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Abstract

Chimpanzees are the closest living relatives of humans. The divergence between human and chimpanzee ancestors
dates to approximately 6,5–7,5 million years ago. Genetic features distinguishing us from chimpanzees and making
us humans are still of a great interest. After divergence of their ancestor lineages, human and chimpanzee
genomes underwent multiple changes including single nucleotide substitutions, deletions and duplications of DNA
fragments of different size, insertion of transposable elements and chromosomal rearrangements. Human-specific
single nucleotide alterations constituted 1.23% of human DNA, whereas more extended deletions and insertions
cover ~ 3% of our genome. Moreover, much higher proportion is made by differential chromosomal inversions and
translocations comprising several megabase-long regions or even whole chromosomes. However, despite of
extensive knowledge of structural genomic changes accompanying human evolution we still cannot identify with
certainty the causative genes of human identity. Most structural gene-influential changes happened at the level of
expression regulation, which in turn provoked larger alterations of interactome gene regulation networks. In this
review, we summarized the available information about genetic differences between humans and chimpanzees and
their potential functional impacts on differential molecular, anatomical, physiological and cognitive peculiarities of
these species.
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Background
The divergence of human and chimpanzee ancestors
dates back to approximately 6,5–7,5 million years ago
[1] or even earlier [2]. It is still of a great interest to
identify genetic elements that distinguish humans from
chimpanzees and encode features of human physio-
logical and mental identities [3–5]. It’s a difficult task to
quantitate the exact percentage of differences between
human and chimpanzee genomes. In early works, diver-
gence of human and chimpanzee genomes was estimated
as roughly 1% [6]. This estimate was based on the com-
parison of protein-coding sequences and didn’t consider
non-coding (major) part of DNA. However, the idea of
~ 99% similarity of genomes persisted for a long time,
until 2005 when nearly complete initial sequencing re-
sults of both human [7] and chimpanzee (Pan troglo-
dytes) [8] genomes became available. It was found that
genome differences represented by single nucleotide al-
terations formed 1.23% of human DNA, whereas larger
deletions and insertions constituted ~ 3% of our genome
[8]. Moreover, even higher proportion was shaped by
chromosomal inversions and translocations comprising
several megabase-long chromosomal regions or even en-
tire chromosomes, as for the chromosomal fusion that
took place when the human chromosome 2 was formed
[9]. Here we tried to review the major known structural
and regulatory genetic alterations that had or might have
a functional impact on the human and chimpanzee spe-
ciation (Table 1).

Karyotype
Human karyotype is represented by 46 chromosomes,
whereas chimpanzees have 48 chromosomes [9]. In gen-
eral, both karyotypes are very similar. However, there is
a major difference corresponding to the human chromo-
some 2. It has originated due to a fusion of two ancestral
acrocentric chromosomes corresponding to chromo-
somes 2a and 2b in chimpanzee. Also, significant peri-
centric inversions were found in nine other
chromosomes [9]. Two out of nine are thought to occur
in human chromosomes 1 and 18, and the other seven –
in chimpanzee chromosomes 4, 5, 9, 12, 15, 16 and 17
[10–12]. In addition, there are numerous differences in
the chromosomal organization of pericentric, paracen-
tric, intercalary and Y type heterochromatin; for ex-
ample, the chimpanzees have large additional telomeric
heterochromatin region on chromosome 18 [9]. Add-
itionally, the majority of chimpanzee’s chromosomes
contain subterminal constitutive heterochromatin (C-
band) blocks (SCBs) that are absent in human chromo-
somes. SCBs predominantly consist of the subterminal
satellite (StSat) repeats, they are found in African great
apes but not in humans [53]. The presence of such SCBs
affects chimpanzees’ chromosomes behavior during

meiosis causing persistent subtelomeric associations be-
tween homologous and non-homologous chromosomes.
As a result of homologous and ectopic recombinations
chimpanzees demonstrate greater chromatin variability
in their subtelomeric regions [54].
Studying sex chromosomes also revealed several pecu-

liar traits. There are several regions of homology be-
tween X and Y chromosomes, so-called pseudoautosomal
regions (PARs) most probably arisen due to transloca-
tion of DNA from X to Y chromosome [13]. The term
“pseudoautosomal” means that they can act as auto-
somes being involved in recombination between X and Y
chromosomes. PAR1 is a 2,6 Mb long region located at
the end of Y chromosome short arm. It is homologous to
the terminal region of the short arm on X chromosome.
PAR2 is a 330 kb-long sequence located on the termini
of long arms of X and Y chromosomes. In contrast to
PAR1 presenting in many mammalian genomes, PAR2 is
human-specific [14]. It includes four genes: SPRY3,
SYBL1, IL9R and CXYorf1. The first two genes (SPRY3,
SYBL1) are silent on the Y chromosome (SPRY3, SYBL1)
and are subjects of X-inactivation-like mechanism. On
the other hand, the genes IL9R and CXYorf1 are active in
both sex chromosomes [55, 56]. Moreover, the short arm
of Y contains a 4Mb-long translocated region from the
long arm of X chromosome, called X-translocated region
(XTR) [14, 57]. A part of the XTR has undergone inver-
sion due to recombination between the two mobile ele-
ments of LINE-1 family. Both translocation and inversion
took place already after separation of human and chim-
panzee ancestors [14, 58]. Finally, this region also includes
genes PCDH11Y and TGIF2LY which correspond to X
chromosome genes PCDH11X and TGIF2LX [15]. Around
2% of human population have signs of recombination be-
tween X and Y chromosomes at the XTR. It should be con-
sidered, therefore, as an additional human-specific
pseudoautosomal region PAR3 [15].

Insertions, deletions and copy number variations
Enzymatic machinery of LINE1 retrotransposons not
only reverse transcribes its own RNA molecules, but also
frequently produces cDNA copies of other cellular tran-
scripts, e.g. host genes or non-coding RNAs [59, 60]
Sometimes a template switch can occur due to reverse
transcription, thus resulting in double or even triple
chimeric retrotranscripts [61]. Reverse-transcribed cop-
ies of the host genes are called processed pseudogenes
[62]. Immediately after primary assembly of the human
and chimpanzee genomes, nearly 200 human- and 300 –
chimpanzee-specific processed pseudogenes were identi-
fied. Most of them were copies of ribosomal protein
genes which accounted for ~ 20% of species-specific
pseudogenes [8]. However, these numbers were signifi-
cantly underestimated. For example, another study
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revealed already ~ 1800 and 1500 processed pseudogenes
of ribosomal protein in the human and chimpanzee ge-
nomes, respectively, of which ~ 1300 were common [16].

In addition to genome sequencing, DNA hybridization
arrays were widely used for copy number variation stud-
ies [63, 64]. In human, microarray assay revealed a

Table 1 Molecular genetic differences between humans and chimpanzees

Human Chimpanzee

Karyotype

46 chromosomes. Chromosome 2 was formed by fusion of two
ancestral chromosomes [9].

48 chromosomes, including chromosomes 2a and 2b [9].

Large pericentric inversions in chromosomes 1 and 18 [10–12]. Large pericentric inversions in chromosomes 4, 5, 9, 12, 15–17 [10–12].

Two pseudoautosomal regions, PAR2 and PAR3 on Y
chromosome [13–15].

Different amounts of pericentric, paracentric, intercalary and Y type heterochromatin [9].

Deletions, insertions, copy number variations (~ 3% of genomes differences)

Several hundreds of species-specific processed pseudogenes [8, 16].

134 genes increased copy numbers, 6 decreased [17]. SRGAP2
duplicated with the formation of two truncated homologs SRGAP2B
and SRGAP2C [18].

37 genes increased copy numbers, 15 – decreased [17].

Deletion of 510 conserved regions. Among them: androgen receptor
(AR) enhancer, tumor suppressor GADD45G enhancer, CMAHP exon,
etc. [19, 20].
Human-specific mobile elements recombination/insertion-associated
deletions: at least 492 Alu-associated deletions(~ 400 kb of excised
DNA) [21], at least 73 LINE-associated deletions (~ 450 kb of excised
DNA) [22, 23], at least 26 SVA-associated deletions (~ 46 kb of excised
DNA) [24].

