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Abstract

Current methods of processing archaeological samples combined with advances in sequencing methods lead to disclosure of a large part of H.
neanderthalensis and Denisovans genetic information. It is hardly surprising that the genome variability between modern humans, Denisovans
and H. neanderthalensis is relatively limited. Genomic studies may provide insight on the metabolism of extinct human species or lineages. De-
tailed analysis of G-quadruplex sequences in H. neanderthalensis and Denisovans mitochondrial DNA showed us interesting features. Relatively
similar patterns in mitochondrial DNA are found compared to modern humans, with one notable exception for H. neanderthalensis. An interest-
ing difference between H. neanderthalensis and H. sapiens corresponds to a motif found in the D-loop region of mtDNA, which is responsible
for mitochondrial DNA replication. This area is directly responsible for the number of mitochondria and consequently for the efficient energy
metabolism of cell. H. neanderthalensis harbor a long uninterrupted run of guanines in this region, which may cause problems for replication,
in contrast with H. sapiens, for which this run is generally shorter and interrupted. One may propose that the predominant H. sapiens motif

provided a selective advantage for modern humans regarding mtDNA replication and function.

Introduction

Homo neanderthalensis and Denisovans are close extinct
relatives who became extinct approx. 40,000 years ago.
Genetic relationships between Hominins remained a mys-
tery for a long time (1,2), as obtaining accurate genomic
information on ancient hominins was complicated by the
small number of samples that were free of microorgan-
isms or human DNA contamination and of sufficient quality
(3,4).

After H. neanderthalensis mitochondrial DNA (mtDNA)
was completely sequenced, it became apparent that its
mtDNA did not fall within the range of modern human
mtDNA variation, suggesting that H. sapiens and H. nean-
derthalensis never interbred (5-7). However, after sequencing
of H. neanderthalensis’ nuclear genomes, evidence emerged
that interbreeding did occur between H. sapiens and H. nean-
derthalensis (3,4,8,9). This exchange of genes may have hap-
pened several times, including during the period when humans
first started migrating from Africa to Europe and Asia, which
were already inhabited by H. neanderthalensis and Deniso-
vans (10,11).In 2008, Pddbo et al. discovered a previously un-
known hominin, which was given the name Denisovan, based
on a 40,000-year-old fragment from a finger bone discovered
in the southern part of Siberia (12). Its exceptionally well-
preserved DNA allowed to obtain a high-coverage genome
which appeared unique when compared to H. neanderthalen-
sis and present-day humans (8).

Today’s non-African humans carry approximately 2%
(with values reported between 1 and 4%) of H. nean-

derthalensis genome sequences in their nuclear genome
(4,5,12-14). The relationship between Denisovans and H.
sapiens has first been reported in populations in Melanesia
and other parts of South East Asia, where individuals carry
up to 6% Denisovans DNA. The genetic makeup of mod-
ern humans may have benefited from encountering H. nean-
derthalensis and Denisovans (3,9). Studies suggest that this
admixture in the genome of modern humans had an impact
on our immune response to different types of infections, help-
ing us adapt to the pathogens present in newly settled areas.
Moreover, H. neanderthalensis are believed to have possessed
genetic elements that encode proteins that interact with RNA
viruses (15,16). The Denisovan EPAS1 gene confers an ad-
vantage for survival at high altitude and is common among
present-day Tibetans (17).

The sequencing of the human genome is an important
and fascinating scientific journey that began in the 1990s,
but was first published in 2001, which involved scientists
from all over the world who collaborated to identify and
map out more than 3 billion base pairs that form the hu-
man genome (18,19) ‘completed’ over two decades ago. How-
ever, until recently, when the gapless telomere-to-telomere
(T2T) assembly of human genome was published in 2022
(20), complete information about all chromosomes was miss-
ing. Several high-coverage nuclear H. neanderthalensis and
Denisovans genomes are now available, and at least 25 and
10 complete mitochondrial H. neanderthalensis and Deniso-
vans genomes, respectively, have been completely sequenced.
This allowed detailed analyses of the variations between
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H. neanderthalensis, Denisovans and H. sapiens genomes, for
example to study the evolution of human immunity (21).

