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Abstract

In recent years, elucidation of genetic and molecular mechanisms defining the phenotypic uniqueness of
Modern Humans attained a significant progress in illuminating the essential role of human-specific regulatory
sequences (HSRS). The macromolecules comprising the essential building blocks of life at the cellular and
organismal levels remain highly conserved during the evolution of humans and other Great Apes. Identification
of nearly hundred thousand candidate HSRS validate the idea that unique to human phenotypes may result
from human-specific changes to genomic regulatory sequences defined as “regulatory mutations” (King and
Wilson, 1975). The exquisite degree of accuracy of the state-of-art molecular definition of HSRS is illustrated
by identification of 35,074 single nucleotide changes (SNCs) that are fixed in humans, distinct from other
primates, and located in differentially-accessible (DA) chromatin regions during the human brain development
(Kanton et al., 2019). Annotation of SNCs derived and fixed in modern humans that overlap DA chromatin
regions during brain development revealed that 99.8% of candidate regulatory SNCs are shared with the
archaic humans. This remarkable conservation on the human lineage of candidate regulatory SNCs associated
with early stages of human brain development suggest that coding genes expression of which is regulated by
human-specific SNCs may have a broad effect on human-specific traits beyond embryonic development. Gene
set enrichment analyses of 8,405 genes linked with 35,074 human-specific SNCs revealed the staggering
breadth of significant associations with morphological structures, physiological processes, and pathological
conditions of Modern Humans, including more than 1,000 anatomically-distinct regions of the adult human
brain, many types of human cells and tissues, more than 200 common human disorders and more than 1,000
rare diseases. Thousands of genes connected with human-specific regulatory SNCs represent essential
genetic elements of the autosomal inheritance and survival of species phenotypes: a total of 1,494 genes
linked with either autosomal dominant or recessive inheritance as well as 2,273 genes associated with
premature death, embryonic survival, and perinatal, neonatal, and postnatal lethality of both complete and
incomplete penetrance have been identified in this contribution. Therefore, thousands of heritable traits and
critical genes impacting the offspring survival appear placed under the human-specific regulatory control in

genomes of Modern Humans. These observations highlight the remarkable translational opportunities with
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clinical utility potentials afforded by the discovery of genetic regulatory loci harboring human-specific SNCs in

the ground-breaking fundamental study of great ape’s cerebral organoids.

Introduction

DNA sequences of coding genes defining the structure of macromolecules comprising the essential building
blocks of life at the cellular and organismal levels remain highly conserved during the evolution of humans and
other Great Apes (Chimpanzee Sequencing and Analysis Consortium, 2005; Kronenberg et al., 2018). In
striking contrast, a compendium of nearly hundred thousand candidate human-specific regulatory sequences
(HSRS) has been assembled in recent years (Glinsky et al., 2015-2019; Kanton et al., 2019), thus validating
the idea that unique to human phenotypes may result from human-specific changes to genomic regulatory
sequences defined as “regulatory mutations” (King and Wilson, 1975). The best evidence of the exquisite
degree of accuracy of the contemporary molecular definition of human-specific regulatory sequences is
identification of 35,074 single nucleotide changes (SNCs) that are fixed in humans, distinct from other
primates, and located within differentially-accessible (DA) chromatin regions during the human brain
development in cerebral organoids (Kanton et al., 2019). However, only a small fraction of identified DA
chromatin peaks (600 of 17,935 DA peaks; 3.3%) manifest associations with differential expression in human
versus chimpanzee cerebral organoids model of brain development, consistent with the hypothesis that
regulatory effects on gene expression of these chromatin regions are not restricted to the early stages of brain
development. Annotation of SNCs derived and fixed in modern humans that overlap DA chromatin regions
during brain development revealed that essentially all candidate regulatory human-specific SNCs are shared
with the archaic humans (35,010 SNCs; 99.8%) and only 64 SNCs are unique to modern humans (Kanton et
al., 2019). This remarkable conservation on the human lineage of human-specific SNCs associated with
human brain development sows the seed of interest for in-depth exploration of coding genes expression of
which may be affected by genetic regulatory loci harboring human-specific SNCs. The GREAT algorithm
(McLean et al., 2010, 2011) was utilized to identify 8,405 genes expression of which might be affected by
35,074 human-specific SNCs located in DA chromatin regions during brain development. Comprehensive gene
set enrichment analyses of these genes revealed the staggering breadth of associations with physiological

processes and pathological conditions of H. sapiens, including more than 1,000 anatomically-distinct regions of
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the adult human brain, many human tissues and cell types, more than 200 common human disorders and

1,116 rare diseases.

Results and discussion

Identification and characterization of putative genetic regulatory targets associated with human-
specific single nucleotide changes (SNCs) in in differentially accessible (DA) chromatin regions during

brain development

To identify and characterize human genes associated with 35,074 human-specific single nucleotide changes
(SNCs) in differentially accessible (DA) chromatin regions during human and chimpanzee neurogenesis in
cerebral organoids (Kanton et al., 2019), the GREAT algorithm (McLean et al., 2011) have been employed.
These analyses identified 8,405 genes with putative regulatory connections to human-specific SNCs (Figure 1)
and revealed a remarkable breadth of highly significant associations with a multitude of biological processes,
molecular functions, genetic and metabolic pathways, cellular compartments, and gene expression

perturbations (Supplemental Table Set S1).

It has been noted that particularly striking numbers of significant associations were uncovered by the GREAT

algorithm during the analyses of two databases:

1) The Human Phenotype Ontology containing over 13,000 terms describing clinical phenotypic abnormalities
that have been observed in human diseases, including hereditary disorders (326 significant records with

binominal FDR Q-Value < 0.05);

2) The MGI Expression Detected ontology referencing genes expressed in specific anatomical structures at
specific developmental stages (Theiler stages) in the mouse (370 significant records with binominal FDR Q-

Value < 0.05).

These observations support the hypothesis that biological functions of genes under the putative regulatory
control of human-specific SNCs in DA chromatin regions during brain development are not limited to the
contribution to the early stages of neuro- and corticogenesis. Collectively, findings reported in the

Supplemental Table Set S1 argue that genes expression of which is affected by human-specific SNCs may
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represent a genomic dominion of putative regulatory dependency from HSRS that is likely to play an important

role in a broad spectrum of physiological processes and pathological conditions of Modern Humans.

Identification of genes expression of which distinguishes thousands of anatomically distinct areas of
the adult human brain, various regions of the central nervous system, and many different cell types

and tissues in the human body

To validate and extend these observations, next the comprehensive gene set enrichment analyses were
performed employing the web-based Enrichr API protocols (Chen et al., 2013; Kuleshov et al., 2016), which
interrogated nearly 200,000 gene sets from more than 100 gene set libraries. The results of these analyses are
summarized in the Table 1 and reported in details in the Supplemental Table Set S2. Genes expression of
which were placed during evolution under the regulatory control of ~ 35,000 human-specific SNCs
demonstrate a staggering breadth of significant associations with a broad spectrum of anatomically distinct
regions, various cell and tissue types, a multitude of physiological processes, and a humerous pathological

conditions of H. sapiens.