Deletion of 334 conserved regions [19].
Chimpanzee-specific mobile elements recombination/insertion-
associated deletions: at least 663 Alu-associated deletions(~ 771 kb
of excised DNA) [25].

Mobile elements

• Alu: ~ 5000 unique copies, AluYa5 и AluYb8 families prevail [8, 26, 27]
• LINE L1: ≥ 2000 of unique insertions [26, 28]
• SVA (SINE-VNTR-Alu): several thousands of specific insertions, two
times more active retrotransposition [26, 27]. New family emerged -
CpG-SVA or SVAF1 [29, 30].

• HERVs: ~ 140 unique insertions of HERV-K (HML-2) [31–34]. Several
hundred copies of HERV-K (HML-2) К111 and several dozen copies
of HERV-K (HML-2) K222 emerged due to recombination in
centromeric and pericentromeric regions [35, 36].

• Alu: ~ 1500 unique copies, Alu Y and Yc1 families prevail [8, 26, 27]
• LINE L1: ≥ 2000 of unique insertions [26, 28]
• SVA: several thousands of specific insertions [26, 27]
• HERVs: ~ 45 unique insertions of HERV-K (HML-2) [37, 38]
• Two new families emerged – PtERV1 and PtERV2 (totally around
250 copies) [8, 39]

Single nucleotide alterations (substitutions, insertions, deletions): ~ 1.23% of genomes differences

Protein-coding sequences

• Different repertoires of olfactory receptor genes and pseudogenes,
25% out of ~ 400 active genes are species-specific [40].

• Highly diverged genes relate to immunity and cell recognition. Point
mutations inactivated genes of T-cell gamma-receptor TCRGV10,
caspase 12, mannose-binding lectin gene MBL1P, etc. [8, 41, 42].

• Species-specific mutations in genes responsible for sialic acids
metabolism: ST6GAL1, ST6GALNAC3, ST6GALNAC4, ST8SIA2, HF1.
Point mutations in genes SIGLEC11 and SIGLEC12 abrogated their
sialic-binding activities [8, 43–46]

• Substitutions in language-associated gene FOXP2: Thr303Asn and
Asn325Ser [43, 44].

• Quickly evolving brain size-related genes MCPH1 and ASPM [46, 47].

• Different repertoires of olfactory receptor genes and pseudogenes,
25% out of ~ 400 active genes are species-specific [40].

• Highly diverged genes relate to immunity and cell recognition [8, 41, 42]
• Species-specific mutations in genes responsible for sialic acids metabolism:
ST6GAL1, ST6GALNAC3, ST6GALNAC4, ST8SIA2, HF1 [8]

Non-coding sequences

~ 3000 of human accelerated regions: HARs and HACNs [48, 49]. HARS
and HACNs are enriched in genes related to DNA interaction,
transcriptional regulation and neuronal development [50]. NPAS3
(neuronal PAS domain-containing protein) gene contains 14 HARs. The
most rapidly evolving regions HAR1 and HARE5 are located in brain-
related genes: HAR1F/HAR1R-overlap and FZD8 [48, 49, 51].
~ 100 of human-specific enhancers activated in nervous tissues
(hEANTs) [52]
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relatively increased copy number of 134 and decreased -
of six genes compared to the genomes of other great
apes such as chimpanzee (Pan troglodytes), bonobo (Pan
paniscus), gorilla (Gorilla gorilla) and orangutan (Pongo
pygmaeus) [17]. However, the figure of six genes with
decreased copy numbers was certainly an underestima-
tion because hybridization was performed using the
probes for human genes. This assay also couldn’t distin-
guish functional genes and pseudogenes. Anyway, the
human-amplified group was found to be enriched in
genes involved in central nervous system (CNS) func-
tioning. These were NAIP (neuronal apoptosis inhibitory
protein), SLC6A13 (gamma-aminobutyric acid (GABA)
transporter), KIAAA0738 (zinc-finger transcription factor,
expressed in brain), CHRFAM7A (fusion of acetylcholine
receptor gene and FAM7), ARHGEF5 (guanine exchange
factor), ROCK1 (Rho-dependent protein kinase), and also
members of the gene families: ARHGEF, PAK, RhoGAP
and USP10 (ubiquitin-specific protease) associated with
various forms of mental retardation. Relatively to humans,
chimpanzees had increased copy numbers of 37 and de-
creased copy numbers of 15 genes [17].
The same study also revealed increased copy number of

Rho GTPase-activating protein SRGAP2 gene in human
genome [17]. There were also two truncated human-
specific homologs of this gene: SRGAP2B and SRGAP2C.
The experiments with mouse embryos showed that SRGA
P2 could facilitate maturation and limit density of dendrite
spines in the developing neurons in neocortex. Truncated
protein SRGAP2C forms a dimeric complex with the nor-
mal SRGAP2 and inhibits it. Apparently, physiological ex-
pression of SRGAP2C and SRGAP2B could impact human
brain development by causing specific increase of spine
density and extension of maturation of pyramidal neurons
in human neocortex [18].
Another study was focused on sequences conserved in

chimpanzees and other primates but underrepresented
in humans (termed hCONDELs) [19]. Comparison of
human, chimpanzee and macaque genomes revealed 510
conserved regions deleted in humans, all of them repre-
senting non-coding sequences except CMAHP gene, see
below. The hCONDELs identified were enriched near
genes involved in steroid hormone signaling and neur-
onal functioning. One hCONDEL was a sensory vibris-
sae and penile spines-specific enhancer of androgen
receptor (AR) gene. Its absence caused the loss of vibris-
sae and spines in humans. Another deletion involved en-
hancer of a tumor suppressor gene GADD45G, which
activated expression of this gene in the subventricular
zone of the forebrain. It could relate to the specific pat-
tern of expansion of brain regions in humans. In turn,
the chimpanzee genome also lacks several conserved se-
quences. Among 344 such regions identified, significant
enrichment was found for the localizations near genes

related to synapse formation and functioning of glutam-
ate receptors [19].
Finally, substantial differences in copy numbers were

reported for transposable elements (TEs). According to
various estimates, the number of human-specific TE in-
sertions varied from eight [26] to 15,000 copies [27]. It
was estimated that humans have approximately twice as
many unique TE copies as the chimpanzees [8, 26].
Since human-chimpanzee ancestral divergence, the most
active TE groups were Alu, LINE1 and SVA which
accounted for nearly 95% of all species-specific inser-
tions [26]. The most numerous group was Alu, which
made over 5 thousand human-specific insertions and
proliferated approx. Three times more intensely in
humans than in chimpanzees [26, 27]. Most of
chimpanzee-specific Alu copies are represented by sub-
families Alu Y and AluYc1, while human-specific inser-
tions are predominantly the members of AluYa5 and
AluYb8 subfamilies [8, 26]. However, both species also
have specific inserts of AluS and AluYg6 family
members.
Besides insertional polymorphism, Alu also impacted

divergence of the two genomes through homologous re-
combination. At least 492 human-specific deletions
emerged because of recombinations between the differ-
ent Alu copies that made ~ 400 kb of excised DNA. Of
them, 295 deletions covered known or predicted genes
[21]. For example, the aforementioned CMAHP gene lost
its 6th exon due to recombination event between the
two Alu elements [20]. Another example is tropoelastin
gene. In most vertebrates, it has 36 exons. During the
evolution, primate ancestors have lost the 35th exon,
and then human ancestors additionally lost the exon 34,
also most probably due to recombination between the
Alu elements [65]. On the other hand, Alu-Alu recombi-
nations had significant impact also for the chimpanzee
genome: at least 663 such chimpanzee-specific deletions
lead to 771 kb DNA loss, and roughly a half of them
took place inside gene regions [25].
The activities of LINE-1 transposable elements

