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We all know the story…

Lucy’s DNA Sophia’s DNA

Mutations



As a result of recent common ancestry, a 

mere 1% DNA difference is said to exist 

between any chimp and a human.



But is this true? Let’s begin with 

this…



Principle 1: A typical (animal) ‘gene’ consists of 

interleaved, interspersed, multilevel, and 

overlapping “data files.”
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Principle 2: This order permits a ‘gene’ to be 

formed into circuits differentially.
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Chromatin 

folding
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circuits

to be formed.





Principle 3: Gene data files are clustered into 

higher-order “folders” along a chromosome. 

This arrangement enables different types of 

RNAs to be encoded on both strands.
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Principle 4: Gene “folders” are in turn arranged into 

“superfolders.”



Different “superfolders” encode different classes of 

RNA outputs.



And chromosome “superfolders” are in turn ordered 

into banding patterns…



…such as those of CpG islands.



This brings us to “junk DNA”…



Such are known to be replete with 

experimentally demonstrated functions:















And many repeats have almost “synonymous” 

chromosomal locations across species:









The overall “data” pattern along a 

megafolder is the same but the species-specific 

details of the logic gates are different.



There’s much more…



But in 2006 a number of so-called “Human 

Accelerated Regions” (HARs) were 

discovered. These have a divergence pattern 

that exceeds the rate of mutation.

Franchini LF, Pollard KS. 2017. Human evolution: the non-coding 

revolution. BMC Biol. 15(1): 89.



Most of these:

- have DNA-letter changes that are 

significantly greater than chromosome-wide, 

neutral substitutions;

- are about 260 letters in length;

- are non-randomly distributed (most are 

near the ends of chromosomes); 

- 97% occur in segments long thought to be 

“junk”; and… 

- are disproportionately found near brain-

specific regulatory sequences.



And of such most have been shown 

to enhance gene expression (they 

are “enhancers”)



Zehra R, Abbasi AA. 

2018. Homo sapiens-

specific binding site 

variants within brain 

exclusive enhancers 

are subject to 

accelerated 

divergence across 

human 

population. Genome 

Biol Evol. 10(3): 956-

966.



Human-unique protein-binding sites in 15 

brain-specific enhancers…

SN ID GRCh37/hg19 Brain Domain TF TFBS

1 hs37 chr16: 54650598–54651882 Forebrain PEA3 ACWTCCK

2 hs1210 chr2: 66762515–66765088 Forebrain SOX2a NNNANAACAAWGRNN

3 hs526 chr4: 1613479–1614106 Forebrain NF1B CTGGCASGV

4

—

hs563

—

chr6: 98491829–98493238

—

Hindbrain

POU3F2

RUNX1/3a

NWAAYAAW

TGTGGT

5 hs1366 chr6: 38358690–38360084 Midbrain TCFAP2B CCCCAGGC

6 hs1632 chr11: 116521882–116522627 Midbrain ZIC1 VGGGGAGS

7 hs1726 chr18: 49279374–49281480 Hindbrain — —

8 hs1526 chr2: 104353933–104357342 Forebrain SOX9 RNACAAAGGVN

— — — PBX1 NYAYMCATCAAWNWNNN

9 hs847 chr4: 42150091–42151064 Forebrain LEF1 NWTCAAAGNN

MEF2A TATTTWWANM

10 hs540 chr13: 71358093–71359507 Forebrain — —

11 hs1019 chr7: 20838843–20840395 Forebrain — —

12 hs192 chr3: 180773639–180775802 Forebrain — —

13 hs1301 chr11: 16423269–16426037 Forebrain — —

14 hs430 chr19: 30840299–30843536 Midbrain — —

15 hs304 chr9: 8095553–8096166 Mid/Fore FOS/JUNDa TGACTCA/TGACTCAN

— — — NR2F1 TGACCTY

— — — NURR1 YRRCCTT



In addition, a number of these also modulate 

cranio-facial differences between chimps and 

humans:

Prescott SL, Srinivasan R, Marchetto MC, et al. 2015. Enhancer divergence and cis-regulatory evolution in the human and chimp 

neural crest. Cell. 163(1):68-83.





There are also thousands >18,000) 

of “human-specific regulatory 

sequences” (HSRSs) that are 

derived from retroviral-like 

elements.



Glinsky GV. 2016. Mechanistically Distinct 

Pathways of Divergent Regulatory DNA Creation 

Contribute to Evolution of Human-Specific 

Genomic Regulatory Networks Driving Phenotypic 

Divergence of Homo sapiens. Genome Biol Evol. 8: 

2774-2788.