Of particular interest is the apparent significant enrichment of human-specific SNCs-associated genes among
both up-regulated and down-regulated genes, expression of which discriminates thousands of anatomically
distinct areas of the adult human brain defined in the Allen Brain Atlas (Figure 2; Supplemental Table Set S2).
Notably, genes expressed in various thalamus regions appear frequently among the top-scored anatomical
areas of the human brain (Figure 2; Supplemental Table Set S2). These observations support the hypothesis
that genetic loci harboring human-specific SNCs may exert regulatory effects on structural and functional
features of the adult human brain, thus, likely affecting the development and functions of the central nervous
system in Modern Humans. Consistent with this idea, the examination of the enrichment patterns of human-
specific SNCs-associated genes in the ARCHS4 Human Tissues’ gene expression database revealed that top
10 most significantly enriched records overlapping a majority of region-specific marker genes constitute various
anatomically-distinct regions of the central nervous system (Figure 2; Supplemental Table Set S2). However,
results of gene set enrichment analyses convincingly demonstrate that inferred regulatory effects of genetic

loci harboring human-specific SNCs are not restricted only to the various regions of the central nervous
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system, they appear to affect gene expression profiles of many different cell types and tissues in the human

body (Table 1; Supplemental Table Set S2).

Identification and characterization of genes expression of which is altered during aging of humans,

rats, and mice

Genes altered expression of which is implicated in the aging of various tissues and organs of humans, rats,
and mice are significantly enriched among 8,405 genes associated with human-specific regulatory SNCs
(Figure 3; Supplemental Table Set S2). Aging of the hippocampus was implicated most frequently among
genes manifesting increased expression with age, while among genes exhibiting aging-associated decreased
expression the hippocampus and frontal cortex were identified repeatedly (Figure 3). Overall, twice as many
significant association records were observed among aging-associated down-regulated genes compared to up-
regulated genes (Table 1). Collectively, these observations indicate that genes changes in expression of which
were associated with aging in mammals, in particular, hippocampal and frontal cortex aging, represent
important elements of a genomic dominion that was placed under regulatory control of genetic loci harboring

human-specific SNCs.

Identification of genes implicated in development and manifestations of hundreds physiological and

pathological phenotypes and autosomal inheritance in Modern Humans

Interrogations of the Human Phenotype Ontology database (298 significantly enriched records identified), the
Genome-Wide Association Study (GWAS) Catalogue (241 significantly enriched records identified), and the
database of Human Genotypes and Phenotypes (136 significantly enriched records identified) revealed several
hundred physiological and pathological phenotypes and thousands of genes manifesting significant enrichment
patterns defined at the adjusted p value < 0.05 (Figure 4; Table 1; Supplemental Table Set S2). Interestingly,
645 and 849 genes implicated in the autosomal dominant (HP:0000006) and recessive (HP:0000007)
inheritance were identified amongst genes associated with human-specific regulatory SNCs (Figure 4;
Supplemental Table Set S2). Notable pathological conditions among top-scored records identified in the
database of Human Genotypes and Phenotypes are stroke, myocardial infarction, coronary artery disease, and

heart failure (Figure 4).


https://doi.org/10.1101/848762

bioRxiv preprint doi: https://doi.org/10.1101/848762; this version posted November 20, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

7
A total of 241 significantly enriched records (Table 1) were documented by gene set enrichment analyses of
the GWAS catalogue (2019), among which a highly diverse spectrum of pathological conditions linked to genes
associated with human-specific regulatory SNCs was identified, including obesity, type 2 diabetes, amyotrophic
lateral sclerosis, autism spectrum disorders, attention deficit hyperactivity disorder, bipolar disorder, major
depressive disorder, schizophrenia, Alzheimer’s disease, malignant melanoma, diverticular disease, asthma,
coronary artery disease, glaucoma, as well as breast, prostate and colorectal cancers (Figure 4; Supplemental
Table Set S2). These observations indicate that thousands of genes putatively associated with genetic
regulatory loci harboring human-specific SNCs affect risk of developing numerous pathological conditions in

Modern Humans.

Identification of genes expression of which is altered in several hundred common human disorders

Gene set enrichment analyses-guided interrogation of the Gene Expression Omnibus (GEO) database
revealed the remarkably diverse spectrum of human diseases with the etiologic origins in multiple organs and
tissues and highly heterogeneous pathophysiological trajectories of their pathogenesis (Figure 5; Supplemental
Table Set S2). Overlapping gene sets between disease-associated genes and human-specific SNCs-linked
genes comprise of hundreds of genes that were either up-regulated (204 significant disease records) or down-
regulated (240 significant disease records) in specific pathological conditions, including schizophrenia, bipolar
disorder, various types of malignant tumors, Crohn’s disease, ulcerative colitis, Down syndrome, Alzheimer’'s
disease, spinal muscular atrophy, multiple sclerosis, autism spectrum disorders, type 2 diabetes mellitus,
morbid obesity, cardiomyopathy (Figure 5; Supplemental Table Set S2). These observations demonstrate that
thousands of genes expression of which is altered in a myriad of human diseases appear associated with

genetic regulatory loci harboring human-specific SNCs.

Identification of genes implicated in more than 1,000 records classified as human rare diseases

Present analyses demonstrate that thousands of genes associated with human-specific regulatory SNCs have
been previously identified as genetic elements affecting the likelihood of development a multitude of common
human disorders. Similarly, thousands of genes expression of which is altered during development and

manifestation of multiple common human disorders appear linked to genetic regulatory loci harboring human-
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specific SNCs. Remarkably, interrogations of the Enrichr’s libraries of genes associated with Modern Humans'’
rare diseases identified 473, 603, 641, and 1,116 significantly enriched records of various rare disorders
employing the Rare Diseases GeneRIF gene lists library, the Rare Diseases GeneRIF ARCHS4 predictions
library, the Rare Diseases AutoRIF ARCHSA4 predictions library, and the Rare Diseases AutoRIF Gene lists
library, respectively (Figure 6; Supplemental Table Set S2). Taken together, these observations demonstrate
that thousands of genes associated with hundreds of human rare disorders appear linked with human-specific

regulatory SNCs.

Gene ontology analyses of putative regulatory targets of genetic loci harboring human-specific SNCs

Gene Ontology (GO) analyses identified a constellation of biological processes (GO Biological Process: 308
significant records) supplemented with a multitude of molecular functions (GO Molecular Function: 81
significant records) that appear under the regulatory control of human-specific SNCs (Figure 7; Supplemental
Table Set 2). Consistently, both databases identified frequently the components of transcriptional regulation
and protein kinase activities among most significant records. Other significantly enriched records of interest are
regulation of apoptosis, cell proliferation, migration, and various binding properties (cadherin binding;
sequence-specific DNA binding; protein-kinase binding; amyloid-beta binding; actin binding; tubulin binding;
microtubule binding; PDZ domain binding) which are often supplemented by references to the corresponding
activity among the enriched records, for example, enriched records of both binding and activity of protein

kinases.