were comparable in humans and chimpanzees and
resulted in over 2000 species-specific integrations
[28]. LINE-1 is ~ 6 kb-long TE harboring two open
reading frames. The majority of LINE-1 inserts are
5′-truncated, most probably due to apparently abort-
ive reverse transcription [66]. Interestingly, among
the human-specific TEs there were several times
more full-length LINE-1 elements with intact open
reading frames. The species-specific insertions were
made by the members of the LINE-1 subfamilies L1-
Hs and L1-PA2 [26, 28, 67]. In addition, LINE-1 ele-
ments were responsible for at least 73 human-
specific deletions collectively resulting in a loss of
nearly 450 kb of genomic DNA [22, 23].
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Another family termed SVA (SINE-VNTR-Alu) ele-
ments is represented in the human genome by about
1000 species-specific genomic copies, which is approxi-
mately twice higher than in the chimpanzee [26, 27].
Noteworthy, the human genome contains at least 84 in-
sertions of a new, exclusively human-specific type of
transposable elements called CpG-SVA or SVAF1,
formed by CpG-island of human gene MAST2 fused
with 5′-truncated fragment of SVA. This group most
likely emerged through insertion of an SVA element into
the first exon of MAST2 gene containing a CpG-island.
Because of MAST2 promoter activity, a chimeric tran-
script was formed, processed and then reverse tran-
scribed by LINE-1 enzymatic machinery followed by
insertions into a plethora of new genomic positions. For
these new copies of a hybrid element, MAST2 CpG is-
land enabled male germ line-specific expression, thus fa-
cilitating fixation in the genome [29, 30]. Finally, like the
other major groups of TEs SVA elements also mediated
loss of human genomic DNA. At least 26 cases of SVA-
associated human-specific deletions were mentioned in
the literature, which totally resulted in ~ 46 kb of deleted
DNA [24].
After split of human and chimpanzee ancestors, there was

also a HERV-K (HML-2) family of endogenous retroviruses
that was proliferating in both genomes [31, 32, 68, 69]. Its
insertional activity resulted in ~ 140 human-specific copies
that formed ~ 330 kb of human DNA [31–34], some of
them being polymorphic in human populations [69–74]. In
turn, the chimpanzee genome has at least 45 species-specific
insertions of these elements [37, 38]. In addition, two new
specific retroviral families – PtERV1 and PtERV2 with 250
totally chimpanzee-specific copies, arose already in the
chimpanzee genome [8, 39].
The new copies of transposable elements can appear

in the genome not only through insertions but also due
to duplications of genomic DNA. For example, several
hundred copies of recently integrated HERV-K (HML-2)
family provirus К111 were found in centromeres of 15
different human chromosomes. They amplified and
spread due to recombinations of the enclosing progeni-
tor locus. In contrast, there is only one copy of К111 in
the chimpanzee genome and no copies in the other pri-
mates [35, 36]. Similarly, several dozen copies of a more
ancient provirus K222 of the same family arose due to
chromosomal recombination in pericentromeric regions
of nine human chromosomes, versus only one copy in
the chimpanzees and other higher primates [36].
Furthermore, a human-specific endogenous retroviral

(ERV) insert was demonstrated to serve as the tissue-
specific enhancer driving hippocampal expression of
PRODH gene responsible for proline degradation and
metabolism of neuromediators in CNS [75]. Finally, the
ERVs can provide their promoters for expression of

non-coding RNAs from the downstream genomic loci
[76]. Almost all ERV inserts in introns of human genes
were fixed in the antisense orientation relative to gene
transcriptional direction [77], most probably because of
the interference of gene expression with their polyadeny-
lation signals. However, it has a functional consequence
of ERV-driven antisense transcripts overlapping with hu-
man genes. For two genes, SLC4A8 (for sodium bicar-
bonate cotransporter) and IFT172 (for intraflagellar
transport protein 172), these human-specific antisense
transcripts overlap with the exons and regulate their ex-
pression by specifically decreasing their mRNA levels
[78].
TE inserts also could play an important role in the

speciation. TEs contain various regulatory elements such
as promoters, enhancers, splice-sites and signals of tran-
scriptional termination, which they use for their own ex-
pression and spread. Approximately 34% of all species-
specific TEs in humans and chimpanzees are located
close to known genes [26]. Species-specific TE inserts,
therefore, can strongly influence regulatory landscape of
the host genome [79, 80]. In addition, TEs can disrupt
gene structures by inserting themselves or through re-
combinations between their copies [21, 23]. These events
could influence gene functioning and might cause the
respective phenotypic differences [81, 82].
It is worth to note that the main complication of the

earlier studies was connected with the quality of non-
human genomes assembly. First of all, there were per-
sisting several thousand gaps in the chimpanzee genome,
which made a substantial fraction of DNA inaccessible
for comparisons. Second, the final stages of apes ge-
nomes assemblies and annotations were performed using
the human genome as a template [8]. This obviously bias
results by “humanizing” great ape genomes thereby con-
cealing some human-specific structural variations. The
combination of long-read sequence assembly and full-
length cDNA sequencing for de novo chimpanzee gen-
ome assembly without guidance from the human gen-
ome allowed to overcome this problem [83].
Comparison of de novo sequenced and independently
assembled human and great ape genomes revealed 17,
789 fixed human-specific structural variants (fhSVs), in-
cluding 11,897 fixed human-specific insertions and 5892
fixed human-specific deletions. Among fhSVs, a loss of
13 start codons, 16 stop codons, and 61 exonic deletions
in the human lineage were detected. Also, fhSVs affected
643 regulatory regions near 479 genes. Totally, 46 fhSVs
deletions were detected that were expected to disrupt
human genes, 41 of them were new. The affected genes
included for example caspase recruitment domain family
member 8 (CARD8), genes FADS1 and FADS2 involved
in fatty acids biosynthesis, and two cell cycle genes
WEE1 and CDC25C [83].
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Single nucleotide alterations
Human specific single nucleotide alterations constitute ~
1.23% of our genome. This value was found by directly
comparing human with chimpanzee genomes. It was very
close to the previous theoretical estimate of 1.2% calcu-
lated using average divergence rate for autosomes, for the
time of human and chimpanzee ancestor’s divergence
[84]. In the human populations, ~ 86% of all human spe-
cific single nucleotide alterations is fixed and the rest 14%
is polymorphic [8]. Remarkably, the lowest and the highest
human-chimpanzee nucleotide sequence divergences, 1.0
and 1.9%, respectively, were detected in the chromosomes
X and Y. Outstandingly, as much as 15% of all ancestral
CG-dinucleotides underwent mutations either in the hu-
man or in the chimpanzee lineage [85].

Protein-coding sequences
Protein coding sequences are 99.1% identical between
the two species [86], and in two-thirds of the proteins
amino acid sequences are absolutely the same [8]. Gen-
erally, in comparison with the model of the latest com-
mon ancestor genome, the chimpanzee has more genes
that underwent positive selection than human. This can
be explained by the different effective sizes of ancestral
populations of the two species [87]. However, after di-
vergence, transcription factors (TFs) were the fastest
evolving group of genes, and human TFs had ~ 1,5 times
higher amino acids substitution rate [8]. Second, genes
linked with neuronal functioning also evolved faster in
the human lineage [88].
There is a connection identified between mutations in

the transcription factor FOXP2 gene and speech disor-
ders, and an assumption was made that FOXP2 is re-
sponsible for speech and language development in
humans. Indeed, the sequence analysis revealed that
FOXP2 has signs of positive selection during human evo-
lution [43] having two human-specific amino acid sub-
stitutions: Thr303Asn and Asn325Ser, where the latter
led to a new potential phosphorylation site [44]. In vivo
experiments showed that these substitutions may have
important functional significance. Transgenic mice with
humanized version of their FoxP2 gene demonstrated
faster learning when both declarative and procedural
mechanisms were involved. Also, they had peculiar
dopamine levels and higher neuronal plasticity in the
striatum [45].
The microcephalin gene MCPH1 is involved in the

regulation of brain development. Its mutations are
linked with severe genetic disorders like microcephaly.
During human speciation, this gene evolved under
strong positive selection, which is still going on in the
modern human population [46]. Another gene con-
nected with the brain size regulation, ASPM (abnormal
spindle-like microcephaly associated, MCPH5), also

