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Abstract

Guanine-rich DNA strands can fold into non-canonical fourstranded secondary structures named G-quadruplexes (G4s). G4s folded in proximal
promoter regions (PPR) are associated either with positive or negative transcriptional regulation. Given that single nucleotide variants (SNVs)
affecting G4 folding (G4-Vars) may alter gene transcription, and that SNVs are associated with the human diseases’ onset, we undertook a
novel comprehensive study of the G4-Vars genome-wide (G4-variome) to find disease-associated G4-Vars located into PPRs. \We developed a
bioinformatics strategy to find disease-related SNVs located into PPRs simultaneously overlapping with putative G4-forming sequences (PQSs).
We studied five G4-Vars disturbing in vitro the folding and stability of the G4s located into PPRs, which had been formerly associated with sporadic
Alzheimer’s disease (GRIN2B), a severe familiar coagulopathy (F7), atopic dermatitis (CSF2), myocardial infarction (S/RT7) and deafness (LHFPLS5).
Results obtained in cultured cells for these five G4-Vars suggest that the changes in the G4s affect the transcription, potentially contributing to
the development of the mentioned diseases. Collectively, data reinforce the general idea that G4-Vars may impact on the different susceptibilities
to human genetic diseases’ onset, and could be novel targets for diagnosis and drug design in precision medicine.
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Introduction : .
ers. G4s are dynamic structures formed by the self-folding of
Under certain conditions, specific DNA sequences do not G-rich single-stranded DNA exposed during replication and
adopt the canonical B- structure, but instead form non-B (non-  transcription as a consequence of the negative supercoiling
canonical) DNA secondary structures such as cruciform, hair- associated with these processes (2). Putative G4-forming se-

pin, i-motif, Z-DNA and G-quadruplex (G4) (1), among oth- quences (PQSs) have been identified within the genomes of

Received: August 12, 2022. Revised: September 22, 2023. Editorial Decision: September 29, 2023. Accepted: October 12,2023

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

$20Z KB\ /| UO Jasn 0LIesSOy op [BUOIOBN pepISiaAlun-.iBojojuopQ ep pelnoed Aq 9v/GEE/ /Y2 L2 L/2Z/LS/eIo1e/ i u/woo dnooiwapeoe//:sdiy Woll papeojumod]


https://doi.org/10.1093/nar/gkad948
https://orcid.org/0000-0003-0031-2779
https://orcid.org/0000-0002-0454-1424

Nucleic Acids Research, 2023, Vol. 51, No. 22

all kingdoms of life (3-53) and even in viral genomes (6), thus
suggesting an important role of these structures throughout
evolution.

The core structure of a G4 consists of a planar arrange-
ment of four guanine residues bound by Hoogsteen base pair-
ing conforming G-quartets or G-tetrads. The stacking of at
least two G-tetrads establishes the G4, which is in turn sta-
bilised by the coordination of monovalent cations, mainly by
K*. A widely accepted consensus PQS is G>3 Ni_7 G>3 Nj_7
G>3 Ni7 Gs3, wherein G-tracks are connected by loops of
varying length and nucleotide (N) composition (7). However,
non-canonical G4s can also form within sequences that have
longer loops or less than three guanines per repeat (5,8). The
numbers of guanines per G-track and the length of the loops
influence the stability of the G4 structure (9).

G4s were initially described in telomeric DNA sequences
(10); but later, a significant number of studies have shown
that G4s are important regulators of multiple cellular pro-
cesses, such as replication, transcription and genome main-
tenance (2,11). Although the relevance of G4 structures in
living cells was questioned in the past, accumulating exper-
imental data now support the existence and importance of
these structures in living cells and organisms (5,12). The role
of G4s in cancer is an area of intense study (13). G4s are
found in telomeric DNA (14-16) and telomeric non-coding
RNA (17), and play key roles in replication and genome insta-
bility (18,19). Besides, most promoters of oncogenes harbour
more G4 motifs than promoters of regulatory or tumour sup-
pressor genes (20). Apart from the exhaustive studies that are
being carried out to elucidate the role of G4s in the develop-
ment of cancer, the exploration of the role of G4s in the con-
text of other human diseases has grown-up remarkably in the
last years (21). G4s have been initially described to function
as inhibitors of transcription, acting as roadblocks impeding
RNA polymerase mediated transcription (2). However, other
more recent studies have added substantial evidence show-
ing that G4s are globally correlated with transcriptional en-
hancement rather than repression (although there may be in-
dividual cases where G4s are repressive), and showed that the
role of G4 structures in transcription is more complex than
a simple ‘on/off’ switch (22). For understanding the unpre-
dictable and variable effect of G4s on transcriptional con-
trol, it is important to consider the G4s not as isolated en-
tities within a specific genomic location, but as structures co-
existing with other biomolecules in living cells as part of an
interconnected network. Novel proposed mechanisms for G4-
mediated transcriptional regulation involve G4s functioning
as binding hubs for many transcription factors; as mediators
of histone marks and interacting with chromatin remodelling
proteins, thus shaping the chromatin architecture; as influ-
encers of the formation and stability of transcriptional loops
including R-loops and long-range enhancer-promoter loops;
among others (22).