Interrogation of GO Cellular Component database identified 29 significantly enriched records, among which
nuclear chromatin as well as various cytoskeleton and membrane components appear noteworthy (Figure 7).
Both GO Biological Process and GO Cellular Component database identified significantly enriched records
associated with the central nervous system development and functions such as axonogenesis and axon
guidance; generation of neurons, neuron differentiation, and neuron projection morphogenesis; cellular
components of dendrites and dendrite’s membrane; ionotropic glutamate receptor complex. In several
instances biologically highly consistent enrichment records have been identified in different GO databases:

cadherin binding (GO Molecular Function) and catenin complex (GO Cellular Component); actin binding (GO
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Molecular Function) and actin cytoskeleton, cortical actin cytoskeleton, actin-based cell projections (GO
Cellular Component); microtubule motor activity, tubulin binding, microtubule binding (GO Molecular Function)

and microtubule organizing center, microtubule cytoskeleton (GO Cellular Component).

Analyses of human and mouse databases of the Kyoto Encyclopedia of Genes and Genomes (KEGG; Figure
8) identified more than 100 significantly enriched records in each database (KEGG 2019 Human (2019): 129
significant records; KEGG 2019 Mouse: 106 significant records). Genes associated with human-specific
regulatory SNCs were implicated in a remarkably broad spectrum of signaling pathways ranging from
pathways regulating the pluripotency of stem cells to cell type-specific morphogenesis and differentiation
pathways, for example, melanogenesis and adrenergic signaling in cardiomyocytes (Figure 8). Genes under
putative regulatory control of human-specific SNCs include hundreds of genes contributing to specific functions
of specialized differentiated cells (gastric acid secretion; insulin secretion; aldosterone synthesis and
secretion), multiple receptor/ligand-specific signaling pathways, as well as genetic constituents of pathways
commonly deregulated in cancer and linked to the organ-specific malignancies, for example, breast, colorectal,
and small cell lung cancers (Figure 8). Other notable entries among most significantly enriched records include
axon guidance; dopaminergic, glutamatergic, and cholinergic synapses; neuroactive receptor-ligand
interactions; and AGE-RAGE signaling pathway in diabetic complications (Figure 8; Supplemental Table Set

2).

Structurally, functionally, and evolutionary distinct classes of HSRS share the relatively restricted elite

set of common genetic targets

It has been suggested that unified activities of thousands candidate HSRS comprising a coherent compendium
of genomic regulatory elements markedly distinct in their structure, function, and evolutionary origin may have
contributed to development and manifestation of human-specific phenotypic traits (Glinsky, 2019). It was
interest to determine whether genes previously linked to other classes of HSRS, which were identified without
considerations of human-specific SNCs, overlap with genes associated in this contribution with genomic
regulatory loci harboring human-specific SNCs. It was observed that the common gene set comprises of 7,406

coding genes (88% of all human-specific SNCs-associated genes), indicating that structurally-diverse HSRS,
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the evolutionary origin of which has been driven by mechanistically-distinct processes, appear to favor the

regulatory alignment with the relatively restricted elite set of genetic targets (Figure 9).

Previous studies have identified stem cell-associated retroviral sequences (SCARS) encoded by human
endogenous retroviruses LTR7/HERVH and LTR5_HsS/HERVK as one of the significant sources of the
evolutionary origin of HSRS (Glinsky, 2015-2019), including human-specific transcription factor binding sites
(TFBS) for NANOG, OCT4, and CTCF (Glinsky, 2015). Next, the common sets of genetic regulatory targets
were identified for genes expression of which is regulated by SCARS and genes associated in this study with
human-specific regulatory SNCs (Figure 9). It has been determined that each of the structurally-distinct
families of SCARS appears to share a common set of genetic regulatory targets with human-specific SNCs
(Figure 9). Overall, expression of nearly half (4,029 genes; 48%) of all genes identified as putative regulatory
targets of human-specific SNCs is regulated by SCARS (Figure 9). Consistent with the idea that structurally-
diverse HSRS may favor the relatively restricted elite set of genetic targets, the common gene set of regulatory
targets for HSRS, SCARS, and SNCs comprises of 7,833 coding genes or 93% of all genes associated in this

contribution with human-specific regulatory SNCs (Figure 9).

To gain insights into mechanisms of SCARS-mediated effects on expression of 4,029 genes linked to human-
specific regulatory SNCs, the numbers of genes expression of which was either activated (down-regulated
following SCARS silencing) or inhibited (up-regulated following SCARS silencing) by SCARS have been
determined. It was observed that SCARS exert the predominantly inhibitory effect on expression of genes
associated with human-specific regulatory SNCs, which is exemplified by activated expression of as many as

87% of genes affected by SCARS silencing (Figure 9).

Identification of 2,273 genes associated with human-specific SNCs and implicated in premature death

and embryonic, perinatal, neonatal, and postnatal lethality phenotypes

Interrogation of MGl Mammalian Phenotype databases revealed several hundred mammalian phenotypes
affected by thousands of genes associated with genomic regulatory regions harboring human-specific SNCs:
the MGI Mammalian Phenotype (2017) database identified 749 significant enrichment records, while the MGI

Mammalian Phenotype Level 4 (2019) database identified 407 significant enrichment records (Figure 10;
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Supplemental Table Set S2). Strikingly, present analyses identified a total of 2,273 genes that are associated
with premature death, embryonic survival, and perinatal, neonatal, and postnatal lethality phenotypes of both
complete and incomplete penetrance (Figure 11) and appear under regulatory control of genetic loci harboring
genes essential for human-specific SNCs. A significant fraction of these 2,273 offspring survival were
implicated in the autosomal dominant (389 genes) and recessive (426 genes) inheritance in Modern Humans
(Figure 11). Based on these observations, it has been concluded that thousands of genes within the genomic
dominion of putative regulatory dependency from human-specific SNCs represent the essential genetic

elements of the survival of species phenotypes.

Methods

Data source and analytical protocols

Candidate human-specific regulatory sequences and African Apes-specific retroviral insertions

A total of 94,806 candidate HSRS, including 35,074 human-specific SNCs, detailed descriptions of which and
corresponding references of primary original contributions are reported elsewhere (Glinsky et al., 2015-2019;
Kanton et al., 2019). Solely publicly available datasets and resources were used in this contribution. The
significance of the differences in the expected and observed numbers of events was calculated using two-
tailed Fisher’'s exact test. Additional placement enrichment tests were performed for individual classes of

HSRS taking into account the size in bp of corresponding genomic regions.