evolved faster in hominids than in the other primates,
having the highest rate of non-synonymous to synonym-
ous substitutions in the human lineage [47].
Several sexual reproduction genes were also among

the most rapidly evolving and positively selected hits
[44, 89], such as protamine genes PRM1 and PRM2 en-
coding histone analogs in sperm cells. Remarkably, hu-
man protamines evolve oppositely to histones, whose
structures are highly conservative [89].
Another group of highly diverged genes relates to im-

munity and cell recognition [8]. A point mutation in the
variable domain of T-cell gamma-receptor TCRGV10
destroyed a donor splice-site, which prevented splicing
of the leader intron. Chimpanzees don’t have this muta-
tion and their gene remains functional [41].
Both species have many specific mutations in the

genes involved in sialic acids metabolism - ST6GAL1,
ST6GALNAC3, ST6GALNAC4, ST8SIA2 and HF1 [8]. Si-
alic acids, or N-acetyl neuraminic (Neu5Ac) and N-
glycolyl neuraminic acid (Neu5Gc), are common compo-
nents of the carbohydrate cell surface complexes in
mammals. Humans are exceptional because they com-
pletely lack Neu5Gc on their cell surfaces [90] because
their gene CMAHP coding an enzyme – cytidine
monophosphate-N-acetylneuraminic acid hydroxylase –
responsible for the conversion of CMP-Neu5Ac into
CMP-Neu5Gc, has lost its activity. It happened because
of the loss of a 92-nucleotide exon corresponding to the
sixth ancestral exon, caused by insertion of an AluY
element followed by recombination [20, 91].
Moreover, the mechanism of sialic acids recognition

was also affected in the human lineage. Human gene
SIGLEC11 for sialic acid receptor underwent a conver-
sion with the pseudogene SIGLEC16 that significantly
compromised its ability to bind sialic acids. However, it
still can bind oligosialic acids (Neu5Acα2–8)2–3, that are
highly abundant in the brain. Moreover, SIGLEC11 dem-
onstrates human-specific expression in microglia [92].
Similarly, the protein SIGLEC12 lost its sialic acid-
binding activity due to human-specific substitution
R122C. Nevertheless, SIGLEC12 gene is still expressed
in macrophages and in several epithelial cell types [93].
Another major affected group of genes is for the olfac-

tory receptors. Humans and chimpanzees have a compar-
able number of olfactory receptor genes, around 800, and
689 of them are orthologous in the two species [40]. How-
ever, in both species about half of them have lost their ac-
tivities and became pseudogenes. Even though the final
numbers of active genes are equal in human and chimpan-
zee, their repertoire is strikingly different – as much as
25% of the active olfactory receptor genes are species-
specific. This has led to an assumption that the most re-
cent common ancestor had more active olfactory receptor
genes than modern humans and chimpanzees [40].
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Other examples include caspase 12, mannose-binding
lectin gene MBL1P and keratin isoform KRTHAP1 that
lost their activities due to human-specific mutations [8,
42, 94].

Non-coding sequences
Non-coding sequences play crucial roles in gene regula-
tion [95, 96]. Analysis of species-specific polymorphisms
revealed that 96% of regions with the highest density of
alterations (HAR, human accelerated region) map on
non-coding DNA. The genes located near HARs are pre-
dominantly related to interaction with DNA, transcrip-
tional regulation and neuronal development [48, 97].
The biggest number of HARs was observed for the

NPAS3 (neuronal PAS domain-containing protein) gene.
It codes for a transcription factor involved in brain de-
velopment. The 14 HARsNPAS3 are located in non-
coding regions and most of them may have regulatory
functions, as confirmed by enhancer activities demon-
strated in cell culture assay [98].
Rapidly evolving human genome region HAR1 was

found in the overlap of two non-coding RNA genes:
HAR1F and HAR1R. The former is expressed at 7–19
weeks of embryonic development in the Cajal-Retzius
cells of the emerging neocortex. At the later gestation
period and in adulthood HAR1F is expressed also in the
other parts of the brain. This expression pattern is con-
served in all higher primates, but human-specific nucleo-
tide alterations affected the secondary structure of this
RNA [48, 99]. Another accelerated region HARE5 (HAR
enhancer 5) is ~ 1,2 kb long enhancer of FZD8 gene.
After human and chimpanzee ancestral divergence, their
orthologous loci accumulated 10 and 6 nucleotide sub-
stitutions, respectively. FZD8 encodes a receptor protein
in the WNT signaling pathway, which is involved in the
regulation of brain development and size. In mouse, en-
dogenous HARE5 homolog physically interacts with
Fzd8 core promoter in the neocortex. In transgenic mice
with Fzd8 under control of either human or chimpanzee
enhancer, both demonstrated their activities in the de-
veloping neocortex, but the human enhancer became ac-
tive at the earlier stages of development and its effect
was more pronounced. Embryos with the human
HARE5, therefore, showed a marked acceleration of
neural progenitor cell cycle and increased brain size
[51].
There is also a particular fraction of non-coding se-

quences that was accelerated in humans but relatively
conserved in the other species called HACNs (human
accelerated conserved noncoding sequences) [49]. They
can overlap with the abovementioned HARs [50].
HACNs are enriched near genes related to neuronal
functioning, such as neuronal cell adhesion [49] and
brain development [100]. Based on structural analyses of

HACNs, HARs and their genomic contexts, around one
third of them was predicted to be developmental en-
hancers [50]. By functional role, they contribute in ap-
proximately equal proportions to brain and limb
development and to a lesser extent - to heart develop-
ment. Among 29 pairs of HARs and their chimpanzee
orthologous regions tested in mouse embryos, 24
showed enhancer activity in vivo. Moreover, five of them
demonstrated differential enhancer activities between
human and chimpanzee sequences [50].
In another study, all human enhancers predicted by

the FANTOM project [101] were aligned with the pri-
mate genomes in order to obtain human-specific frac-
tion [52]. Notably, the fastest evolving human enhancers
predominantly regulated genes activated in neurons and
neuronal stem cells. Totally, about 100 human-specific
neuronal enhancers were identified, and one of them lo-
cated on the 8q23.1 region was presumably related to
Alzheimer’s disease development. It was assumed by the
authors that recent human-specific enhancers, adaptive,
on the one hand, may also impact age-related diseases
[52].

Transcriptional regulation
It has been postulated few decades ago that differences
between humans and chimpanzees are mostly caused by
gene regulation changes rather than by alterations in
their protein-coding sequences, and that these changes
must affect embryo development [6]. For example, evo-
lutional acquisitions such as enlarged brain or modified
arm emerged as a result of developmental changes dur-
ing embryogenesis [102, 103]. Such changes include
when, where and how genes are expressed. A plethora of
genes involved in embryogenesis have pleiotropic effects
[104] and mutations within their coding sequence may
cause complex, mostly negative, consequences for an or-
ganism. On the other hand, changes in gene regulation
could be limited to a certain tissue or time frame that
can enable fine tuning of a gene activity [105]. Indeed,
the fast-evolving sequences (HARs or HACNs) are often
found close to the genes active during embryo- and
neurogenesis [48–50, 100]. For example, HACNS1
(HAR2) demonstrates greater enhancer activity in limb
buds of transgenic mice compared to orthologous se-
quences from chimpanzee or rhesus macaque [106]. A
similar pattern was observed for the aforementioned
HARs related to genes NPAS3 and FZD8 that are active
during CNS development in embryogenesis [51, 98].
Many studies were focused on finding differences be-