Advances in the human genome sequencing during the last
decades have shown sequence variations among individuals.
Most of these variations consist of short indels and single-
nucleotide variants (SNVs), which occur on average every 4-5
bp (https://www.ncbi.nlm.nih.gov/snp/). Genome-wide asso-
ciation studies (GWAS) have identified >200 000 SNVs loci
associated with several human diseases or traits. The major-
ity of these SN'Vs are located in non-coding regions, including
intergenic and intronic regions, and could affect gene expres-
sion by overlapping with transcription or translation regula-
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tory elements (23). Therefore, one main challenge in human
genetics is to understand the biological mechanisms by which
SNVs influence phenotypes, including disease risk (24). The
existence of 5 million gains/losses or structural conversions
of G4s generated by the presence of SNVs has been recently
reported. Of these, 3.4 million are within genes, preferentially
enriched near the transcription start site (TSS) and overlap-
ping with transcription factor binding sites and enhancers
(25). Bearing in mind that G4s and the transcription factors
associated with them cooperate to specify differential tran-
scriptional programs (26), gains/losses or structural conver-
sions of G4s generated by the presence of SNVs could not only
alter a G4 structure but also influence gene expression among
individuals (25,27,28). Given that the formation of secondary
structures, such as G4s, may play a pivotal role in the occur-
rence of SNVs (29-31), it is plausible to view G4s as potential
contributors of genetic diversity. This suggests a synergistic
and/or cooperative interplay between G4 formation and the
subsequent diversification of G4 structural motifs (32). In co-
incidence, an integrative analyses of somatic mutations (copy-
number aberrations and SNVs) found in patient-derived tu-
mour cells, alongside with differentially G4-enriched genomic
regions, has associated G4s with cell-type specific transcrip-
tional control, intra-tumour heterogeneity and cancer cells
genome mutagenesis and instability (32,33).

A couple of works have reported a connection between dis-
ease risk and the gain/loss of G4s caused by SNVs. One of
them reports that an SNV stabilising a G4 in the first intron
of the calcium channel gamma subunit 8 gene (CACNGS)
suppresses gene expression thus increasing the susceptibility
to antisocial personality disorder (ASPD) (34). In the other,
it was shown that the SNV responsible for the decrease in
the transcription of the gene encoding placental anticoagulant
protein annexin A5 (ANXAS) diminishes the potential for G4
formation in vitro and in vivo, suggesting an association be-
tween loss of the G4 and obstetric complications (35). Thus,
we wondered whether gains/losses or structural conversions
of G4s caused by disease-associated SNVs located in the prox-
imal promoter regions (PPRs) of human genes influence their
transcriptional expression. If so, not only the presence of a G4
but also its structural variants could impact on disease onset
or susceptibility.

Here we report a novel comprehensive bioinformatics anal-
ysis performed by searching disease-related SN'Vs within PQSs
located into the PPRs of human genes. We found novel PQSs
that were characterised iz vitro as being able to fold as G4s.
In addition, we identified five SN'Vs associated with diseases
that either promote or impair in vitro the formation and
stability of G4s located into the PPRs of GRIN2B, SIRT1,
CSF2, F7 and LHFPLS genes. Importantly, we gathered ex-
perimental data showing that SNVs present into the PPRs
of these five genes affect the transcription of a reporter gene
in cultured cells. This is especially relevant for the SNVs of
GRIN2B and F7, which were previously suggested to be re-
sponsible for altering the transcription of these genes and
being associated with the related diseases (36,37). Further-
more, the action of specific G4 ligands on the transcription
of the endogenous F7 gene in cultured cells is in agreement
with the results shown here in our experiments with reporter
genes and with data previously reported by other authors (37).
Taken together, the data reinforce the general idea that SNVs
within G4s contribute to the onset or susceptibility of human
pathologies.
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Materials and methods