G-quadruplexes are secondary DNA structures formed
from G-quartets, planar structures formed from four guanines
using Hoogsteen bonds, and stabilized by cations such as K*,
Na* or NHy4* (22-24). The G-quadruplex structure can adopt
different molecularities and topologies, including parallel, an-
tiparallel, and hybrid forms, depending on the orientation and
arrangement of the strands (one example provided in Fig-
ure 1A; more topologies are shown in Supplementary Figure
S§1). Genomic regions containing stretches of guanine-rich se-
quences, called G-rich motifs, are prone to form G-quadruplex
structures. G-quadruplexes are found in various genomes, in-
cluding those of humans, other mammals, plants, archaea and
bacteria (25-33). G4 have been shown to play an impor-
tant role in key biological processes such as replication, tran-
scription, translation, mRNA processing, and genome stability
(34). For higher eukaryotes, G-quadruplex-forming sequences
are abundant in genomic regions, especially telomeres, onco-
gene promoters, untranslated regions (UTRs) of mRNA, but
also in mitochondrial DNA (35-37). Due to their presence
in the DNA of proto-oncogenes, they are frequently associ-
ated with cancer and may represent suitable therapeutic tar-
gets (38-40).

As PQS have been found in almost all organisms and
genomes, it is not surprising that they were also present in
mtDNA. An exhaustive iz vitro analysis of over 200 poten-
tial G4 sequences in H. sapiens mitochondrial DNA has been
performed (41). However, limited information is available re-
garding the functions of these G-quadruplexes in mitochon-
drial DNA. Direct evidence for the transient presence of G-
quadruplexes in mtDNA was recently obtained by Doimo
et al., using an engineered G4-binding protein targeted to the
mitochondrial matrix of a human cell (42). A comprehensive
analyses of mtDNA of various organisms showed that PQS
are over-represented in the 3'UTR, D-loops, replication ori-
gins and stem loops of mtDNA and G4 sequence in the D-loop
is conserved across taxonomic sub-groups (43).

The displacement loop, or D-loop, is a three-stranded re-
gion in the non-coding region of mtDNA approximately 650
nt long. This third strand is commonly called 7S DNA. This
region in mtDNA is important control region. The origin of
replication of the heavy strand is located between nucleotide
positions 16,024-16,576, and the origin of transcription for
both light and heavy strands is located in the same region. It
therfore controls transcription and replication (44). Changes
in this control region have also been shown to have a signif-
icant effect on mtDNA expression (45,46). A link was also
found between D-loops mutation and diseases such as Parkin-
son’s disease, lupus erythematosus, myopathy, Sjogren syn-
drome, dermatomyositis, rheumatoid arthritis and many oth-
ers (47-53). Furthermore, mutations in the D-loop are associ-
ated with the overall aging of the organism (54). Interestingly,
there was also a significant decrease in D-loop methylation,
up to complete demethylation in colorectal cancer cells (53).

In this work, we analyzed the presence of G-quadruplexes
in the H. neanderthalensis, Denisovans and H. sapiens (both
current and ancient) mitochondrial genomes. We found a sim-
ilar number of PQS in the mtDNA of these species, with one
crucial difference in the D-loop region, which represents an
important regulatory site, and for which sequence variations
have been found to lead to significant physiological changes
in H. sapiens.
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Materials and methods

Sequences

Complete mtDNA genomes can be found in the NCBI
database. For statistical purposes, we downloaded all mito-
chondrial genomes of H. neanderthalensis, Denisovans and
H. sapiens ancient genomes (30,000 years or older) (list of
NCBI IDs provided in Supplementary Table S1). For contem-
porary modern humans, all available mtDNAs (61,261 en-
tries) available on 28 June 2023 at NCBI were used. The ref-
erence genome for H. sapiens is NCBI ID: NC_012920.1.