tween humans, chimpanzees and other mammals at the
level of gene transcription [107–109]. Importantly,
tissue-specific differences within the same species signifi-
cantly exceeded in amplitude all species-specific differ-
ences in any tissue. The most transcriptionally divergent
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organs between humans and chimpanzees were liver and
testis, and to a lesser extent – kidney and heart [107,
108]. A transcriptional distinction of liver may be a con-
sequence of different nutritional adaptations in the two
species. The major differences in testes are largely unex-
plained but may be related to predominantly monogam-
ous behavior in humans. Surprisingly, the brain was the
least divergent organ between humans and chimpanzees
at the transcriptional level. In this regard, it is suggested
that tighter regulation of signaling pathways in the brain
underlies behavioral and cognitive differences [109, 110].
However, it was found that during evolution in the hu-
man cerebral cortex there were more transcriptional
changes than in the chimpanzee [109]. Among them, the
prevailed difference was increased transcriptional activity
[110, 111]. In addition, many differences were identified
in the alternative splicing patterns including 6–8% of
gene exons, thus supporting a concept that the differen-
tially spliced transcripts have pronounced functional
consequences for the speciation [112].
Another study of transcriptional activity in the fore-

brain evidenced the higher difference between human
and chimpanzee in the frontal lobe [113]. The functions
of frontal lobe-specific groups of co-expressed genes
dealt mostly with neurogenesis and cell adhesion [113].
Furthermore, the analysis of 230 genes associated with
communication showed that about a quarter of them
was differentially expressed in the brains of humans and
other primates [110]. KRAB-zinc finger (KRAB-ZNF)
genes were overrepresented among the genes differen-
tially expressed in the brain [114]. Remarkably, the
KRAB-ZNF gene family is known for its rapid evolution
in primates, especially for its human- or chimpanzee-
specific members [115]. The studies of transcriptional
timing in the postnatal brain development also revealed
a number of human-specific features. A specific set of
genes was found whose expression was delayed in
humans compared to the other primates. For example,
the maximum expression of synaptic genes in the hu-
man prefrontal cortex was shifted from 1 year of age as
for the chimpanzees and macaques, to 5 years. It is con-
gruent with the prolonged brain development period in
humans relative to other primates [116, 117]. The results
recently published by Pollen and colleagues allowed to
look deeper into the developing human and chimpanzee
brains by applying the organoid model [118]. Cerebral
organoids were generated from induced pluripotent stem
cells (iPSCs) of humans and chimpanzees. Transcrip-
tome analyses revealed 261 genes deferentially expressed
in human versus chimpanzee cerebral organoids and
macaque cortex. The PI3K/AKT/mTOR signaling axis
appeared to be stronger activated in human, especially in
radial glia [118].

Epigenetic regulation is another factor that should be
considered when looking at interspecies differences in
gene expression. High throughput analysis of differen-
tially methylated DNA in human and chimpanzee brains
showed that human promoters had lower degree of
methylation. A fraction of genes related to neurologic/
psychiatric disorders and cancer was enriched among
the differentially methylated entries [118]. The analysis
of H3K4me3 (trimethylated histone H3 is a marker of
transcriptionally active chromatin) distribution in the
neurons of prefrontal lobe revealed 471 human-specific
regions, 33 of them were neuron-specific. Some of these
regions were proximate to genes associated with neuro-
logic and mental disorders, such as ADCYAP1, CACN
A1C, CHL1, CNTN4, DGCR6, DPP10, FOXP2, LMX1B,
NOTCH4, PDE4DIP, SLC2A3, SORCS1, TRIB3, TUBB2B
and ZNF423 [119, 120]. Another active chromatin bio-
marker is the distribution of DNase I hypersensitivity
sites (DHSs), that often indicate gene regulatory ele-
ments. It was found that 542 DHSs overlapped with
HARs, thus being so-called human accelerated DHSs,
haDHSs [121]. Using chromatin immunoprecipitation
assay, a number of haDHSs interacting genes were iden-
tified, many of which were connected with early devel-
opment and neurogenesis [3, 121]. In a later study [122],
about 3,5 thousand haDHSs were found, that were
enriched near the genes related to neuronal functioning
[122].

Conclusions
It is now generally accepted that both changes in gene
regulation and alterations of protein coding sequences
might have played a major role in shaping the pheno-
typic differences between humans and chimpanzees. In
this context, complex bioinformatic approaches combin-
ing various OMICS data analyses, are becoming the key
for finding genetic elements that contributed to human
evolution. It is also extremely important to have relevant
experimental models to validate the candidate species-
specific genomic alterations. The currently developing
experimental methods such as obtaining pluripotent
stem cells and target genome modifications, like CRIS
PR-CAS [105], open exciting perspectives for finding a
“needle in haystack” that was truly important for human
functional evolution, or probably many such needles.
However, at least for now using these experimental ap-
proaches for millions of species specific potentially im-
pactful features reviewed here is impossible due to high
costs and labor intensity. In turn, an alternative ap-
proach could be combining the refined data in a realistic
model of human-specific development using a new gen-
eration systems biology approach trained on a functional
genomic Big Data of humans and other primates. Such
an approach could integrate knowledge of protein-
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protein interactions, biochemical pathways, spatio-
temporal epigenetic, transcriptomic and proteomic pat-
terns as well as high throughput simulation of functional
changes caused by altered protein structures. The differ-
ences revealed could be also analyzed in the context of
mammalian and primate-specific evolutionary trends,
e.g. by using dN/dS approach to measure evolutionary
rates of structural changes in proteins [115] and enrich-
ment by transposable elements in functional genomic
loci to estimate regulatory evolution of genes [116].
Apart from the single-gene level of data analysis, this in-
formation could be aggregated to look at the whole or-
ganismic, developmental or intracellular processes e.g.
by using Gene Ontology terms enrichment analysis
[117] and quantitative analysis of molecular pathways
[118].
And finally, most of the results described here were

obtained for the human and chimpanzee reference ge-
nomes, which were built each using DNAs of several in-
dividuals. Nowadays the greater availability of whole-
genome sequencing highlighted the next challenge in
human and chimpanzee comparison – populational gen-
ome diversity. For example, the recent study [123] of
910 native African genomes was focused on the fraction
of sequences absent from the reference Hg38 genome
assembly. As many as 125,715 insertions missing in the
Hg38 was identified with the average number of 859 in-
sertions per individual, making up a total of 296,5Mb.
These findings clearly suggest that the current version of
the human genome assembly can lack nearly 10% of the
genome information. Furthermore, it also reflects the
high degree of genome heterogeneity of the African
population [123]. Similar studies were performed for
other populations as well. For example, in the Chinese
population a total of 29,5Mb new DNA and 167 pre-
dicted novel genes missing in the reference genome as-
sembly was discovered [124].
The chimpanzees also demonstrate substantial genome

diversity with many population-specific traits: the central
chimpanzees retain the highest diversity in the chimpan-
zee lineage, whereas the other subspecies show multiple
signs of population bottlenecks [125].
So far there were not so many studies published on

the topic of non-reference human and chimpanzee gen-
ome comparison. However, some estimates can be made.
In the recent study of 1000 genomes from the Swedish
population [126] there were identified totally 61,044
clusters totally making ~ 46Mb of human DNA that
were absent from the reference Hg38 human genome as-
sembly. These clusters were called by the authors “new
sequences” (NSs). As expected, NSs were enriched in
simple repeats and satellites and varied greatly among
the individuals. The most part of NSs (32,794) aligned
confidently to the non-reference sequences from the

aforementioned study of 910 African genomes [123]. Fi-
nally, as many as 18,773 NSs were present also in the
chimpanzee PT4 genome assembly. In terms of protein
coding sequences, 143 orthologous chimpanzee genes
contained a total of 2807 NSs, where four genes were
strongly enriched: EPPK1, OR8U1, NINL, and METT
L21C. Positioning of NS insertions in the human gen-
ome revealed that 2195 of them located within 2384
genes, where 85 NS insertion events were found within
the exons of 82 genes [126].
Another research consortium studied non-repetitive

non-reference sequences (NRNR) in the genomes of 15,
219 Icelanders [127]. A total of 326,596 bp of NRNR
DNA was found, where ~ 84% was formed by only 244
insertions longer than 200 bp. Notably, comparison with
the chimpanzee genome revealed that over 95% of the
NRNRs longer than 200 bp were present also in the
chimpanzee genome assembly, thus indicating that they
were ancestral [127]. Thus, the lack of information on
genome populational diversity could impact the total ex-
tent of human and chimpanzee interspecies divergence
by misinterpretation of polymorphic sequences. How-
ever, it doesn’t abrogate most of the hypotheses and
facts mentioned in this review. Still, these findings inev-
itably lead to the idea of the need, firstly, to create, and
secondly, to compare human and chimpanzee pan-
genomes.