Many of these reside in dense, high-complexity regions 

that are differentially folded into topologically-associated 

domains:



Genomic features Genome revTADs Expected Enrichment P-value

Human Accelerated Regions (HARs) 2,745 378 53 7.4 <0.0001

Human-specific TFBS 3,803 1,370 73 18.8 <0.0001

Lamina-associated domains (LADs) 1,344 54 26 2.1 0.0019

Human-specific CTCF-binding sites 591 312 11 28.4 <0.0001

Human-specific NANOG-binding sites 826 192 16 12 <0.0001

Human-specific RNAPII-binding sites 290 181 6 30.2 <0.0001

Human-specific regulatory regions identified in H1-hESC 1,932 109 37 2.9 <0.0001

Human-specific regulatory regions identified in multiple cells 4,249 417 82 5.1 <0.0001

DHS-defined human-specific regulatory regions 2,118 558 41 13.6 <0.0001

Human-specific conservative deletions (CONDELs) 583 29 11 2.6 <0.0001

Human ESC enhancers 6,823 240 131 1.8 <0.0001

Human-specific transcriptional network in the brain 6,622 147 127 1.2 0.3856

Primate-specific CTCF-binding sites 29,081 1,269 558 2.3 <0.0001

H3K27ac peaks with human-specific enrichment in embryonic limb at E33 stage 780 31 15 2.1 0.0238

H3K4me3 peaks with human-specific enrichment in prefrontal cortex (PFC) neurons 410 29 8 3.6 <0.0001

Genomic features of 60 HAR-based topologically-associating domains:

hESC, human embryonic stem cells; TFBS, transcription factor-binding site; HARs, human accelerated region; LAD, lamina-associated domain; TAD, topologically- associating domain; 

RNAPII, RNA polymerase II; PFC, prefrontal cortex; DHS, DNase hypersensitive sites; CONDELs, conservative deletions; E33, embryonic day 33…



Moreover, at least 1,584 “short tandem 

repeats” are unique to our DNA: 

Sulovari A, Li R, Audano PA, et al. 2019. Human-specific tandem repeat expansion and differential gene 

expression during primate evolution. Proc Natl Acad Sci U S A. 116(46): 23243-23253.



These in turn 

are associated 

with so-called 

“jumping 

genes” or 

“transposable 

elements”.



35,074 

human-

specific DNA 

letter changes 

are linked to 

6640 of 8405 

brain-

expressed 

genes.

Glinsky GV. 2020. Impacts of genomic networks governed by human-specific regulatory sequences and genetic loci harboring fixed human-

specific neuro-regulatory single nucleotide mutations on phenotypic traits of modern humans. Chromosome Res. 28: 331-354.



Distinct families of 

regulatory DNA 

sequences make 

up 59,089 human-

specific regulatory 

sequences (HSRS) 

in or near 8405 

‘genes’; these are 

neuro-regulatory 

and linked to 

retroviral-like 

elements.





The “dark 

matter” of 

our genome 

also has 

distinct 

features. 

Ahmad SF, Singchat W, Jehangir M, et al. 2020. Dark matter of primate genomes: satellite DNA repeats and their evolutionary dynamics. Cells 9(12): 

2714.



Ahmad SF, Singchat W, Jehangir M, et al. 2020. Dark matter of primate genomes: satellite DNA repeats and their evolutionary dynamics. Cells 9(12): 

2714.





Playfoot CJ, Sheppard S, Planet E, and Trono 

D. 2022. Transposable elements contribute to 

the spatiotemporal microRNA landscape in 

human brain development. RNA 28:1157-

1171.

A number of human 

“jumping genes” also encode 

various brain-expressed 

“micro-RNAs”.



Thousands of

“micro-

proteins” are 

also encoded 

by human-

specific 

DNAs, which 

have no 

counterparts 

in chimps and 

other 

primates.

Vakirlis N, Vance Z, Duggan KM, McLysaght A. 2022. De novo birth of functional microproteins in the human lineage. Cell Rep. 41(12): 

111808; Sandmann CL, Schulz JF, Ruiz-Orera J, et al. Evolutionary origins and interactomes of human, young microproteins and small 

peptides translated from short open reading frames. Mol Cell. 2023;83(6):994-1011.e18.



How genes 

are 

“transcribed” 

or used by 

our cells is 

human-

specific too in 

hundreds of 

instances.

Ferrández-Peral L, Zhan X, Alvarez-Estape M, et al. 2022. Transcriptome innovations in primates revealed by single-molecule long-read 

sequencing. Genome Res. 32: 1448-1462.



On the other 

hand, there are 

millions of human-

specific absences 

all throughout our 

chromosomes, 

which are 

distinctly non-

random.

Xue JR, Mackay-Smith A, Mouri K, et 

al. 2023. The functional and evolutionary 

impacts of human-specific deletions in 

conserved elements. Science 380(6643): 

eabn2253.



Human-specific absences often occur in regions 

that are highly conserved in other animals.



Then again there are human DNA enhancers 

that are highly divergent from chimps and 

other primates:

HAQERs: The Fastest-Evolved Regions of the Human Genome
Human Chimpanzee Ancestor

Rapid Sequence 

Divergence
ACGGCGAGTGGTGACACCT ACAGTGAGTTGTGCCACTT

Modern Humans

1581 HAQERs Genome-Wide

Once more, these 

are located in or 

near genes that are 

integral to our 

neurological 

systems.

Mangan RJ, Alsina FC, Mosti F, et al. 2022. 

Adaptive sequence divergence forged new 

neurodevelopmental enhancers in humans. Cell

185(24): 4587-4603.



The upshot of all this is that 

hundreds, thousands, and millions 

of our DNA code-letters had 

explosive origins — and became 

newly functional in a short period 

of time!



To close: some facts to ponder…

Mao Y, Harvey WT, Porubsky D, et al. 2023. Structurally divergent and recurrently mutated regions of primate genomes.

Preprint. bioRxiv. 2023.03.07.531415.



Hotspots in primate chromosomes where hundreds 

(754) of rearrangements are non-random in their 

occurrence and position.



Next: 

our 

genetics 

in 3D 

and 4D!