Obtaining human genomic variants and flanking
sequences

Human Short Variants (HSV, including SNVs and indels ex-
cluding flagged variants) corresponding to HGMD-PUBLIC,
ClinVar and dbSNP databases, and Human Somatic Short
Variants (HSSV, including SNVs and indels excluding flagged
variants) corresponding to dbSNP, ClinVar and COSMIC
databases were downloaded from Ensembl Variation database
(human reference genome GRCh38.p12; releases 92 and 93;
https://www.ensembl.org/index.html) (38) using the Biomart
tool. HSV and HSSV datasets were filtered to obtain disease-
associated variants located into PPRs, defined here as the re-
gion spanning 1000 bp upstream from the TSSs reported in
Ensembl. The 50 nucleotides up and downstream sequences
flanking the variant positions were downloaded as multi-fasta
files. In this work, and according to Ensembl, the ‘ancestral
allele’ (AA) was defined as the allele found in closely related
species and is thought to reflect the allele present at the time
of speciation. On the other hand, ‘variation allele’ (VA) refers,
in this work, to variation sequences derived from the ances-
tral ones. The nucleobases of both kinds of alleles (the AA and
VA) were included as headers for every downloaded variant-
flanking sequence. Separated multi-fasta sequence files were
generated with a custom Perl script (Supplementary File S1),
thus allowing the specific substitution of the variant position
with the nucleobase corresponding to either the AA or VA,
and the generation of two new multi-fasta files containing
the substituted sequences; one of these new files represents
AA-sequences and the other one the respective VA-sequences
(Figure 1A). Since only the AA was reported for COSMIC
and HGMD-PUBLIC variants, for the AA-sequences obtained
from these databases we generated the other three possible VA
by replacing the AA-informed nucleobase with the other three
possible nucleobases.

PQSs finding, variant id intersections and
assessment of G4 formation propensity

A Perl script (Supplementary File S2) was generated to search
for PQSs in both strands of the downloaded DNA sequences.
We used the extended PQS definition consisting of four tracks
of 3-7 guanines (G) (or cytosines (C) to consider the comple-
mentary strand) separated by three loops of 1-12 nucleotides
(A, C, G or T), according to Sahakyan et al. (39). The script re-
ports the results in a tabular output file with the variant iden-
tification numbers (ids) contained in PQSs, the found PQSs
and the number of PQSs found per sequence. PQSs searches
were performed on multi-fasta files generated for AA- and VA-
sequences.

Variants occurring within PQSs (hereafter named as pG4-
Vars) were analysed to identify those ones promoting or
disrupting PQSs occurrence. Variant ids list intersections
were performed by using Venny software (https://bioinfogp.
cnb.csic.es/tools/venny/). Quadron package (http:/quadron.
atgcdynamics.org/) (39) was implemented on multi-fasta files
containing the variant-flanking sequences (150 nucleotides
both upstream and downstream, as required by the software)
of the pG4-Vars downloaded from Ensembl. pG4-Vars within
PQSs with Quadron Q parameter >19 were named here as
G4-Vars. Variant ids corresponding to identified G4-Vars af-
ter Quadron predictions were used as inputs of the Biomart
tool to download associated phenotypes.
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Oligonucleotides and compounds

The oligonucleotides representing the sequences studied in
this work contained the complete PQSs flanked both at 5" and
3" ends by five additional nucleotides corresponding to the ref-
erence sequences informed in the Ensembl genome browser.
For each case, mutations in PQSs were designed based on G-
tracks disruption for impending G4 formation and were tested
using the QGRS Mapper software (https:/bioinformatics.
ramapo.edu/QGRS/index.php) (40). Synthetic single-stranded
oligodeoxyribonucleotides (Supplementary Table S1) were
purchased from Macrogen Inc. with cartridge purification,
dissolved in bi-distilled water and stored at —20°C until use.
Concentrations were determined by spectrophotometry using
extinction coefficients provided by the manufacturer.