Abbreviations
Mya: Million years ago; Mb: Megabase (million base pairs); kb: Kilobase
(thousand base pairs); HAR: Human accelerated region; HERV: Human
endogenous retrovirus; LINE: Long interspersed nuclear element;
PAR: Pseudoautosomal region; TE: Transposable element

Acknowledgements
We thank Dr. Alexander Markov (Moscow State University, Russia) for
insightful discussion.

About this supplement
This article has been published as part of BMC Genomics Volume 21
Supplement 7, 2020: Selected Topics in “Systems Biology and Bioinformatics”
- 2019: genomics. The full contents of the supplement are available online at
https://bmcgenomics.biomedcentral.com/articles/supplements/volume-21-
supplement-7.

Authors’ contributions
AB and MS systematically analyzed the literature, interpreted the data, read
and edited the manuscript. All authors read and approved the final manuscript.

Funding
This study was supported by the Russian Foundation for Basic Research
Grant 19–29-01108. Publication costs were funded by Moscow Institute of
Physics and Technology (National Research University). The funding bodies
played no role in the design of this study and collection, analysis, and
interpretation of data and in writing of the manuscript.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Suntsova and Buzdin BMC Genomics 2020, 21(Suppl 7):535 Page 9 of 12

https://bmcgenomics.biomedcentral.com/articles/supplements/volume-21-supplement-7
https://bmcgenomics.biomedcentral.com/articles/supplements/volume-21-supplement-7


Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Institute for personalized medicine, I.M. Sechenov First Moscow State
Medical University, Trubetskaya 8, Moscow, Russia. 2Shemyakin-Ovchinnikov
Institute of Bioorganic Chemistry of the Russian Academy of Sciences,
Miklukho-Maklaya, 16/10, Moscow, Russia. 3Omicsway Corp, Walnut, CA, USA.
4Moscow Institute of Physics and Technology (National Research University),
141700 Moscow, Russia.

Received: 16 July 2020 Accepted: 29 July 2020
Published: 10 September 2020

References
1. Amster G, Sella G. Life history effects on the molecular clock of autosomes

and sex chromosomes. Proc Natl Acad Sci U S A. 2016;113(6):1588–93.
2. Langergraber KE, et al. Generation times in wild chimpanzees and gorillas

suggest earlier divergence times in great ape and human evolution. Proc
Natl Acad Sci U S A. 2012;109(39):15716–21.

3. Lu Y, et al. Evolution and comprehensive analysis of DNaseI hypersensitive
sites in regulatory regions of primate brain-related genes. Front Genet.
2019;10:152.

4. Bauernfeind AL, et al. High spatial resolution proteomic comparison of the
brain in humans and chimpanzees. J Comp Neurol. 2015;523(14):2043–61.

5. Prescott SL, et al. Enhancer divergence and cis-regulatory evolution in the
human and chimp neural crest. Cell. 2015;163(1):68–83.

6. King MC, Wilson AC. Evolution at two levels in humans and chimpanzees.
Science. 1975;188(4184):107–16.

7. Lander ES, et al. Initial sequencing and analysis of the human genome.
Nature. 2001;409(6822):860–921.

8. Consortium., C.S.a.A. Initial sequence of the chimpanzee genome and
comparison with the human genome. Nature. 2005;437(7055):69–87.

9. Yunis JJ, Sawyer JR, Dunham K. The striking resemblance of high-resolution
G-banded chromosomes of man and chimpanzee. Science. 1980;208(4448):
1145–8.

10. Szamalek JM, et al. The chimpanzee-specific pericentric inversions that
distinguish humans and chimpanzees have identical breakpoints in Pan
troglodytes and Pan paniscus. Genomics. 2006;87(1):39–45.

11. Goidts V, et al. Independent intrachromosomal recombination events
underlie the pericentric inversions of chimpanzee and gorilla chromosomes
homologous to human chromosome 16. Genome Res. 2005;15(9):1232–42.

12. Kehrer-Sawatzki H, et al. Molecular characterization of the pericentric
inversion that causes differences between chimpanzee chromosome 19 and
human chromosome 17. Am J Hum Genet. 2002;71(2):375–88.

13. Flaquer A, et al. The human pseudoautosomal regions: a review for genetic
epidemiologists. Eur J Hum Genet. 2008;16(7):771–9.

14. Ross MT, et al. The DNA sequence of the human X chromosome. Nature.
2005;434(7031):325–37.

15. Veerappa AM, Padakannaya P, Ramachandra NB. Copy number variation-
based polymorphism in a new pseudoautosomal region 3 (PAR3) of a
human X-chromosome-transposed region (XTR) in the Y chromosome.
Funct Integr Genomics. 2013;13(3):285–93.

16. Balasubramanian S, et al. Comparative analysis of processed ribosomal
protein pseudogenes in four mammalian genomes. Genome Biol. 2009;
10(1):R2.

17. Fortna A, et al. Lineage-specific gene duplication and loss in human and
great ape evolution. PLoS Biol. 2004;2(7):E207.

18. Charrier C, et al. Inhibition of SRGAP2 function by its human-specific
paralogs induces neoteny during spine maturation. Cell. 2012;149(4):923–35.

19. McLean CY, et al. Human-specific loss of regulatory DNA and the evolution
of human-specific traits. Nature. 2011;471(7337):216–9.

20. Hayakawa T, et al. Alu-mediated inactivation of the human CMP- N-
acetylneuraminic acid hydroxylase gene. Proc Natl Acad Sci U S A. 2001;
98(20):11399–404.

21. Sen SK, et al. Human genomic deletions mediated by recombination
between Alu elements. Am J Hum Genet. 2006;79(1):41–53.

22. Han K, et al. L1 recombination-associated deletions generate human
genomic variation. Proc Natl Acad Sci U S A. 2008;105(49):19366–71.

23. Han K, et al. Genomic rearrangements by LINE-1 insertion-mediated
deletion in the human and chimpanzee lineages. Nucleic Acids Res. 2005;
33(13):4040–52.

24. Lee J, et al. Human genomic deletions generated by SVA-associated events.
Comp Funct Genomics. 2012;2012:807270.

25. Han K, et al. Alu recombination-mediated structural deletions in the
chimpanzee genome. PLoS Genet. 2007;3(10):1939–49.

26. Mills RE, et al. Recently mobilized transposons in the human and
chimpanzee genomes. Am J Hum Genet. 2006;78(4):671–9.

27. Tang W, et al. Mobile elements contribute to the uniqueness of human
genome with 15,000 human-specific insertions and 14 Mbp sequence
increase. DNA Res. 2018;25(5):521–33.

28. Lee J, et al. Different evolutionary fates of recently integrated human and
chimpanzee LINE-1 retrotransposons. Gene. 2007;390(1–2):18–27.

29. Bantysh OB, Buzdin AA. Novel family of human transposable elements
formed due to fusion of the first exon of gene MAST2 with retrotransposon
SVA. Biochemistry (Mosc). 2009;74(12):1393–9.

30. Zabolotneva AA, et al. Transcriptional regulation of human-specific SVAF (1)
retrotransposons by cis-regulatory MAST2 sequences. Gene. 2012;505(1):
128–36.

31. Medstrand P, Mager DL. Human-specific integrations of the HERV-K
endogenous retrovirus family. J Virol. 1998;72(12):9782–7.

32. Buzdin A, et al. A technique for genome-wide identification of differences in
the interspersed repeats integrations between closely related genomes and
its application to detection of human-specific integrations of HERV-K LTRs.
Genomics. 2002;79(3):413–22.

33. Buzdin A, et al. Genome-wide experimental identification and functional
analysis of human specific retroelements. Cytogenet Genome Res. 2005;
110(1–4):468–74.

34. Mamedov I, et al. Genome-wide comparison of differences in the
integration sites of interspersed repeats between closely related genomes.
Nucleic Acids Res. 2002;30(14):e71.