G4Hunter analyses

Data were analyzed using the G4Hunter algorithm, with a
window size of 25 nucleotides and a G4Hunter threshold
scores of 1.2, 1.6 or 2.0: the higher the threshold, the more
likely is the formation of a very stable G4—a score above 1.6
indicates near-certain G4 formation, and 2.0 near certain for-
mation of a heat stable quadruplex (55). The output from the
algorithm was exported to a .csv file and the following analy-
ses were performed with the Microsoft Excel software.

Construction of LOGO sequences

The mt sequences from the H. neanderthalensis, Denisovans
and H. sapiens genomes were uploaded to UGENE software
(56). The locations of the PQS were extracted using Clustal W
alignment. Using the aligned sequences, the LOGO sequence
was generated by employing WebLogo 3 tool (57). For ex-
ample, a comparison of contemporary and ancient modern
humans is provided in Supplementary Figure S2.

Oligonucleotides and chemicals

DNA Oligonucleotides were ordered from Eurogentec, Bel-
gium and used without further purification. Concentrations
were determined using the extinction coefficients provided by
the manufacturer. Stock solutions were prepared at 100 uM
strand concentration in pure water. All oligonucleotides were
annealed in corresponding buffers, kept at 95°C for 5 min
and slowly cooled to room temperature before measurements.
All chemical reagents were purchased from Sigma-Aldrich
(France).

Analysis of quadruplex formation in vitro

To confirm G4 formation, we used a combination of biochem-
ical and biophysical techniques (58). Specifically, G4 thermal
stability was analyzed by recording CD spectra at various tem-
peratures, using a JASCO J-1500 (France) spectropolarimeter
(scan range: 340-200 nm; scan rate: 100 nm/min; averaging
three accumulations). TDS and IDS were recorded by measur-
ing the arithmetic difference between spectra in denaturing
conditions (95°C or in absence of potassium respectively) and
in G4 promoting conditions (25°C or in presence of potas-
sium). FRET-MC experiments were performed according to
(55), by taking the difference of melting temperature between
F21T and the tested sequence, with or without PhenDC3,
using a Biorad qPCR CFX96 (USA). Fluorescence based
methods were performed with two G4 ligands (Thioflavin T
(ThT) and N-methyl mesoporphyrin IX (NMM)) as previ-
ously described (59), using a TECAN M1000 Pro (Switzer-
land) plate reader and a Biorad ChemiDoc to read the flu-
orescence intensity, in a 96-well microplate and in a native
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Figure 1. Most stable G4-prone sequences in mtDNA. (A) Left: Example of an intramolecular G-quadruplex topology and Right: Position of high stability
(G4Hunter score above 2) quadruplexes in mtDNA from H. neanderthalensis, Denisovans and H. sapiens. The outer circle shows the mtDNA regions,
the inner circle show the location of the G4-prone sequences (blue: H. sapiens and Denisovans, red: H. neanderthalensis). All G4 in H. neanderthalensis,
Denisovans and H. sapiens are in the same location (+5 nt), except for the extra G4 located in the D-loop region only found in H. neanderthalensis
mtDNA. (B) PQS region in D-loop of H. neanderthalensis, Denisovans and H. sapiens genomes. Sequences from the reference genome for H. sapiens
(the complementary strand is shown). G-rich regions are shown in blue; surrounding conserved sequences are highlighted in green, while differences
within the G-rich region are highlighted in yellow. The G-run is always interupted in Denisovans, by one or two adenines. (C) Logo sequence from all

accessible H. neanderthalensis, H. sapiens and Denisovans genomes.
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Table 1. PQS in mtDNA of H. sapiens and H. neanderthalensis Table 2. mtDNA Sequences tested