Circular dichroism (CD) spectroscopy

Intramolecular G4s were folded by dissolving 2 uM
oligodeoxyribonucleotides in 10 mM Tris=HCI pH 7.5 and
different KCl concentrations, as indicated in each figure, heat-
ing for § min at 95°C and slowly cooling to 20°C for at least
2 h. CD spectra were recorded at 20°C covering a wavelength
range of 220-320 nm with a Jasco J-1500 spectropolarime-
ter (10 mm quartz cell, 1 nm band width, 1 nm data pitch,
100 nm/min scanning speed, 1 s response time). The recorded
spectra represent a smoothened average of four scans, zero-
corrected at 320 nm. The absorbance of the buffer was sub-
tracted from the recorded spectra.

BG4 dot-blots

Dots were spotted using 10 ul of 1 uM folded oligodeoxiri-
bonucleotides (in 10 mM Tris pH 7.5 and 100 mM KCl) on
Hybond™-N + membrane (Amersham) and cross-linked with
a UV lamp (UVP, 302 nm) during 5 min. Membranes were
washed twice with Tris-Buffer Saline with 0.1% Tween 20
detergent (TBS-T) for 10 min at room temperature and then
blocked in TBS-T containing 5% blotto for 1 h. Membranes
were first incubated overnight at 4°C with 1 pug/ml of recom-
binant BG4-antibody (41). Then, membranes were incubated
with Anti-Flag antibody (clone M2, Sigma Aldrich Catalogue
Number F3165; 1 ug/ml) for 1 h at room temperature. Fi-
nally, membranes were incubated for 1 h at room tempera-
ture with anti-mouse conjugated to Horseradish Peroxidase
(Jackson ImmunoResearch Inc., Code: 115-035-003, dilution
1/25 000). After each antibody incubation and before devel-
opment, membranes were washed with TBS-T five times dur-
ing 10 min at room temperature. Finally, G4s detection was
developed by chemiluminescence (Biolumina Chemilumines-
cent Substrate, Kallium Technologies, CABA, Argentina) fol-
lowed by exposition on X-ray films (Amersham Hyperfilm
ECL, GE, MA, USA).

1D "H Nuclear magnetic resonance (NMR)

Spectra were acquired at 20°C on a 700 MHz Bruker Avance
II spectrometer equipped with a triple resonance inverse
NMR probe (5 mm 1H/D-13C/15N TXI). Samples contain-
ing 50 uM oligodeoxyribonucleotides folded as G4s (as de-
scribed for CD spectroscopy) in the presence of KCI, as indi-
cated in each figure, were loaded into 5 mm Shigemi tubes.
1D "H NMR spectra were registered using a pulse sequence
with excitation sculpting (zgesgp) for water suppression (42).
8K points, 1K scans, a recycling delay of 1.4 s and a sweep
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Figure 1. Bioinformatics pipeline towards the identification of disease-related G4-Vars. (A) Variant-associated sequences were downloaded from the
Ensembl Variation database. A custom Perl script was designed to generate AA- and VA-sequences. Another custom Perl script was used to search for
PQSs on both strands of AA- or VA-sequences. (B) Intersections between id lists of AA- and VA-sequences containing PQSs allowed identifying groups
A and B of pG4-Vars. Quadron implementation yielded sub-groups A2 and B2 of G4-Vars (from groups A and B, respectively). Finally, variant phenotypes
and variant-associated genes were characterised according to Gene Ontology (GO) terms, Panther database annotations and associated human
diseases or conditions. Numbers of ids, sequences and genes obtained in each step of the pipeline (grey boxes) are shown (light blue boxes). (C)
Computational characterization of G4-Vars associated phenotypes. Circles sizes represent the number of variants ids, scale is shown below the figure.

width of 18 ppm were used. Experimental time for each NMR
spectrum was 30 min. Processing was done using an exponen-
tial window function multiplication with a line broadening of
10 Hz and baseline correction. Topspin 3.7 software (Bruker,
Biospin) was used for acquisitions, processing and analysis of
the NMR spectra.