35. Contreras-Galindo R, et al. HIV infection reveals widespread expansion of
novel centromeric human endogenous retroviruses. Genome Res. 2013;
23(9):1505–13.

36. Zahn J, et al. Expansion of a novel endogenous retrovirus throughout the
pericentromeres of modern humans. Genome Biol. 2015;16:74.

37. Chimpanzee S, Analysis C. Initial sequence of the chimpanzee genome and
comparison with the human genome. Nature. 2005;437(7055):69–87.

38. Macfarlane CM, Badge RM. Genome-wide amplification of proviral
sequences reveals new polymorphic HERV-K (HML-2) proviruses in humans
and chimpanzees that are absent from genome assemblies. Retrovirology.
2015;12:35.

39. Mun S, et al. Chimpanzee-specific endogenous retrovirus generates
genomic variations in the chimpanzee genome. PLoS One. 2014;9(7):
e101195.

40. Go Y, Niimura Y. Similar numbers but different repertoires of olfactory receptor
genes in humans and chimpanzees. Mol Biol Evol. 2008;25(9):1897–907.

41. Zhang XM, et al. The human T-cell receptor gamma variable pseudogene
V10 is a distinctive marker of human speciation. Immunogenetics. 1996;
43(4):196–203.

42. Winter H, et al. Human type I hair keratin pseudogene phihHaA has
functional orthologs in the chimpanzee and gorilla: evidence for recent
inactivation of the human gene after the Pan-Homo divergence. Hum
Genet. 2001;108(1):37–42.

43. Enard W, et al. Molecular evolution of FOXP2, a gene involved in speech
and language. Nature. 2002;418(6900):869–72.

44. Zhang J, Webb DM, Podlaha O. Accelerated protein evolution and origins of
human-specific features: Foxp2 as an example. Genetics. 2002;162(4):1825–35.

45. Schreiweis C, et al. Humanized Foxp2 accelerates learning by enhancing
transitions from declarative to procedural performance. Proc Natl Acad Sci
U S A. 2014;111(39):14253–8.

46. Evans PD, et al. Microcephalin, a gene regulating brain size, continues to
evolve adaptively in humans. Science. 2005;309(5741):1717–20.

47. Evans PD, et al. Adaptive evolution of ASPM, a major determinant of
cerebral cortical size in humans. Hum Mol Genet. 2004;13(5):489–94.

48. Pollard KS, et al. An RNA gene expressed during cortical development
evolved rapidly in humans. Nature. 2006;443(7108):167–72.

Suntsova and Buzdin BMC Genomics 2020, 21(Suppl 7):535 Page 10 of 12



49. Prabhakar S, et al. Accelerated evolution of conserved noncoding
sequences in humans. Science. 2006;314(5800):786.

50. Capra JA, et al. Many human accelerated regions are developmental
enhancers. Philos Trans R Soc Lond Ser B Biol Sci. 2013;368(1632):20130025.

51. Boyd JL, et al. Human-chimpanzee differences in a FZD8 enhancer alter cell-
cycle dynamics in the developing neocortex. Curr Biol. 2015;25(6):772–9.

52. Chen H, et al. Fast-evolving human-specific neural enhancers are associated
with aging-related diseases. Cell Syst. 2018;6(5):604–611 e4.

53. Koga A, Notohara M, Hirai H. Evolution of subterminal satellite (StSat)
repeats in hominids. Genetica. 2011;139(2):167–75.

54. Hirai H, et al. Structural variations of subterminal satellite blocks and their
source mechanisms as inferred from the meiotic configurations of
chimpanzee chromosome termini. Chromosom Res. 2019;27(4):321–32.

55. Ciccodicola A, et al. Differentially regulated and evolved genes in the fully
sequenced Xq/Yq pseudoautosomal region. Hum Mol Genet. 2000;9(3):395–401.

56. Vermeesch JR, et al. The IL-9 receptor gene, located in the Xq/Yq
pseudoautosomal region, has an autosomal origin, escapes X inactivation
and is expressed from the Y. Hum Mol Genet. 1997;6(1):1–8.

57. Mumm S, et al. Evolutionary features of the 4-Mb Xq21.3 XY homology
region revealed by a map at 60-kb resolution. Genome Res. 1997;7(4):307–14.

58. Schwartz A, et al. Reconstructing hominid Y evolution: X-homologous block,
created by X-Y transposition, was disrupted by Yp inversion through LINE-
LINE recombination. Hum Mol Genet. 1998;7(1):1–11.

59. Buzdin A, et al. A new family of chimeric retrotranscripts formed by a full copy of
U6 small nuclear RNA fused to the 3′ terminus of l1. Genomics. 2002;80(4):402–6.

60. Buzdin A, et al. The human genome contains many types of chimeric
retrogenes generated through in vivo RNA recombination. Nucleic Acids
Res. 2003;31(15):4385–90.

61. Buzdin A, Gogvadze E, Lebrun MH. Chimeric retrogenes suggest a role for
the nucleolus in LINE amplification. FEBS Lett. 2007;581(16):2877–82.

62. Esnault C, Maestre J, Heidmann T. Human LINE retrotransposons generate
processed pseudogenes. Nat Genet. 2000;24(4):363–7.

63. Perry GH, et al. Hotspots for copy number variation in chimpanzees and
humans. Proc Natl Acad Sci U S A. 2006;103(21):8006–11.

64. Perry GH, et al. Copy number variation and evolution in humans and
chimpanzees. Genome Res. 2008;18(11):1698–710.

65. Szabo Z, et al. Sequential loss of two neighboring exons of the tropoelastin
gene during primate evolution. J Mol Evol. 1999;49(5):664–71.

66. Babushok DV, et al. L1 integration in a transgenic mouse model. Genome
Res. 2006;16(2):240–50.

67. Buzdin A, et al. Genome-wide targeted search for human specific and
polymorphic L1 integrations. Hum Genet. 2003;112(5–6):527–33.

68. Buzdin A, et al. Human-specific subfamilies of HERV-K (HML-2) long terminal
repeats: three master genes were active simultaneously during branching of
hominoid lineages. Genomics. 2003;81(2):149–56.

69. Belshaw R, et al. Genomewide screening reveals high levels of insertional
polymorphism in the human endogenous retrovirus family HERV-K (HML2):
implications for present-day activity. J Virol. 2005;79(19):12507–14.

70. Turner G, et al. Insertional polymorphisms of full-length endogenous
retroviruses in humans. Curr Biol. 2001;11(19):1531–5.

71. Macfarlane C, Simmonds P. Allelic variation of HERV-K (HML-2) endogenous
retroviral elements in human populations. J Mol Evol. 2004;59(5):642–56.

72. Mamedov I, et al. A rare event of insertion polymorphism of a HERV-K LTR
in the human genome. Genomics. 2004;84(3):596–9.

73. Marchi E, et al. Unfixed endogenous retroviral insertions in the human
population. J Virol. 2014;88(17):9529–37.

74. Wildschutte JH, et al. The distribution of insertionally polymorphic
endogenous retroviruses in breast cancer patients and cancer-free controls.
Retrovirology. 2014;11:62.

75. Suntsova M, et al. Human-specific endogenous retroviral insert serves as an
enhancer for the schizophrenia-linked gene PRODH. Proc Natl Acad Sci U S A. 2013;
110(48):19472–7.

76. Buzdin A, et al. At least 50% of human-specific HERV-K (HML-2) long
terminal repeats serve in vivo as active promoters for host nonrepetitive
DNA transcription. J Virol. 2006;80(21):10752–62.

77. Buzdin AA, Lebedev Iu B, Sverdlov ED. Human genome-specific HERV-K
intron LTR genes have a random orientation relative to the direction of
transcription, and, possibly, participated in antisense gene expression
regulation. Bioorg Khim. 2003;29(1):103–6.

78. Gogvadze E, et al. Human-specific modulation of transcriptional activity
provided by endogenous retroviral insertions. J Virol. 2009;83(12):6098–105.