Data analysis

Categories of DNA sequence conservation

Identification of highly-conserved in primates (pan-primate), primate-specific, and human-specific sequences
was performed as previously described (Glinsky, 2015-2019). In brief, all categories were defined by direct and
reciprocal mapping using LiftOver. Specifically, the following categories of candidate regulatory sequences

were distinguished:

- Highly conserved in primates’ sequences: DNA sequences that have at least 95% of bases remapped

during conversion from/to human (Homo sapiens, hg38), chimp (Pan troglodytes, v5), and bonobo (Pan

paniscus, v2; in specifically designated instances, Pan paniscus, v1 was utilized for comparisons).
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Similarly, highly-conserved sequences were defined for hg38 and latest releases of genomes of Gorilla,
Orangutan, Gibbon, and Rhesus.

- Primate-specific: DNA sequences that failed to map to the mouse genome (mm10).

- Human-specific: DNA sequences that failed to map at least 10% of bases from human to both

chimpanzee and bonobo. All candidate HSRS identified based on the sequence alignments failures to
genomes of both chimpanzee and bonobo were subjected to more stringent additional analyses
requiring the mapping failures to genomes of Gorilla, Orangutan, Gibbon, and Rhesus. These loci were

considered created de novo human-specific regulatory sequences (HSRS).

To infer the putative evolutionary origins, each evolutionary classification was defined independently by
running the corresponding analyses on all candidate HSRS representing the specific category. For example,
human-rodent conversion identify sequences that are absent in the mouse genome based on the sequence
identity threshold of 10%). Additional comparisons were performed using the same methodology and exactly

as stated in the manuscript text and described in details below.

Genome-wide proximity placement analysis
Genome-wide Proximity Placement Analysis (GPPA) of distinct genomic features co-localizing with HSRS was
carried out as described previously (Glinsky, 2015-2019). Briefly, a typical example of the analytical protocol is
described below. The significance of overlaps between hESC active enhances and human-specific
transcription factor binding sites (hsTFBS) was examined by first identifying all hsTFBS that overlap with any of
the genomic regions tested in the ChIP-STARR-seq dataset (Barakat etl, 2018; Glinsky et al., 2018-2019).
Then, the relative frequency of active enhancers overlapping with hsTFBS was calculated. To assess the
significance of the observed overlap of genomic coordinates, the values recorded for hsTFBS were compared
with the expected frequency of active and non-active enhancers that overlap with all TFBS for NANOG (15%)
and OCT4 (25%) as previously determined (Barakat et al 2018). The analyses demonstrated that more than
95% of hsTFBS co-localized with sequences in the tested regions of the hESC genome.

The Enrichr API (January 2018 through October 2019 releases) (Chen et al., 2013; Kuleshov et al.,

2016) was used to test genes linked to HSRS of interest for significant enrichment in numerous functional


https://doi.org/10.1101/848762

bioRxiv preprint doi: https://doi.org/10.1101/848762; this version posted November 20, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

13
categories. In all tables and plots (unless stated otherwise), the “combined score” calculated by Enrichr is
reported, which is a product of the significance estimate and the magnitude of enrichment (combined score ¢ =
log(p) * z, where p is the Fisher's exact test p-value and z is the z-score deviation from the expected rank).
When technically feasible, larger sets of genes comprising several thousand entries were analyzed. Regulatory
connectivity maps between HSRS and coding genes and additional functional enrichment analyses were
performed with the GREAT algorithm (McLean et al., 2010; 2011) at default settings.
Statistical Analyses of the Publicly Available Datasets
All statistical analyses of the publicly available genomic datasets, including error rate estimates, background
and technical noise measurements and filtering, feature peak calling, feature selection, assignments of
genomic coordinates to the corresponding builds of the reference human genome, and data visualization, were
performed exactly as reported in the original publications and associated references linked to the

corresponding data visualization tracks (http://genome.ucsc.edu/). Any modifications or new elements of

statistical analyses are described in the corresponding sections of the Results. Statistical significance of the
Pearson correlation coefficients was determined using GraphPad Prism version 6.00 software. Both nominal
and Bonferroni adjusted p values were estimated. The significance of the differences in the numbers of events
between the groups was calculated using two-sided Fisher’'s exact and Chi-square test, and the significance of
the overlap between the events was determined using the hypergeometric distribution test (Tavazoie et al.,

1999).

Supplemental Information
Supplemental information includes Supplemental Tables S1 and S2, Supplemental Text, and Supplemental

Figures.
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Table 1. Associations with human physiological processes and pathological conditions of 8,405 genes linked
with 35,074 human-specific single nucleotide changes (SNC) within differentially-accessible (DA) chromatin

regions identified during human and chimpanzee brain development in cerebral organoids.

Database Number of significant records*
ARCHS4 Human Tissues 39
Human Brain Regions: Allen Brain Atlas (Up-regulated genes) 1,200
Human Brain Regions: Allen Brain Atlas (Down-regulated genes) 1,062
Aging Perturbations from GEO (Up-regulated genes) 34
Aging Perturbations from GEO (Down-regulated genes) 67
GO Biological Process 308
GO Molecular Function 81
GO Cellular Component 29
KEGG 2019 Human 129
KEGG 2019 Mouse 106
MGI Mammalian Phenotype 2017 749
MGI Mammalian Phenotype Level 4 2019 407
Human Phenotype Ontology 298
GWAS Catalog 2019 241
Database of Human Genotypes and Phenotypes (dbGaP) 136
Disease Perturbations from GEO (Up-regulated genes) 204
Disease Perturbations from GEO (Down-regulated genes) 240
Rare Diseases GeneRIF Gene Lists 473
Rare Diseases GeneRIF ARCHS4 Predictions 603
Rare Diseases AutoRIF ARCHS4 Predictions 641
Rare Diseases AutoRIF Gene Lists 1,116

Legend: *, defined at adjusted p-value < 0.05; GEO, gene expression omnibus; GO, gene ontologies; GWAS, genome-
wide association studies; ARCHS4, all RNA-seq and ChlIP-seq sample and signature search; KEGG, Kyoto Encyclopedia

of Genes and Genomes; MGI, mouse genome informatics;
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Figure 1. GREAT analysis identifies 8,405 human genes associated with 35,074 human-specific single nucleotide changes (SNCs)
in differentially accessible (DA) chromatin regions during human and chimpanzee brain development in cerebral organoids.
Atotal of 1,064 of all 35,074 SNCs (3%) are not associated with any genes in the human genome, while a total of 34,010 human-
specific SNCs in DA regions appear associated with 8,405 human genes.
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ARCH54 Human Tissues: 8,045 genes
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ARCHS4 Human Tissues: 8,045 genes
Top 10 of 39 significant records