Name/G4Hunter threshold 1.2 1.6 2.0 Name Sequence (5" = 3') G4H

H. sapiens 109 30 N 22nG AGCATGGGGGGGGGGGGTTGAT 2.23

H. neanderthalenis 108 29 6 22dG AGCATGGGGGAGAGGGGTTGAT 1.73

Denisovans 103to 106 30 or 31 Soré6 22sG AGCATGGGGAGGGGGTTTTGAT 1.68
RSRS AGCATGGGGGGAGGGTTTTGAT 1.55
22¢ AGCATGTCGAGAACGTTTTGAT 0.14

polyacrylamide gel. A DNA ladder (Gene Ruler Ultra Low
Range, Thermofisher, USA) was added to the wells.

Statistical analyses

Results are expressed as mean =+ SD. Statistical signifi-
cance was determined using GraphPad Prism 10 and an un-
paired Student’s #-test. P-values are stated in the figure cap-
tions. Significance: *P < 0.05, **P < 0.01; ***P < 0.001,
HEEP < 0.0001.

Results

PQS in mitochondrial genomes comparison

First, we compared the occurrence of sequences for G-
quadruplex formation in mtDNA. The size of the H. sapiens
mtDNA reference genome (16,569 bp) is very close to the size
of H. neanderthalensis and Denisovans mtDNA (16,565 and
16,565 bp, respectively). The difference in the nucleotide se-
quence is minimal with an identity of 98.72% between H.
sapiens and H. neanderthalensis, according to the BLAST
algorithm (60). Similarly, the analysis of PQS occurrence
showed that the amount of PQS in H. sapiens and H. nean-
derthalensis does not differ significantly (109 and 108 occur-
rences with a G4Hunter threshold of 1.2, i.e. a modest 0.9%
difference). Similar result was obtained with analyses with
G4Hunter score above 1.6. However, if we compared the ab-
solute numbers of very stable PQS with a G4Hunter score >2,
there are only five occurrences in H. sapiens as compared to
6 in H. neanderthalensis (Table 1). The situation is a bit more
complex in Denisovans: depending on the genome considered,
there are five or six motifs.

There is therefore one more high stability PQS in H. nean-
derthalensis than in H. sapiens. Unsurprisingly, the five oth-
ers high stability PQS are located in the same regions of
the H. sapiens, Denisovans and H. neanderthalensis mtDNA
genomes. The sixth H. neanderthalensis PQS with a G4Hunter
score >2 is located in the D-loop of mtDNA (Figure 1A),
which is critical for mtDNA replication (44).

Analysis of the D-loop region

A detailed comparison of the PQS part of the D-loop in
H. neanderthalensiss, Denisovans and H. sapiens genomes
shows that the nucleotides surrounding the PQS region are
nearly identical (100% identity—shown in green in Figure
1B). The predominant allele in H. sapiens (either contempo-
rary or ancient—there are minimal differences between the
two, as shown in Supplementary Figure S2) is formed by two
separated tracks of five and four consecutive guanines inter-
rupted by an A. The same region in the H. neanderthalen-
sis genome is formed by 12 guanines in a row, which is very
rare in H. sapiens (Figure 1C) and absent in the ten currently
available Denisovans genomes (The high G4H score of some
Denisovans sequences comes from the presence of a nearby

Abbreviations: G4H = G4Hunter score. Higher values correspond to more
stable G4s. Sequences with a G4H below 0.8 are extremely unlikely to
form a G4. 22nG = H. neanderthalensis motif. 22dG: Denisovan motif.
22sG = Homo sapiens motif. 22RSRS = Reconstructed Sapiens Reference
Sequence. 22¢ = negative control in which the G-track has been extensively
mutated (very low G4H score).

G-track; the sequence context is fundamentally different from
H. neanderthalensis).