79. Ward MC, et al. Latent regulatory potential of human-specific repetitive
elements. Mol Cell. 2013;49(2):262–72.

80. Garazha A, et al. New bioinformatic tool for quick identification of
functionally relevant endogenous retroviral inserts in human genome. Cell
Cycle. 2015;14(9):1476–84.

81. Nikitin D, et al. Profiling of human molecular pathways affected by
retrotransposons at the level of regulation by transcription factor proteins.
Front Immunol. 2018;9:30.

82. Chuong EB, Elde NC, Feschotte C. Regulatory evolution of innate immunity
through co-option of endogenous retroviruses. Science. 2016;351(6277):
1083–7.

83. Kronenberg ZN, et al. High-resolution comparative analysis of great ape
genomes. Science. 2018;360(6393):eaar6343.

84. Sverdlov ED. Retroviruses and primate evolution. Bioessays. 2000;22(2):161–71.
85. Ebersberger I, et al. Genomewide comparison of DNA sequences between

humans and chimpanzees. Am J Hum Genet. 2002;70(6):1490–7.
86. Wildman DE, et al. Implications of natural selection in shaping 99.4%

nonsynonymous DNA identity between humans and chimpanzees:
enlarging genus Homo. Proc Natl Acad Sci U S A. 2003;100(12):7181–8.

87. Bakewell MA, Shi P, Zhang J. More genes underwent positive selection in
chimpanzee evolution than in human evolution. Proc Natl Acad Sci U S A.
2007;104(18):7489–94.

88. Dorus S, et al. Accelerated evolution of nervous system genes in the origin
of Homo sapiens. Cell. 2004;119(7):1027–40.

89. Wyckoff GJ, Wang W, Wu CI. Rapid evolution of male reproductive genes in
the descent of man. Nature. 2000;403(6767):304–9.

90. Muchmore EA, Diaz S, Varki A. A structural difference between the cell surfaces
of humans and the great apes. Am J Phys Anthropol. 1998;107(2):187–98.

91. Irie A, et al. The molecular basis for the absence of N-glycolylneuraminic
acid in humans. J Biol Chem. 1998;273(25):15866–71.

92. Hayakawa T, et al. A human-specific gene in microglia. Science. 2005;
309(5741):1693.

93. Mitra N, et al. SIGLEC12, a human-specific segregating (pseudo) gene,
encodes a signaling molecule expressed in prostate carcinomas. J Biol
Chem. 2011;286(26):23003–11.

94. Wang X, Grus WE, Zhang J. Gene losses during human origins. PLoS Biol.
2006;4(3):e52.

95. Elkon R, Agami R. Characterization of noncoding regulatory DNA in the
human genome. Nat Biotechnol. 2017;35(8):732–46.

96. Gloss BS, Dinger ME. Realizing the significance of noncoding functionality in
clinical genomics. Exp Mol Med. 2018;50(8):97.

97. Franchini LF, Pollard KS. Human evolution: the non-coding revolution. BMC
Biol. 2017;15(1):89.

98. Kamm GB, et al. The developmental brain gene NPAS3 contains the largest
number of accelerated regulatory sequences in the human genome. Mol
Biol Evol. 2013;30(5):1088–102.

99. Beniaminov A, Westhof E, Krol A. Distinctive structures between
chimpanzee and human in a brain noncoding RNA. RNA. 2008;14(7):1270–5.

100. Lambert N, et al. Genes expressed in specific areas of the human fetal cerebral
cortex display distinct patterns of evolution. PLoS One. 2011;6(3):e17753.

101. Andersson R, et al. An atlas of active enhancers across human cell types
and tissues. Nature. 2014;507(7493):455–61.

102. Geschwind DH, Rakic P. Cortical evolution: judge the brain by its cover.
Neuron. 2013;80(3):633–47.

103. Cotney J, et al. The evolution of lineage-specific regulatory activities in the
human embryonic limb. Cell. 2013;154(1):185–96.

104. Varjosalo M, Taipale J. Hedgehog: functions and mechanisms. Genes Dev.
2008;22(18):2454–72.

105. Reilly SK, Noonan JP. Evolution of gene regulation in humans. Annu Rev
Genomics Hum Genet. 2016;17:45–67.

106. Prabhakar S, et al. Human-specific gain of function in a developmental
enhancer. Science. 2008;321(5894):1346–50.

107. Brawand D, et al. The evolution of gene expression levels in mammalian
organs. Nature. 2011;478(7369):343–8.

108. Khaitovich P, et al. Parallel patterns of evolution in the genomes and
transcriptomes of humans and chimpanzees. Science. 2005;309(5742):1850–4.

109. Enard W, et al. Intra- and interspecific variation in primate gene expression
patterns. Science. 2002;296(5566):340–3.

110. Schneider E, et al. A high density of human communication-associated
genes in chromosome 7q31-q36: differential expression in human and non-
human primate cortices. Cytogenet Genome Res. 2012;136(2):97–106.

Suntsova and Buzdin BMC Genomics 2020, 21(Suppl 7):535 Page 11 of 12



111. Caceres M, et al. Elevated gene expression levels distinguish human from
non-human primate brains. Proc Natl Acad Sci U S A. 2003;100(22):13030–5.

112. Calarco JA, et al. Global analysis of alternative splicing differences between
humans and chimpanzees. Genes Dev. 2007;21(22):2963–75.

113. Konopka G, et al. Human-specific transcriptional networks in the brain.
Neuron. 2012;75(4):601–17.

114. Nowick K, et al. Differences in human and chimpanzee gene expression
patterns define an evolving network of transcription factors in brain. Proc
Natl Acad Sci U S A. 2009;106(52):22358–63.

115. Nowick K, et al. Rapid sequence and expression divergence suggest
selection for novel function in primate-specific KRAB-ZNF genes. Mol Biol
Evol. 2010;27(11):2606–17.

116. Somel M, et al. Transcriptional neoteny in the human brain. Proc Natl Acad
Sci U S A. 2009;106(14):5743–8.

117. Liu X, et al. Extension of cortical synaptic development distinguishes
humans from chimpanzees and macaques. Genome Res. 2012;22(4):611–22.

118. Zeng J, et al. Divergent whole-genome methylation maps of human and
chimpanzee brains reveal epigenetic basis of human regulatory evolution.
Am J Hum Genet. 2012;91(3):455–65.

119. Shulha HP, et al. Human-specific histone methylation signatures at
transcription start sites in prefrontal neurons. PLoS Biol. 2012;10(11):
e1001427.

120. Giannuzzi G, Migliavacca E, Reymond A. Novel H3K4me3 marks are enriched
at human- and chimpanzee-specific cytogenetic structures. Genome Res.
2014;24(9):1455–68.

121. Gittelman RM, et al. Comprehensive identification and analysis of human
accelerated regulatory DNA. Genome Res. 2015;25(9):1245–55.

122. Dong X, et al. Genome-wide identification of regulatory sequences
undergoing accelerated evolution in the human genome. Mol Biol Evol.
2016;33(10):2565–75.

123. Sherman RM, et al. Assembly of a pan-genome from deep sequencing of
910 humans of African descent. Nat Genet. 2019;51(1):30–5.

124. Duan Z, et al. HUPAN: a pan-genome analysis pipeline for human genomes.
Genome Biol. 2019;20(1):149.

125. de Manuel M, et al. Chimpanzee genomic diversity reveals ancient
admixture with bonobos. Science. 2016;354(6311):477–81.

126. Eisfeldt J, et al. Discovery of novel sequences in 1,000 Swedish genomes.
Mol Biol Evol. 2020;37(1):18–30.

127. Kehr B, et al. Diversity in non-repetitive human sequences not found in the
reference genome. Nat Genet. 2017;49(4):588–93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Suntsova and Buzdin BMC Genomics 2020, 21(Suppl 7):535 Page 12 of 12


	Abstract
	Background
	Karyotype
	Insertions, deletions and copy number variations
	Single nucleotide alterations
	Protein-coding sequences
	Non-coding sequences
	Transcriptional regulation

	Conclusions
	Abbreviations
	Acknowledgements
	About this supplement
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

