hi-C sample. 

Stratum adjusted correlation coefficients (SCC) between all samples mapped to hg38. The SCC 
statistic is calculated by stratifying the data by genomic distance, then computing a Pearson 
correlation coefficient for each stratum and then aggregating the stratum-specific correlation 
coefficients using a weighted average, with the weights derived from the generalized Cochran–
Mantel–Haenszel statistic (38). 
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Fig. S6. Distance-dependent contact decay per Hi-C sample. 

Corrected (IC) contact frequency as a function of distance between all pairs of 100-kb bins for 
each replicate. 
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Fig. S7. Loop conservation human to chimpanzee. 

Loop conservation assessed with mapLoopLoci from (47) for human compared to chimpanzee 
Hi-C data with (A, B) both mapped to hg38 and (C, D) each mapped to their respective species’ 
reference genome. 
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Fig. S8. Loci of interest in rhesus macaque. 

The loci surrounding zooHAR.126 (A) and zooHAR.15 (B) in human and chimpanzee NPC Hi-
C generated in this work, compared to Hi-C from rhesus macaque cortex plate (42). 
Log(observed/expected) values are shown in the heatmaps. 
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Fig. S9. Overlap of zooHARs with epigenomic marks from brain. 

A majority of zooHARs overlap robust peaks (Irreproducible Discovery Rate 10%) from open 
chromatin (ATAC-seq or DNase-seq) and activating histone modifications (ChIP-seq) from 
neural cell lines or primary brain tissue (53–60). Bar plot on the y-axis (left) indicates the 
number of zooHARs overlapping each epigenomic feature, bar plot on the x-axis (top) indicates 
the number of zooHARs overlapping multiple epigenomic features, indicated by the shaded dots 
in the center. The highest proportion of zooHARs overlap both activating ChIP-seq and ATAC-
seq peaks, followed by those that overlap only activating ChIP-seq peaks.  Accounting for the 
smaller number of DNase-seq datasets, many zooHARs that overlap activating ChIP-seq and 
ATAC-seq also overlap DNase-seq peaks.  
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Fig. S10. CellWalker analysis of zooHARs and zooCHARs mapped to adult brain and 
heart cell types.  
As controls to compare to our analysis of mid-gestation telencephalon cell types, we ran 
CellWalker using matched single-cell ATAC-seq and RNA-seq from adult brain (68, 69) and 
adult heart (70) to associate each zooHAR and each zooCHAR with cell types in which they 
appear to be active. The only heart cell type with any ARs is ventricular cardiomyocytes, which 
was predicted as an active cell type for only a few zooHARs and zooCHARs. In both adult 
tissues, cell types tend to have similar numbers of zooHARs and zooCHAR associations, with 
the exception of excitatory neurons, which have many more zooHAR associations. This 
enrichment mirrors what we observed in mid-gestation brain excitatory neurons (Fig. 3).  
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Fig. S11. Impact of species number on UCSC HARs and phastCons elements identified. 
Number of elements, genome coverage, and element length as a function of the number of 
species included in the analysis for UCSC HARs (A, B, C) and phastCons (D, E, F) based on the 
UCSC 100-way alignment of vertebrates. Error bars indicate standard deviation based on three 
sets of random draws of species (see Supplemental Text).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

28 
 

 

 

Fig. S12. Comparison of Zoonomia with UCSC HARs. 

Overlap in base pairs (A) and elements (B) of HARs identified from the entire 100-way UCSC 
alignment (UCSC vertebrate HARs), the 61-mammal subset of the 100-way UCSC alignment 
(UCSC mammals HARs), and zooHARs. 
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Table S1. (separate file) 
zooHAR coordinates (hg38), selection annotations and enhancer prediction scores.  

Table S2. (separate file) 
zooCHAR coordinates (hg38) and selection annotations.  

Table S3. (separate file) 
Predicted disruption scores for human-specific structural variants.  

Table S4. (separate file) 
Quality control information for the Hi-C data for human and chimpanzee NPCs generated in this 
work, including sequenced read depths, uniquely mapped pairs and cis/trans ratios for each 
sample.  

Table S5. (separate file) 
Loops and TADs for human and chimpanzee NPC Hi-C generated in this study.  

Table S6. (separate file) 
zooHAR overlaps with epigenomic annotations and enrichments compared to phastCons 
elements, and zooHAR activity in an MPRA in primary human mid-gestation telencephalon 
cells.  