Quadruplex formation in the D-loop

We anticipated that the changes in sequence between H. sapi-
ens and H. neanderthalensis in the D-loop region would im-
pact G4 formation. For example, it has been previously shown
that sequences containing runs of 12-19 consecutive gua-
nines are capable to form very stable intra and intermolecular
G4 structures (61). To verify this prediction, we ordered sev-
eral families of synthetic 22- (Table 2) or 31- nucleotide-long
(Supplementary Figure S7) DNA oligonucleotides mimicking
the most frequent alleles of the G-rich sequences around the
D-loop. To investigate if these synthetic sequences would form
a G-quadruplex or not, we used a combination of biochemi-
cal and biophysical techniques, as each individual method has
shortcomings (58).

G4H corresponds to the G4Hunter score (a higher score
means a higher propensity to form a stable G4) 7, d and s stand
for H. neanderthalensis, Denisovans and H. sapiens, respec-
tively. RSRS corresponds to the Reconstructed Sapiens Refer-
ence Sequence (62). 22¢ is a control DNA oligonucleotide in
which the G-runs have been extensively mutated to prevent
G4 formation: its G4Hunter score is very low, very close to 0.

The G-rich strands were tested using a number of in-
dependent methods to test G4 formation; the main results
are presented in Figure 2, while additional experiments and
sequences are displayed in supplementary information. We
advocate the use of several independent methods to inves-
tigate G-quadruplex formation, as each technique has its
own limitation, such as requiring ionic conditions differing
from the physiological ones: for example, a lower K* con-
centration is needed for FRET-MC. Our results confirmed a
higher tendency of the H. neanderthalensis sequence to form
G-quadruplexes:

- In the FRET-MC assay (Figure 2A), we test the ability
of each oligonucleotide to act as a competitor for the
binding of a well-known and extensively characterized
G4 ligand called PhenDC3 (63). Positive (G4-forming,
bel2, ckit2, cmyc) and negative (single- or double strands,
RND6, ds26) controls were included. 22c, the negative
control, behaved as expected (no competition). 22nG be-
haved like the most active positive controls (the smaller
the bar, the more efficient is the competition), in agree-
ment with stable G4 formation. In contrast 22sG gave
a less efficient competition efficiency, suggesting a lower
ability to form a stable G4.
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Figure 2. Experimental confirmation of G4 formation. (A) FRET-MC assay: in a microplate were mixed 0.2 M of double labeled F21T, 3 uM of the
pre-folded sequences in 10mM lithium cacodylate supplemented with 10mM KCI with or without 0.4 uM PhenDC3. Known G4-forming (in green, Pu24t,
ckit87up, KRAS) or non-G4 forming (in red, ds26) controls were tested in parallel. Positive G4-forming sequences act as potent inhibitors, leading to a
decrease in S-factor. Mean values of delta Tm + SD are indicated for each group. 'n" stands for H. neanderthalensis, 's' for H. sapiens. Control
sequences are shown in Supplementary Table S2. (B) Column bar graph representing NMM fluorescence intensity: in a microplate were mixed 2 uM of
NMM with 3 uM of the pre-folded sequence in 10 mM lithium cacodylate supplemented with 100 mM KCI. NMM fluorescence increases in the
presence of a quadruplex structure. Error bars correspond to the SD calculated from two replicates. (C) Circular dichroism spectra recorded at 25°C (3
uM strand concentration) in a 10 mM lithium cacodylate buffer supplemented with 100 mM KCI. (D) CD melting recorded in 256-95°C temperature range
at 260 nm. A clear transition is observed for H. neanderthalensis, not the H. sapiens motif. (E) Thermal difference spectra (TDS) and (F) isothermal
difference spectra (IDS) are the arithmetic difference of two spectra recorded in unfavorable G4 formation and in G4 promoting conditions. In panels
(D-F) the H. neanderthalensis motif is shown in light blue, H. sapiens in red. Both TDS and IDS curves for H. neanderthalensis are indicative of G4
formation, in contrast to the H. sapiens profile.
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- The NMM fluorescence light-up assay (Figure 2B)
shows a significant differential behavior between the
different sequences tested. Additional controls were in-
cluded, including G4-forming samples (22Ag to cmyc)
and non G4-forming negative controls, such as RND6,
ds26 or 22c¢, the later corresponding to the mtDNA
negative control in which G4 formation is not pos-
sible. The fluorescence signal increased in the order
22¢ < 22sG < 22dG < 22nG, suggesting increasing G4
formation in this order, with the highest level observed
for 22nG.