Term Owerlap P-value Adjusted P-value
PREFROMTAL CORTEX 13482316 2. 06636E-62 2.23E-80
SPINAL CORD 1299/2516 L17232E-47 4. 22E-45
SPIMNAL CORD [BLLE) 1199/3316 L17222E-47 422646
CINGULATE GYRUS 1279/2516 J.13703E-42 BATE-41
MNEUROMAL EPITHELILM 12582516 6.71385E-37 1.45E-35
CEREBRAL CORTEX 12532316 1.08815E-35 1.98E-34
BRAIN (BULK) 124172516 7.35673E-33 1.14E-31
CEREBELLUM 12182316 8. 73593E-28 1.18E-26
MOTOR NEURON 11842516 4.19448E-21 5.03E-20
SUPERIOR FRONTAL GYRUS 1181/2318 1.4634E-20 1.58E-19
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Allen Brain Atlas Up: 8,045 genes
Top 30 of 1,200 significant records
Term Crwprlap Povalun Adpusted P-uales
Thalarws, sensory-mator cartes related 207501 2.570-21 TEXI-18
Thdasnis 222334 9.71E-10 TANE-1T
mantle sare o DTTh 2044301 5.84E-20 T ANE1T
lateral part of alar p2 204,531 9,84E-20 T AI-17
Ventral p plex af the thal 204,581 4,841 -39 Ta2i-17
Central latensl 'k af the vhal 2044301 5.84E-20 T ANE.1T
slar plote of p2 [aler ¢l ) 2047301 9.94E-20 ZATELT
b i £ halami L 204,581 ,941-30 1A20-17
doreal tinr of thalamus 204,300 9,940-20 TA20-17
Rhieeribeaid ks 227/34% 2.51E-19 S34E-17
v il i ched 203301 2.92E-19 S34E-17
Ventral growp of the darsal thalamus 2037301 2.92E-13 5 34E.17
Finld CAT, stratum pyramidale 2027901 BATE-19 1.240-18
Wentral postereme disl nickeus of the thalamus 202301 B.47E-13 1 2SE16
wentral pesteromedisl nudews 202301 B.ATE-13 12416
inberied late strstiom of OTTh 2017301 2.42E-18 254E-16
prascmare I 20,80 2420-1% 3 a4i-16
central bateral nucleu 204,380 2420-1% 3 adi-16
dersal lateral geniculate nucken 2007301 6.79E-18 TELE-16
il o el DS 199/3001 1.B8E-17 2 0EE-15
lataral {parvicn|wlar) part of MD 180,50 S.130-17 4.580-15
Doreal part of the Ig i = 180,30 S.130-17 4.580-15
ventral pesteralabersl nudeus of the thal 198301 5.13E-17 433E-15
pasterior [wentrl) nistleus 198301 5.13E-17 4 33E-15
Hippesampal fermatien FETRE - S.130-17 4.500-15
Intralaminar nached 180851 513017 4. 580-15
imtermediate stratum of DS 353557 9.09E-17 TIEE-15
Feelel CA3, skrotusn ol nbum 218343 1.17E-1& S.1XMF.15
mintle zone of CA, 187 481 1.400-14 2. 760-15

Thal s pedymedal cartes related 107801 1.808-14% 2.760-13
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Allen Brain Atlas Down: 8,045 genes
Top 31 of 1,062 significant records

Tarm Orverlap Povalun S jravtesd Povalun
Primary metar anes 155300 5.73E-15 1.26E-12
I.I'r'!-a'ﬁ'_"l 154/300 1.48E-1% 1.B3E-12
layer dal FCa 123/300 3.B1E-1% 2.79E-12
Samatamator anes &M H00 1.420-1% LT
laynr dof PCx 1EE/ 300 BA0E-1% 1.488-10
Field CAZ, stratusm baewunesums meabseulare 24E/926 B.01E-12 2.93E-09
Sl oy ATy PP BB 1=3/300 2.1E-11 B.5TE-05
Faglel CA2, stratisn radiabum e2ia58 2.75E-11 1.58E-05
Primary mator area, Layer § 1524300 4.590-11 916009
layer 5 of PCx 1E2/900 4.508-11 9.160-0%
superfecial stratum o m1E 1272/300 4.59E-11 9.16E-053
r3 alar plate 121/300 9.52E-11 1.BTE-0E
parickal £ erien 121/300 9.92E-11 1.ETE-0E
mantie sone af P 1E0/R00 2.11E-10 244008
layer Bof PCx 180/ 500 Z.118-18 244008
Pontine gray 180/ H00 2.118-19 244008
ro alar plate 1E3/300 2.11E-10 2.049E-0E
suparficial stratum of PCx [sortical plate,/manginal one) 180/ H00 Z.118-18 244008
suparficial stratum of pii 180/ H00 2.118-19 244008
intradarminer nuches 1734300 4.43E-10 4.64E-0E
pentiee kindbrain 1E2/300 4.849E-10 4. 53E-0E
Fieldd CAR, stratim radiztum T1ifaed a.030-10 a.010-08
Primary samatasenary anes 1TE 300 9.28-10 107008
frantal cartes 1T/ 00 8.20-18 LOTE-08
Senial ohEniGry Breas 178/300 9.2E-10 B.0TE-0E
rmntle pame ol Flx 17&/300 1.B8E-05 1.37E-07
Layer 3 af C:Cx 17T/ a00 100008 1.A70-07
% baeal plate 177 /800 100008 1.A708-07
supserficisl stratum of Fou (oartical plate, mangi ral 5o re) 1784300 1.BBE-05 L.37E07
ewal paracentmal nucleus 17T/ a00 100008 147807
Primary mator area, Layer 2/ 176/ 300 579000 28057

Figure 2. Identification of genes expression of which distinguishes thousands of anatomically distinct areas of
the adult human brain, various regions of the central nervous system, and many different cell types and tissues
in the human body.
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Enriched Terms

Input Genes

Aging Perturbations from GED up: 8,405 genes
Top 30 significant records

Tarm Dvarlap Powalun Bidjurted Povalue

Human_Malignant Peripheral Merve Sheath Turmawe_ 34 years v 53 years_GELITI1E aging: 364 197/ 557 B.Aa0-15 1.970-57
Mause_hypothalsmies_ 32 days vi 182 days_GD53895_aging: 107 201345 2.59E-05 3.7E07
Humsn_Malignant Periphensl Merve Shesth Tursaws_27 years vi 61 yesrs_SSEIT11S_sging:363 195/343 1.7BE-08 1.5E-36
Micuse_neurcretinas_T weels vs il weeks_GSRR0671_aping-2il 16/ T 21008 159008

Maise_reting_d menths vs 10 manths_G5E33674_aping:304 1a8/x54 1.1BE-07 6.63E-05

Rat_hippesampus_% mamths vs 34 manths _GSELA505_aping 345 230435 B.B2E-07 3.25E-05