Table S7. (separate file) 
zooHAR and zooCHAR CellWalker assignments based on data from the developing human 
telencephalon.  
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Fig. 1. Human-specific structural variants 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 
(34) containing hsSVs and zooHARs (green line) compared to 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 
O_000012F_1_28503465_quiver_pilon_11099913_11099913 from (22)) 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 to the “hsSV deleted” sequences. Log(observed/expected) contact values 
are shown in the heatmaps.  
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Fig. 2. Human-specific structural variants 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, B): Subtraction matrices for the in silico predicted change 
due to the human-specific insertion (left) and observed chromatin contact maps in human 
compared to chimpanzee NPC Hi-C (right) for the loci containing zooHAR.126 
(hg38.chr4:26614489-27531993; hsSV: 
chr4_27070203_DEL_chimpanzee_000012F_1_28503465_quiver_pilon_11099913_11099913 
from (22))) and zooHAR.15 (hg38.chr16:79237694-80155198; hsSV: 
chr16_79695894_DEL_chimpanzee_000093F_1_10181781_quiver_pilon_1690619_1690619 
from (22)), respectively. (C, D): Human (top) and chimpanzee (bottom) log(observed/expected) 
Hi-C contact frequencies in each locus, with the disruption score (10 kilobase resolution) in 
between. (E, F): zooHAR locations denoted by vertical lines adjacent to their names. Conserved 
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(blue), chimpanzee-specific (green), and human-specific (orange) loops (5 kilobase resolution, 
loops called with Mustache (46)) 
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Fig. 3. zooHARs in human brain development. (A) Transcription factor footprints (56) and 
epigenomic marks (60) overlapping zooHAR.126. NSC: neural stem cell. (B) Subset of enriched 
transcription factor footprints in zooHARs relative to phastCons elements (Fisher’s exact p-value 
≤ 0.05). Full set available in Table S6. (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. Abbreviations of cell types for (C, D); excitatory neurons (EN) derived from 
primary visual cortex (V1) or prefrontal cortex (PFC), newborn excitatory neurons (nEN), 
inhibitory cortical interneurons (IN-CTX) originating in the medial/caudal ganglionic eminence 
(MGE/CGE), newborn interneurons (nIN), intermediate progenitor cells (IPC), and 
truncated/ventral/outer radial glia (tRG/vRG/oRG). More cell type information is available at 
https://cells.ucsc.edu/?ds=cortex-dev (59, 65).  
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

47 
 

 

Zoonomia Consortium Authors - Collaborators: 

Gregory Andrews1, Joel C. Armstrong2, Matteo Bianchi3, Bruce W. Birren4, Kevin Bredemeyer5, 
Ana M Breit6, Matthew J Christmas3, Joana Damas7, Mark Diekhans2, Michael X. Dong3, 
Eduardo Eizirik8, Kaili Fan1, Cornelia Fanter9, Nicole M. Foley5, Karin Forsberg-Nilsson10, 
Carlos J. Garcia11, John Gatesy12, Steven Gazal13, Diane P. Genereux4, Daniel Goodman14, Linda 
Goodman15, Jenna Grimshaw11, Michaela K. Halsey11, Andrew Harris5, Glenn Hickey16, Michael 
Hiller17, Allyson Hindle9, Robert M. Hubley18, Graham Hughes19, Jeremy Johnson4, David 
Juan20, Irene M. Kaplow21,22, Elinor K. Karlsson1,4, Kathleen C. Keough23,24, Bogdan 
Kirilenko17, Jennifer M. Korstian11, Sergey V. Kozyrev3, Alyssa J. Lawler25, Colleen Lawless19, 
Danielle L. Levesque6, Harris A. Lewin 7,26,27, Xue Li1,4 , Abigail Lind23,24, Kerstin Lindblad-
Toh3,4, Voichita D. Marinescu3, Tomas Marques-Bonet20, Victor Mason28, Jennifer R. S. 
Meadows3, Jill Moore1, Diana D. Moreno-Santillan11, Kathleen M. Morrill1,4, Gerhard 
Muntané20, William Murphy5, Arcadi Navarro20, Martin Nweeia29,30,31,32, Austin Osmanski11, 
Benedict Paten2, Nicole S. Paulat11, Eric Pederson3, Andreas R. Pfenning21,22, BaDoi N. Phan21, 
Katherine S. Pollard23,24,33, Kavya Prasad21, Henry Pratt1, David A. Ray11, Jeb Rosen18, Irina Ruf 
34, Louise Ryan19, Oliver Ryder35,36, Daniel Schäffer21, Aitor Serres20, Beth Shapiro37,38, Arian F. 
A. Smit18, Mark Springer39, Chaitanya Srinivasan21, Cynthia Steiner40, Jessica M. Storer18, 
Patrick F. Sullivan41, Kevin A. M. Sullivan10, Elisabeth Sundström3, Megan A Supple38, Ross 
Swofford4, Joy-El Talbot42, Emma Teeling19, Jason Turner-Maier4, Alejandro Valenzuela20, 
Franziska Wagner34, Ola Wallerman3, Chao Wang3, Juehan Wang13, Zhiping Weng1, Aryn P. 
Wilder35, Morgan E. Wirthlin21,22, Shuyang Yao43, Xiaomeng Zhang2

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

48 
 

 