- Circular dichroism (CD) spectra of the 22 long oligonu-
cleotides revealed interesting differences (Figure 2C).
The negative control sequence 22¢ exhibited a spec-
tra typical of a unstructured sequence. In contrast, the
CD spectra of the H. neanderthalensis sequence closely
matches what would be expected for a parallel G-
quadruplex (58) (e.g. a positive peak around 260 nm),
while the other sequences (22sG, 22sG and RSRS) ex-
hibited an intermediate behavior, with a positive peak of
lower intensity at 260 nm, suggesting partial or incom-
plete G4 formation for these sequences. Interestingly,
when increasing temperature, a clear inverted transition
was observed around 85°C for the H. neanderthalensis
sequence, demonstrating high thermal stability of this se-
quence. In contrast, the Denisovans and H. sapiens se-
quences exhibited a lower T ,, or no clear transition, re-
spectively (Figure 2D and Supplementary Figure S3).

- Isothermal (IDS; Figure 2F) and Thermal (TDS, Figure
2F) difference spectra of the 22nG sequences closely
matched the IDS and TDS of a G-quadruplex (58,64),
confirming G4 formation for this sequence. The IDS and
TDS of all other sequences were either inconclusive or in-
compatible with G4 formation (Supplementary Figures
S4 and S5).

- Finallyy, non  denaturing gel electrophoresis
(Supplementary Figure S6) confirmed a different behav-
ior of the H. neanderthalensis sequence when compared
to the H. sapiens or Denisovans ones.

Altogether, the results shown in Figure 2 and
Supplementary Figure S3-S6 indicate that the H. nean-
derthalensis sequence is more prone to G4 formation than its
Denisovans or H. sapiens counterparts.

Qualitatively similar results were obtained when compar-
ing H. sapiens and H. neanderthalensis longer sequences (31
oligonucleotides) (Supplementary Figure S7). We found a dif-
ferential tendency of the H. sapiens and H. neanderthalensis
sequences to form G-quadruplexes; 31nG being more prone
to form highly stable parallel G4 than its H. sapiens counter-
part. A clear difference of behavior was again found by gel
electrophoresis between the H. neanderthalensis and H. sapi-
ens sequences. This technique told a slightly more complicated
story, as multiple bands, corresponding to multiple quadru-
plexes of different molecularities were found for 31nG, while
a less variations was found for 31sG.

The formation of multiple and/or higher-order G-
quadruplex structures by oligonucleotides containing a
long uninterrupted run of guanines is in agreement with the
observations of Phan and colleagues (61), who observed that
long poly-G sequences often lead to multiple possible ways
of G-quadruplex folding, rendering their structural charac-
terization challenging. One exception was d(TTGy5T), which
formed a well-defined intramolecular parallel G4 structure
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with three G-quartets and three single-guanine propeller
loops (61). The d(Gy,) motif present in the H. neanderthalen-
sis sequences gives rise to multiple arrangements. Overall, the
comparison of synthetic oligonucleotides of different lengths
(22 and 21 nucleotide-long) confirmed a clear difference
in behavior between the H. neanderthalensis sequence on
the one hand, and the H. sapiens and Denisovans motifs
on the other hand. Thanks to its uninterrupted poly-G run,
the H. neanderthalensis motif is more prone to form stable
G-quadruplexes than the others.