Mousn_hippocampus_ monthe s 30 months_GSEA0911_aping-F¥1 2a1/459 129004 5.020-08

Mause_retina_{ menthe vs 10 manths_GSI3367_aping- 308 125/318 3.300-04 0.000121

Hismiam_brain [frentsl eartes) 55 years vi B2 pekfs_ SUESIES0_aging:229 171313 4.05E-06 0.000123
Mause_peting_2 manths v 16 menths_SDE365_sging 66 199372 453606 0.00013

[ rcn_rspsenchymad stams celle [froen bome marres] a2 yeareve T8 yoars_GSE35955_aping 290 100/ 18 1.030-408 0,000355

Human_s_0 oz ve 0 ex_GDESOTT_aging: 106 172/519 1.070-408 0,000355

Meisi_kippacimpus 9 monthd vi 14 msamths GSEJBI1L_aping 350 254454 1.28E-0% 0.000283
Maise_neurareting_ T weehs vi 63 weels_GEFIRET]_sging:210 171/319 1.76E0% 0.00036
Human_dosletal muscls_ 1% ynars ve 65 yeane_ GDSAESE aging: 10 180159 577008 0,0011
Mouse_spinal eord_18 menths vs 30 months_GD51280_aging:l 172/331 0.000151 0.002657
Mewisi_hippocampus 9 monthd vi 14 manths GSESEI1L_aging 354 295454 D.000252 0.004247
Rat_femur_T weaks vs 53 weaks_GDSS09_aging-244 197/588 0000881 0.005257

Rat_femur_I8 wenks v 54 weeks_GDS509_agingd7T1 193/ 558 0000528 0007575

Rat_femur_7 weeks vi 27 weeks_GD5509_aging 258 155300 0.00053 0.007575
Mlcuise_hdppocempus_2 menths vi 13 manths GSES0TE_aging-35E 1517253 D0.000593 0.008072
Rat_femer_10 waaks ve 30 weeks_GDSS09_aging260 128/106 o,001057 0.018758

Maurs_acul deus_k hevs 30 hs_GODS1200_aping4 190/37H o.001108 0.0147%

Rt _bemur_10 weeks v 56 weeks_GD5509_aging 266 191384 0.001248 0.013873
Meuse_hippocsmpus_9 menths vs 20 reanths_G5EA8911_aging 355 216442 0.001953 0.022408
[Wurraen_bicnpe brachsl rusches_34 years we 70 yeary_GDSAESE aging: 13 118/ 158 0.003152 0.054649
Rat_myescardivm 1B wiesks vs 22 weeks GD53025_aging:142 124744 0.003271 0.034549

Rt _hippesarmpus CAS region B manths vi I5 months GSELAT2d_aging 347 170/34% 0.003642 0.036658

Mousn_brain_§ monthsvs 14 manths_GS015129_aping-¥1% 109/ 557 0.008717 0.036658

PMlouse_spanal sord_B menths vs 30 manths_G0S1280_aping-¥ 107/40% 0003082 0.037008
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Aging Perturbations from GEO down: 8,405 genes
Top 30 significant records

Tierm Ouerlap Pranhin Adjusted Poualee
Reat_hippessmpia_T e ivthd vs 21 manths_GD53019_aging 58 196/314 1.BSE-13 S IEE-11
Human_as_Ses ved ex_ SDESOTT _aging: 108 1757151 4.700-12 EM-10
Husnan_renieus_ 30 years v 55 years_G5EA5233_aging 205 183320 4. 7EE-10 4.549E-08
Fat_frontal eortes_3 meomths v 2T meomnths_G053939_aging 55 192327 B.B6E=10 4 SE-08
Maune_veletal mascle o - 12 ha we 24 her_GSARNI_aging:d 19704 5.290-09 Eori-0?
Whausse_brain_25 waaks vx 100 wauks_GSE41018_aging499 178511 209008 168108
Mo _stristum_ & ths v 21 tha_GDE4152_sging: 78 164283 4. 12E-08 LEEE-06
Human_menissues_ I8 years ve 47 years_GSEA5253_aping- 208 165/ 286 5. 7008 T 040-06
Maune_brain_Swenks vr 104 weaks_GSE20411_aging-$11 344K 360 -0 T l-06
Husrinrn_brain [{remnbel oo rbes) X8 yenrs v 100 yebrs GEESIEI0_aging:228 1977356 2.32E-07 EELE-06
Human_CD4+Thyphooytes_E1 years wi Bl years_SSEEZITI aging:185 193/343 3.26E-07 EAEE-DE
Huwman_Chdslyphacytes_40 years vs 72 years_GEIEIETE _aging:163 208/57E T.RS0-07 1ET0-05
Biowes_hippocampus_d maonths we § monthe_GSI4E911_aging: 187 280480 BEE-OT 1.880-05
Rt _hippesampud T rsamihd ve 21 mamths GO53019_aping 5T 156/ Z7T 9.98E-07 T OEE-05
bowse_sochlea_1% weeks wve 45 weeks_GSE35284_aping-184 1424358 150058 Eoan-08
Hwman_brain [frental cortex)i_33 years ws 02 years_ GE15EE00_aging: 228 A58/ IET 287004 310-08
Humsn_retinslmaculs_18 yesrs v 79 years_SSEIPE1L_sging 150 182336 4. 14E-05 E.S5E-05
Maie_ hippesampid 4 months 54 9 mentkd SRELES1] aging:381 226/4r8 4. 5206 T-1EE-05
Huwman_Chdslpphocytes_80 years we B1 yeaere_GEDEIITI_aging:160 192/558 5.040-08 T.TI-08
Husman_CD4+Thyphaoytes 25 years v BL years_SSEEXITI sging:176 201377 5.44E-D6 T-TTE-05
Hisman_CDd+lyphocybes_T9 years v 61 years_SSEEXIT3_sging: 154 184342 B.A3E-06 E.TSE-05
Hurran_retinalperiphery_5E yeam v 74 yoars_GSI82614_aping-151 160/ 10 030 -0 0.0001049
Huwman_brain [frentsl cortea)_3E years we 02 yeare_ GEISEEI0_aging:227 isa47r&1 247008 0.000118
Rut_hippscasnpus CAZ regicn B months v 25 menths GEE14TIL sging:347 1417¥5% 1.2E-0% 0.0001a3
Miowre_sochlss dweeksve 45 weaks _G5085384_aping-181 145/ 26k a,04i-55 0,000453
Rat_hippocampus dentate pyrus_18 months ve 20 monthe_GSII16E1_aging: 857 12415 a4, 700-0% 0.0005232
Rat_hippesampid dentite gymn 18 meomths 54 28 mentkd SEEX1EE] sging:358 147F373 4.93E-0% D.000522
Hisman_ CDd-<byphacytes 20 years v Bl yesrs SLEEIITI_sging!l65 1977380 B.24E-05 0.000638
Heman_Chdslyphoacytes_ 38 years ve 01 yeare SEIEILTE aging:158 2151419 B7a-08 0000664
Fat_hippecampus CAL_LE menths vi 28 manths_G5E21681_aping 353 1347270 D.000107 0.001004

