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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
indeed allows
different
circuits

to be formed.
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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.”
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Different “superfolders” encode different classes of
RNA outputs.
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And chromosome “superfolders” are in turn ordered
into banding patterns...
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...such as those of CpG islands.

Patterns in the genome

Wendy A. Bickmore ('

Heredity (2019) 123:50-57

Fig. 2 Fluorescence in situ
hybridisation (FISH) reveals the
distnbution of CpG slands
across the human genome. For
each metaphase chromosome,
the hybridisabon signal from
CpG islands (red) is shown on
the left of each pair. 4.6
Dhamidine-2-phenyl mdole
(DAPT)-stained chromosomes
are on the left. Late replhicating
(3-bands are shown in green.
Modified from Craig and
Bickmore (1994



This brings us to “junk DNA”...




Such are known to be replete with
experimentally demonstrated functions:

Highlights
¢ SINE, L1, and low-complexity repeats barcode genes with
distinct functions

¢ Genomic repeats dictate the time and level of gene
expression during development

¢ L1-enriched genes are sequestered in the inactive NAD/LAD
domains for silencing

¢ L1 RNA promotes the nuclear localization and repression of
L1-enriched genes

Genomic Repeats Categorize Genes with Distinct
Functions for Orchestrated Regulation

J. Yuyang Lu, Wen Shao, Lei Chang, ...,
Miguel Ramalho-Santos, Yujie Sun,
Xiaohua Shen

Lu et al., 2020, Cell Reports 30, 3296-3311
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Gene function and transcription activity in ESCs Nuclear organization
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Proportional localization of
enriched TEs in enhancer domains

$ 100

s 20%27%3

.

E = 57 %

= -

T ape, _ Distal flanks
o B Proximal flanks
& 50 Core

i

5 To%

g EE"""

- 25

L)

£

‘B

£ 0 151!

& AT R P e

Specific subfamilies of transposable elements
contribute to different domains of
T lymphocyte enhancers
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And many repeats have almost “synonymous”
chromosomal locations across species:




Alu and B1 Repeats Have Been Selectively Retained in
the Upstream and Intronic Regions of Genes of Specific
Functional Classes

Aristotelis Tsirigos®, Isidore Rigoutsos®
PLoS Computational Biology
December 2009 | Volume 5 | Issue 12 | e1000610
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Figure 1. Alu densities upstream and downstream of known genes as a function of distance from the gene transcript start position.
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Figure 2. B element (B1, B2, B4) densities upstream and downstream of known genes as a function of distance from the gene

transcript start position. Green and red curves correspond to B element instances in the sense and antisense orientation respectively.



Transposable elements contribute to cell and
species-specific chromatin looping and gene
regulation in mammalian genomes

Adam G. Diehl® ', Ningxin Ouyang' & Alan P. Boyle ® 2%
MATURE COMMUMICATION i:-I EDED}'I'I:'IF"?E-II'rttps:..-"..-"dﬂi.ﬂrgﬂD.'IEIErE-..-'sdﬂd-E-?-EIEDJESED-

d TE Types
100%

75%

[l Human-enrichad
B Mouse-enriched
Il shared

B Mon-enriched

50%

25%

Fraction of TE-darived lbopsstas




. a Mouse CH12 _

b chri2: 57.200,0001 57.300,0001 57,400,000 | 57,500,000 | 57,600,000 | 57.700.000 |
HUMan nat P CHED D3 osssesspforsdf STTH+-++- LT TOTDH-ETHICOHERTER +++++ TOTEEIE AENCTNETH D TOMETEOIIH S oo L+ DH-EEODH I -HHE 00
CTCF | 1 i | e | 1 [ IR T | ] "
LIy 1S N NN 1 1 O A N U | UK WERNOE | MMM 1 L0 W8 U (NN W U 0 i 1 O M 1 | |1 N O | W
UCSC Genes Mip AKOS3157 sesa Nix2-8 )
BCDB445T sesmenbis
No2-1 8
Mouse genome (mm$)
(o] Human genome (hg19)
UCSC genas LINC00808 MBIP g DPPA3) SFTAQ fssmme] NKX2-8 4
PTCSC3 hessiaiend NIOR-1 §
BX161486 n
RepeatMasker i SR § 0 S (N0 ) GOSN | |G 0 010 00NN N0 10O | S SO 1 N (0100 OO () | IR 1) 1 1 W PN AT )
CcTcF | | 1 | | | |

| I [ | U
Mouze Nat jenESIDHEEHETE + EdJv-bor+++~ TN D T DI DN -0 D+ DO e DO 0 N0 DHOHEEE SEDR - -+ DD HEE +HE -+ ED

chrig: | 36,800,000 | 36,800,000 |

37,100,000 |

Mouse-specific loop

Human-specific loop

> Syntenic non-looping regions

00 ©0

Syntenic loop boundary

Fig. 1 Transposable element insertions create novel species-specific loop contacts.
Syntenic non-looping boundary

Y

CTCF-associated mouse-specific TE

Human GM12878



The overall “data” pattern along a
megafolder Is the same but the species-specific
details of the logic gates are different.