Discussion

Mitochondria are responsible for producing energy in the
form of ATP through cellular respiration. Mitochondrial dys-
function is involved in a number of diseases and this dysfunc-
tion may be the result of variations of the mitochondrial DNA
sequence. Mutations in mtDNA can lead to failure in the elec-
tron transport chain, which can result in reduced ATP produc-
tion and the accumulation of reactive oxygen species. These
defects in mitochondrial metabolism can cause a variety of dis-
eases, including mitochondrial myopathies, encephalopathies,
and neuropathies. Mutations in mtDNA have also been as-
sociated with age-related pathologies in H. sapiens, such as
Parkinson’s disease, Alzheimer’s disease, and diabetes. In some
cases, single-base mutations in mtDNA can alter G4 forma-
tion in vitro (65).

Of critical importance seems to be the D-loop correspond-
ing to the OriB origin of replication. Mutations in this region
(at position 16,189 in particular), have been associated with
both early growth and adult metabolic phenotypes. Sequence
variants are relatively frequent in this region: for example, the
T > C nucleotide transition at mt16189 represents 24.5% of
all sequences uploaded in Mitomap (https://www.mitomap.
org/MITOMAP). This SNP has a critical impact on potential
G4 formation. The H. sapiens reference genome has a stan-
dard sequence composed of two short C tracks (5 and 4 Cs
separated by one T). The T > C nucleotide transition leads to
an interrupted track of 10 cytosines, and this T > C transition
can generate a variable length polycytosine tract (poly-C).

This means that its complementary strand would contain
10 guanines or more in a row and become more prone to G4
formation. It has been demonstrated that the number of po-
tential G4-forming sequences in the mitochondrial genome in-
creases with the evolutionary complexity of different species
(66) and that the conservation of G4s points to their regula-
tion and function of mtDNA (43). The Brosh team demon-
strated that DNA synthesis by two mitochondrial DNA poly-
merases can be blocked by stable G4 mitochondrial DNA
structures (67) that could be overcome by the G4-resolving
helicase Pif1. However, error-prone DNA synthesis by Prim-
Pol using a G4 template sequence persisted even in the pres-
ence of Pifl. The same team found that the mitochondrial
G-rich sequences found near deletion breakpoints form G-
quadruplex DNA structures. They suggest that mitochondrial
G4 are likely to be a source of genomic instability by per-
turbing the normal progression of the mitochondrial replica-
tion machinery (68). Sullivan et al. also identified a G4 se-
quence at the heavy-strand promoter (HSP1) that has the po-
tential to cause significant stalling of mtDNA replication (69).
G4 ligands can perturb mitochondrial genome replication,
transcription processivity, and respiratory function in normal
cells (70). G4 formation between nascent RNA and the non-
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Figure 3. A decreased mtDNA copy number may be associated with an increased number of continuous cytosine within the 16180-16195 segment (79).

template DNA strand in this region may decide the rate of ini-
tiation of DNA synthesis in human mitochondria (71) while
RNA G4 structures can stimulate mitochondrial transcription
termination and primer formation (72). Evidence for G4 for-
mation in live mitochondria has been provided by fluorescent
light-up probes such as BMVC (73). All these results point
out to the importance of G4 structures in the mitochondrial
genome (74).

The physiological impact of the T > C nucleotide tran-
sition at mt16189 has been studied in H. sapiens for vari-
ous pathologies such as cancer, endometriosis or metabolic
diseases including diabetes and obesity. Several studies con-
cluded that mitochondrial D-loop alterations may constitute
inherent risk factors for these diseases, although ethnic differ-
ences were observed. This tract variance has been associated
with different pathologies (68,69 76). Mitochondrial C-tract
changes were identified as a clonal relationship in patients
with squamous carcinoma (77). Mutations in the D-loop that
increase the length of the C-track also correlate with an in-
crease in diabetes mellitus (78) and lacunar cerebral infarction

(75). Interestingly, the mtDNA 16189 variant and more gener-
ally the presence of an uninterrupted poly-C run in this region
can cause strong decrease of mtDNA copy number in human
blood cells (79), indicating that an uninterrupted poly-C/poly-
G long run in the D-loop region poses problems to mtDNA
replication (Figure 3). Furthermore, G-quadruplex formation
in mtDNA has been shown to inhibit replication fork progres-
sion and leads to loss of mtDNA in human cells (42).