Figure 3. Identification and characterization of genes expression of which is altered during aging of humans,

rats, and mice.
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Human Phenotype Ontology (8,405 genes): Top 35 of 298 significant records
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Agrtnsoimal dosnimant n e ritasee | HPOOH0E ) BISI1134 T ASE-JC S.O7E-23
1] e s | o e | T [H PO 117138 1ATE-12 LME-D9
Cryptnnchidi | HPO0ME) 215 AABE-11 2.E-08
Aastosomal recess e indsriance (=P -O00T] BT 1 A&E-40 SO7E-(d
i | déeual ation of feger |HPS00M66) p LT L ISE-00 1.14E-06
sm [HP: IR 10 32R L70E-09 1LIIE-08
Brachydackyhy synnoere | FPM011 58 119192 1L.7TE-08 A5E-08
Fromtal bossing {HP02007) 129213 3.3EE-08 T S1E-08
Climcedactyly of the Sty finger | HP000209) 113192 A.0%E-08 TiE-08
Liva-se; posterinrky rotated sars [HPHE35E] 1570 AL LAE-TS
Iries coloboma | PG 12} T2 5.7TE-OT 9, HE-05
Ventricalar septal defect | HPOM1623) 6 T.S5E-0T 1
werfaetile nnaek{ RIS 15754 BZBE-0T o
speciic lmarn ing i bil by (HP:D001 28] fay 1 ADE-G LG EL]
P planus | HRNLPET) BB 20 NLHNZAn
Dental ralocciusion [HP: D0 55 /e 2 1E-036 NLHNZAn
Thim upper lip vermilion [HP:EREZEE] |51 3,500 L
Blephasophimosis [MP:0HI531) AT 3I0E-00 M
Py caaus [HRWNOITE] L= ASEE-00 LRk k]
High forebead (HP:D0M0348] a5iE LBIE-00 o
Bganglionic meg acolon | HP0Z251) mafa? A 30E-0 LRt
‘eriltsilical harsia [HP:OMAEIT) Fif1EL 4.5E-06 DLEES
Adrial Tibrilka thoe | P51 10y FLTE BESIE-06 DLE0%
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Figure 4. Identification of genes implicated in development and manifestations of hundreds physiological and

pathological phenotypes and autosomal inheritance in Modern Humans.
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Disease Perturbations from GEO down (8,405 genes): Top 30 of 240 significant records

Term Cverlap Fovalue Adjusted Povalue
achizaphrenia DOID-54819 human GSEZSE7T3 semple 592 242337 6 49E-249 5. 84E-26
Bipolar Désorder COO0S58E human G5ES3E89 ample 302 2547555 2.78E-20 11717
whagus &9 cell carch DOID-3748 human GSEE3941 sam ple 654 252381 1.65E-19 A.6E-17
Crohn's disease DOID-87 78 human GS06751 sample 787 2407570 Shaf.19 THILAT
ulearative coltis DOID-B577 buman GSEET3] samals 759 246384 1.4E-18 2.34E-16
escphagus squamous cell carcinema DOID-5748 human GSEES541 sample 658 256/408 1.43E-17 2E-15
schizaphrenia DOID-5819 huemaen GSE25673 semple BA1 182/274 2,1BE-16 2.61E-14
idsopathic pulmonary fibrosts DOID-0050158 human GSE44T23 sample 850 2017512 8.28F-14 B.680-14
Andragen & itivity Eynd COD39585 h GSE3ETL ple 415 108317 1.94E-15 1.81E-13
sdrenclaubadyatrephy DOID-1058E hismen GEE3A309 semaple B54 211338 9, 23E-15 7.75E-12
Huntington’s disease DOID-12858 mowse G5E3621 sample 704 21973584 655014 SE12
Dystonia 0033593 humaen GSEIDED sample 329 158317 1.ITE-13 B.B9E-12
ephroblastoma O002T708 human G5E2712 cample 418 2487419 6495815 448811
Huntingtan's diaess DOID-12858 mavas GSEISEI sample 929 1831283 1.08E-12 6. 84E-11
Whcerative Colitis CO009324 human GSEETS1 sample 249 2157554 52eE-12 1.82F-10
Breast Cancer COODGE142 buman GSEL3TE sample 52 184293 6,23E-12 3.27E-10
Down syndrome DOID-142 88 human G5E42556 sample 1060 1845247 1.4i811 #.958.10
Primary apan angle glaseoma 00339573 human GSEZT0S sample 257 156294 3,5E-11 1.63E-04
colitis DOID-0060180 human GSDETS1 sample 61 2117389 8. 78E-11 571009
Alrheimer's dsesse DOID-106532 himan GSEATST wamgle 582 216368 B.85E-11 3.71E-09
Crohn's disease COI0-87 78 human GSE6TS1 sample 758 1627268 1.01F-140 4.01F-00
pralactinema DOID-5394 human GSEIE314 semple 636 251440 1.05E-10 4. 00E-0r9
diabetes mellites type 2 OI0-5552 human GSE12845 cample 786 20475458 1.22E.10 4. 54808
type 2 dinbaten malitug DOID-9352 heman GSELITE0 sample 582 221380 1,24E-10 4,34E-09
shin sguamous cell carcnoma BOI0-3151 human G5E45164 sample 657 1771255 2.98E.10 1F-08
proatate cances DOID-10283 buman GSE3BER wample 638 InLi3a4 4. 9E-10 1.58E-08
Dental cavity, complex 003959854 human GSE1629 sample 178 2287401 l.128.09 . 450.08
Alrheimer's desis DOID-10652 hueman GSEISHE0 aample 520 1904325 1.37E-09 4. 1E-08
oligedendraglioma DOID-3181 human GSE15824 sample 858 1857515 2.71E-09 T7.83E-08
bresst cancer DOID-1612 buman GSEITA4 wmple 378 247443 2.B4E-0r8 7.85E-08

Disease Perturbations from GEOQ up; 8,405 genes
Spinal Muscular MTOphy CO026B47 mause GEE10599 sample 235
Do Syndrome CO01I0B0 Fuman GSESIR0 sample 277
schizophrenis DOMD.5419 human GSE25673 sample 821
RO < s 15
B - 320573 hunan GSEITNS sample 257
_ml DOIO-1339 fuman GEE14335 sample 472
- 1ot DoID-00500 56 human GSEAATES sample BS1
- oo -c415 uman GEE25ETE sample 552

IR oy i 10522 human GSE24305 sampe BE4
I tivecsis LOID-D0S0t 56 human GSEAS7EE sample BSD