(% of sites)

Lineage-specfic
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Genomic features
(fraction of sites)
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Position along rat chromosome 10 (Mb)
Genome sequence of the Brown

Norway rat yields insights into ., .. vo. 15 aps 200
mammalian evolution

Rat Genome Sequencing Project Consortium*



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.
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Most of these:

- have DNA-letter changes that are
significantly greater than chromosome-wide,
neutral substitutions;

- are about 260 letters in lengih;

- are non-randomly distributed (most are
near the ends of chromosomes);

- 97% occur in segments long thought o be
“Junk”; and...

- are disproportionately found near brain-
specific regulatory seguences.




And of such most have been shown
to enhance gene expression (they
are “enhancers”)
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In addition, a number of these also modulate
cranio-facial differences between chimps and
humans:

Sequence analysis
of causative mutations

IA H3K27ac

Coordinator motif

lAAT.AAéﬁkCA.ﬁT?.

human AAATGAAAAACACATGT
chimp AAATGAAAAATACATGT

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.




Comparative Epigenomics Validation
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There are also thousands >18,000)
of “human-specific regulatory
sequences” (HSRSs) that are
derived from retroviral-like
elements.




HUMAN-SPECIFIC EXPANSION Human accelerated EXAPTATION OF ANCESTRAL
OF TRANSPOSABLE ELEMENTS regions REGULATORY DNA
H3K4me3 signature in human

prefrontal neurons Human accelerated DHS

Human-biased
cranial neural crest cells

Other fixed human-specific
regulatory regions

m enhancers
Chimp-biased
hESC fixed human-specific cranial neural crest cells
regulatory regions enhancers

5 g

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.
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All human-specific regulatory
sequences

DHS fixed human-specific
regulatory regions

Human-specific transcription
factors' binding sites



any of these reside in dense, high-complexity regions
that are differentially folded into topologically-associated

domains:
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S
Genomic features of 60 HAR-based topologically-associating 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 HI-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 (CONDELSs) 583 29 11 2.6 <0.0001
Human ESC enhancers 6,823 240 131 18 <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 &l 15 2.1 0.0238
H3K4me3 peaks with human-specific enrichment in prefrontal cortex (PFC) neurons 410 29 8 3.6 <0.0001

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 Il; PFC, prefrontal cortex; DHS, DNase hypersensitive sites; CONDELSs, conservative deletions; E33, embryonic day 33...



Moreover, at least 1,584 “short tandem

repeats” are unique to our DNA:
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Sulovari A, Li R, Audano PA, et aI. 2019. Human-specific tandem repeat expansion and differential gene
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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.




NUMBER OF HUMAN BRAIN REGIONS' MARKER GENES LINKED TO 35,074 HUMAN-
SPECIFIC SINGLE NUCLEOTIDE CHANGES

Distinct families of
regulatory DNA
sequences make
up 59,089 human-
specific regulatory
sequences (HSRYS)
in or near 8405
‘senes’; these are

neuro-regulatory
and linked to
retroviral-like
elements.
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= Fixed human-specific insertions

= Human-specific TE loci expressed in human
dorsolateral prefrontal cortex

= Set of duplicated regions in GRCh38 space

« Fixed human-specific deletions

= Human-specific STR expansions

= hsTFBS

= ace-DHS

= Fixed human-specific regulatory regions (FHSRR)

= Human-specific STR contractions

= hESC_FHSRR_DHS

= DHS_FHSRR (non-hESC)

= Human accelerated regions (HARs)

= haDHS

» Human-biased CNCC enhances

= Chimp-biased CNCC enhances
H3K4me3 peaks with human-specific enrichment
in prefrontal neurons

= Human-specific hESC functional enhancers

= All HSRS




centromere/pericentromere region

The “dark | |

matter” of

our genome i
also has :
distinct v
features.
Alpha satellite (170 bp)
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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,




Centromeric/pericentromeric satDNA repeats array
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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,
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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.
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microprotein A—.
(e.g. sORF on ncRNA) (e.g. upstream sORF)
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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.
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sequencing. Genome Res. 32: 1448-1462.
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Human-specific absences often occur in regions
that are highly conserved in other animals.
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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
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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...
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Hotspots in primate chromosomes where hundreds
(754) of rearrangements are non-random in their
occurrence and position.
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