It is interesting to compare the mtDNA genome of H. sapi-
ens, Denisovans and H. neanderthalensis in the light of these
observations. While the overall PQS density is almost identical
between these mitochondrial reference genomes, a notable dif-
ference is found in the D-loop region. H. neanderthalensis con-
tains a very G4-prone motif in this region, with a G4Hunter
score >2, significantly above the G4Hunter scores for the H.
sapiens and Denisovans motifs found in this region. A high
score means that stable G4 are formed in 100% of the cases
(55). In this manuscript, we could confirm by a number of in-
dependent methods that the H. neanderthalensis sequence was
highly prone to G4 formation, with species of various molec-



ularities and high thermal stabilities. It was important to use a
combination of techniques to avoid technical pitfalls (58), or
inherent limitations such as the need to use non physiological
potassium concentrations (note, however, that the intramito-
chondrial potassium concentration may differ from the cyto-
plasm). Overall, these approaches gave consistent results in-
dicating that the H. neanderthalensis motif was more likely
to form high stability quadruplexes that may cause problems
during replication. It was indeed shown that D-loop G-rich
variant leads to decreased mitochondrial copy number in H.
sapiens peripheral blood cells. The evidence is indeed correl-
ative; yet, subjects harbouring a variant uninterrupted poly-
G showed lowest mtDNA copy number while an increased
copy number was noted in subjects harbouring standard in-
terrupted poly-G variant. Yet, this observation was reported
in an H. sapiens context; its relevance for H. neanderthalen-
sis remains to be demonstrated but is currently not techni-
cally feasible: for example, we would have to work on cells
expressing the H. neanderthalensis versions of all mitochon-
drial G4-binding proteins and G4-helicases to determine how
detrimental would be this uninterrupted G-track in H. nean-
derthalensis.

In the same vein, coordinated replication and expression
of mitochondrial genome is critical for metabolically active
cells. Terniakov and colleagues have found that interaction of
H. sapiens transcription elongation factor, TEFM with mito-
chondrial RNA polymerase and nascent transcript prevents
generation of replication primers and increases transcription
processivity (80). It would be interesting to study if a similar
molecular switch between replication and transcription occurs
in H. neanderthalensis mitochondria. Again, to be valid, this
study should be performed in a H. neanderthalensis genomic
and proteomic context.

The uninterrupted allele may be found in H. sapiens, al-
though with a very low frequency. This allele has been associ-
ated with a lower replication rate of mtDNA, a lower number
of mitochondrias, and various pathologies. Unless H. nean-
derthalensis was better equipped to deal with polyG/polyC
tracks in its mitochondrial genome than H. sapiens, this al-
lele may have had a detrimental effect on H. neanderthalensis
fitness and perhaps constitute an evolutionary disadvantage.

Conclusions

Modern sequencing methods allowed us to obtain infor-
mation about the genome of extinct H. neanderthalensis
and Denisovans in relation to H. sapiens. Analysis of G-
quadruplexes in these genomes showed that the number of
PQS in mtDNA was similar in all cases, with one important
difference for the very stable G4-forming sequence in the D-
loop of the H. neanderthalensis mitochondrial genome. As
this D-loop region plays crucial function for mtDNA repli-
cation, the presence of a predominant long G-track in H. ne-
anderthalensis mtDNA possibly constituted a deleterious evo-
lutionary disadvantage.
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