Zoonomia Author Affiliations: 

1 Program in Bioinformatics and Integrative Biology, University of Massachusetts Medical 
School, Worcester, MA  01605, USA 

2 Genomics Institute, UC Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, USA 

3 Science for Life Laboratory, Department of Medical Biochemistry and Microbiology, Uppsala      
University, Uppsala, 751 32, Sweden 

4 Broad Institute of MIT and Harvard, Cambridge MA  02139, USA 

5 Veterinary Integrative Biosciences, Texas A&M University, College Station, TX 77843, USA 

6 School of Biology and Ecology, University of Maine, Orono, Maine 04469, USA 

7 The Genome Center, University of California Davis, Davis, CA 95616, USA 

8 School of Health and Life Sciences, Pontifical Catholic University of Rio Grande do Sul, Porto 
Alegre, 90619-900, Brazil 

9 School of Life Sciences, University of Nevada Las Vegas, Las Vegas, NV 89154, USA 

10 Department of Immunology, Genetics and Pathology, Science for Life Laboratory, Uppsala 
University, Uppsala, 751 85, Sweden 

11 Department of Biological Sciences, Texas Tech University, Lubbock, TX 79409, USA 

12 Division of Vertebrate Zoology, American Museum of Natural History, New York, NY 
10024, USA 

13 Keck School of Medicine, University of Southern California, Los Angeles, CA 90033, USA  

14 University of California San Francisco, San Francisco, CA 94143 USA 

15 Fauna Bio Inc., Emeryville, CA 94608, USA 

16 Baskin School of Engineering, University of California Santa Cruz, Santa Cruz, CA 95064, 
USA 

17 Max Planck Institute of Molecular Cell Biology and Genetics, 01307, Dresden, Germany 

18 Institute for Systems Biology, Seattle, WA 98109, USA 

19 School of Biology and Environmental Science, University College Dublin, Belfield, Dublin 4, 
Ireland 

20 Institute of Evolutionary Biology (UPF-CSIC), Department of Experimental and Health 
Sciences,     Universitat Pompeu Fabra, Barcelona, 08003, Spain 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

49 
 

 

21 Department of Computational Biology, School of Computer Science, Carnegie Mellon 
University, Pittsburgh, PA 15213, USA 

22 Neuroscience Institute, Carnegie Mellon University, Pittsburgh, PA 15213, USA 

23 Gladstone Institutes, San Francisco, CA 94158, USA 

24 Department of Epidemiology & Biostatistics, University of California, San Francisco, CA 
94158, USA 

25 Department of Biology, Carnegie Mellon University, Pittsburgh, PA 15213, USA 

26 Department of Evolution and Ecology, University of California, Davis, CA 95616, USA 

27 John Muir Institute for the Environment, University of California, Davis, CA 95616, USA 

28 Institute of Cell Biology, University of Bern, 3012 Bern, Switzerland 

29 Narwhal Genome Initiative, Department of Restorative Dentistry and Biomaterials Sciences, 
Harvard School of Dental Medicine, Boston, MA 02115, USA 

30 Department of Comprehensive Care, School of Dental Medicine, Case Western Reserve 
University, Cleveland, OH 44106, USA 

31 Department of Vertebrate Zoology, Smithsonian Institution, Washington, DC 20002, USA 

32 Department of Vertebrate Zoology, Canadian Museum of Nature, Ottawa, Ontario K2P 2R1, 
Canada 

33 Chan Zuckerberg Biohub, San Francisco, CA 94158, USA 

34 Division of Messel Research and Mammalogy, Senckenberg Research Institute and Natural 
History Museum Frankfurt, 60325 Frankfurt am Main, Germany 

35 Conservation Genetics, San Diego Zoo Wildlife Alliance, Escondido, CA 92027, USA 

36 Department of Evolution, Behavior and Ecology, Division of Biology, University of 
California, San Diego, La Jolla, CA 92039 USA 

37 Howard Hughes Medical Institute, University of California Santa Cruz, Santa Cruz, CA 
95064, USA 

38 Department of Ecology and Evolutionary Biology, University of California Santa Cruz, Santa 
Cruz, CA 95064, USA 

39 Department of Evolution, Ecology and Organismal Biology, University of California, 
Riverside, CA  92521, USA 

40 Conservation Science Wildlife Health, San Diego Zoo Wildlife Alliance, Escondido CA 
92027, USA 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 
Template revised February 2021 

50 
 

 

41 Department of Genetics, University of North Carolina Medical School, Chapel Hill, NC 
27599, USA 

42 Iris Data Solutions, LLC, Orono, ME 04473, USA 

43 Department of medical Epidemiology and Biostatistics, Karolinska Institute, Stockholm, 171 
77, Sweden 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2022. ; https://doi.org/10.1101/2022.10.04.510859doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.04.510859
http://creativecommons.org/licenses/by-nc-nd/4.0/