) Prreary cpss arghs glascoma C2O3RET] hormsn GSEITOS sempls 257
) ichapatic pubmanary Soroais DOIC-0080 058 humar GEESTII sempls B3
) schizepivaria DOIDASAT0 rman GEEISOTE sarpk 30
. Spiral Musouler sdrophy COIIBE4T mouss G5E10268 aempls 3703
W Diree. Srpmebowves S007 MDD urvan G5 ERI0 sarvple 277
) iwron-Bisciden rars DOID-1330 human GEE14335 senale 477
-. ichopariher. pulmorany Bbross DEOID-0050 128 homan GEE44 T3] sampks B30

B Carficrrpopatthy, Delabed SO0 P10 burman GSEISAL sarpla T8

. achizcphesnia DOID-53410 human GSE25E7] sampls 300
B sorenchnbestyitronty DOD- 10588 burres GEES3(0 sarmpte B4


https://doi.org/10.1101/848762

bioRxiv preprint doi: https://doi.org/10.1101/848762; this version posted November 20, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

31

Disease Perturbations from GED up: 8,405 genes

Enriched Terms

Inpui Genas

Disease Perturbations from GEQ up (8,405 genes): Top 30 of 204 significant records

Tarm Ouerlap P-uilise Addjisnted Povalus
Spinal Muscular Atrophy C002E847 mowse GSE10595 sample 235 2547568 4.B9E-26 5A3L.2%
Dewn Syndrome C0013080 hisman GSESIN0 aample 277 288/460 1.0BE-19 8.72E-17
schizophrenia DOID-541% human GSE25873 sample 851 2157528 LA8E-18 4.14E-18
Cardiormyapathy, Dilated CODOT193 human GSEISES sample 198 209326 4.82E-16 LOLE-13
Primary open angle glavcoma ©0¥5S57S human GEEZTOS sample 257 21675581 525014 1558011
i d-Blackian ja DOID-1339 harmen GSEL4335 aample 472 231382 L.BBE-13 Z.64E-11
idiopathic pulmonary fibrosis DOI0-0050158 human E5E44728 cample 851 188 /500 42012 5.03F.10
echitephrania DOID-541% human GSEISET3 aample BSZ 165263 B.13E-12 8.53E-10
adrenoleukodystrophy DOI0- 10588 human GSEI4308 sample B84 1645262 LI%E11 114808
iispathis pulmanary fbreais DOID-0050156 h GSEAATI3 ple BS0 177268 L.B3E-11 L.5E-09
meorbid ohesity D I0-11581 human G5E48564 sample 583 1805254 LS6E11 1.8F.00
Cardiomyapathy CORTESAA human GSELBES sample 73 157330 5.E3E-11 3.8TE-09
Type 2 diabetes mellitus CO011860 human G5E12843 sample 274 208546 B.5EE11 5.8TE09
GERD - Gatro-eacphageal reflux d& COOI7Y6E human GSEZ144 sample 27 103/346 2.46E-10 1. 48E-08
Utering beiomyoma 00042135 human G5E2725 sample 395 1587288 219610 1.78E.08
mudiiple exleron DOID-2377 b GSEIBOLD ewmple TIT 1834310 #.ATE-10 4, 96E-08
Chronic phase chronic myelogenows leukemia DOID-8552 human GSESS50 ample 456 1527530 1928409 9.47-08
auttsm spectrum disorder DOID-0060041 human G5E28521 sample 1041 185517 L.T1E0% 126807
Satlei syndrame C1TA4555 b GSELESIA phe 185 1324393 AE-08 L.77E-O7
Neurafibromatosis DOMD-8712 mouse GSE1482 sample 667 2104589 4.548.09 1.9F.07
mudiiple exleron DOID-2377 b GSEIBOLD ewmple T3 180/309 5.35E-09 . 14E-07
Uterine lelomyoma CO042153% human GSESSS sample 16 160270 T.25E09 2. 78E07
Autiam apectrum disorder DOID-0060041 humen GSE2B521 sample 1080 1941341 1.BE-08 6. 56E-07
Urothelial carcinoma i situ ©0334287 human GSES16T sample 229 2157580 1.54F.08 8. 7707
Statum Epilepticus COOIBII0 rat GSEA236 sample 391 191336 1.51E-08 8. 11E-07
autism spectrum disorder DOID-0060041 human GSE28521 sample 1059 1917536 L51E-08 8.11F-07
advaraleukedyitrophy DOID-10588 human GSEIAI08 aamphe 709 205365 1.BBE-08 8.95E-07
Down Syndrome CO01S080 human GSEL07SE sample 510 210/578 5.57E08 1.OTE-08
chronse lymphosytic |sukemis DOID-1040 hisman GSEEE9] samgle TEE 180f315 3.77E-08 1.0%E-DE
Oligodendroghoma CO028545 human GSE2225 sample 118 1877289 4. 08E-08 1 14E-06

Figure 5. Identification of genes expression of which is altered in several hundred common human disorders.
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Figure 6. Identification of genes implicated in more than 1,000 records classified as human rare diseases.
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G0 Biological Process (8,045 genes): Top 35 of 308 significant records
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GO Cellular Component (8,045 genes): 29 significant records

Term Owerlap Povalue Adpusted Pvalue
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dendrite [GO:0050425) 1317218 2.55E.08 5. 12E06
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Figure 7. Gene ontology analyses of putative regulatory targets of genetic loci harboring human-specific

SNCs.
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KEGG 2019 Human (8,405 genes): Top 40 of 129 significant records
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KEGG 2019 Mouse (8,405 genes): Top 35 of 106 significant records
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Figure 8. KEGG analyses of putative regulatory targets of genetic loci harboring human-specific SNCs.
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Effects of stem cell-associated regulatory sequences (SCARS) on expression of 4,029 genes associated
with human-specific SNCs located in DA chromatin regions

Classification category Number of genes Down-regulated Percent Up-regulated Percent
[TR5_Hs/sVa_D enhancers-regulated genes 1387 1210 B7.24 177 12.76
HERVH IncRMA-regulated genes 3131 1733 54.31 1458 45.69
LTR7Y/B enhancers-regulated genes 3306 2494 75.44 812 24.56

Figure 9. Structurally, functionally, and evolutionary distinct classes of HSRS share the relatively restricted

elite set of common genetic targets.
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MG Mammalian Phenotype 2017 (8,405 genes): Top 40 of 749 significant records
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MGI Mammalian Phenotype Level 4 2019 (8,405 genes): top 40 of 407 significant records
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Figure 10. Interrogation of MGl Mammalian Phenotype databases identifies genes associated with human-
specific SNCs and implicated in premature death and embryonic, perinatal, neonatal, and postnatal lethality

phenotypes.
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Figure 11. Identification of 2,273 genes (offspring survival genes) associated with human-specific SNCs and
implicated in premature death and embryonic, perinatal, neonatal, and postnatal lethality phenotypes. Bottom
figure shows identification of offspring survival genes that were implicated in the autosomal dominant (389

genes) and recessive (426 genes) inheritance in Modern Humans.
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