qPCR stop assays (qPSA)

qPSA were performed as reported elsewhere (43), with some
modifications. When synthetic oligodeoxyribonucleotides
were used as templates, each reaction tube (10 ul) consisted of
0.5x SYBR Green, 250 nM of each PCR primer (Supplemen-
tary Table S1), 5 pM of template oligodeoxyribonucleotides
(AA, VA or M, Supplementary Table S1), 0.5 units of Platinum
Tag DNA polymerase (Invitrogen), the PCR reaction buffer
provided by the manufacturer, 2.5 mM of MgCl, and 200 uM
of each ANTP. Reactions were performed in a Realplex 4 Ther-
mocycler (Eppendorf) using the following program: 95°C for
3 min (1 cycle) followed by a 2-step reaction of 95°C for 5
s and 60°C for 20 s (40 cycles), and finally a 20 min melt-
ing curve. When plasmids where used as templates, 500 ng of
the pGL3-promoter vector (Promega), or the constructions de-
rived from it, were dissolved in 10 mM Tris—=HCI pH 7.5 and
100 mM KClI, heated for 5 min at 95°C and slowly cooled to
20°C for at least 2 h, and then used as templates. Each reac-
tion tube (15 pl) consisted of 0.75x HOT FIREPol EvaGreen
qPCR Mix Plus (ROX) and 250 nM of each PCR primer (Sup-
plementary Table S1). Two reactions were performed for each

plasmid, one using a pair of primers annealing to the flank-
ing sequences of the Smal restriction site of pGL3-promoter
vector plasmid, and another using a pair of primers anneal-
ing to the coding region of firefly luciferase; this latter reac-
tion was used as an internal reference for quantification. For
pre-transfection assays, 1 ul of 0.2 ng/ul plasmids were used
as templates. For post-transfection assays, 1 ul of 1/100 di-
lution of cell lysates were used as templates. Reactions were
performed in a Realplex 4 Thermocycler (Eppendorf) using
the following program: 95°C for 12 min (1 cycle) followed by
a 2-step reaction of 95°C for 5 s and 60°C for 20 s (40 cy-
cles) and finally a 20 min melting curve. Three technical repli-
cates were performed for each experimental condition. Three
independent qPSAs were done for each case. The validity of
the qPCR data was assured by following the MIQE guide-
lines (44).To express the relative DNA amplification 2-2¢4
values were determined, where ACq was defined as threshold
cycle for each reaction minus threshold cycle for the reference
reaction.

Plasmids constructions

Duplex DNAs were generated by annealing oligodeoxiribonu-
cleotides containing AA- or VA-sequences with the corre-
sponding complementary strands (Supplementary Table S1)
and then cloned using Smal restriction site upstream the
basal SV40 promoter into pGL3-promoter vector plasmid
(Promega), in the same strand (coding or template) as found
in the genome, as previously described (12). Plasmids were
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sequenced and used for cell culture transfections as described
below.

Cell culture and transfection

Human embryonic kidney 293 (HEK-293) cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) and supplied
with 10% foetal bovine serum (FBS), in a humidified cell in-
cubator with an atmosphere of 5% CO, at 37°C. Cells were
seeded at a density of 3 x 10° cells per 35 mm dish 24 h
prior to transfection in DMEM containing 10% FBS. Cells
were transfected using calcium phosphate method (45). For lu-
ciferase reporter assays (LRAs), 250 ng of the pGL3-promoter
vector (or the constructions derived from it) and 125 ng of
the pCMV-3-gal plasmid (Promega) were used for transfec-
tion. The transfection medium was replaced by fresh medium
5 h after transfection, and cells were grown as indicated above
for 48 h post-transfection (hpt). For qPSAs, 500 ng of the
pGL3-promoter vector (or the constructions derived from it)
were dissolved in 10 mM Tris—HCI pH 7.5 and 100 mM KCl,
heated for 5 min at 95°C and slowly cooled to 20°C for at least
2 h, and then used for transfection. The transfection medium
was replaced by fresh medium 5 h after transfection, and cells
were grown as indicated above and at 24 hpt a crosslink-
ing was performed by adding 100 ul of formaldehyde 16%
w/v into the growing medium for 10 min, and reaction was
stopped by adding glycine to 0.12 M final concentration for
10 min. Cells were washed with phosphate buffer saline (PBS)
and lysated using 250 pl of lysis buffer from Luciferase Re-
porter Assay System (Promega, USA).

Luciferase reporter assays (LRASs)

LRAs were performed as previously described (12) with few
modifications. At 48 hpt, cells were collected, lysated and fire-
fly luciferase (FL) activities were measured using Luciferase
Reporter Assay System (Promega, USA). FL activities were
normalised to B-gal activities and expressed as the ratio of
FL/Bgal. Values determined for each construct were rela-
tivized to those for AA constructs for each PQS in study. The
normalised ratio was obtained from three independent bio-
logical replicates for each experiment, and experiments were
repeated three times.

Results

Obtaining a novel dataset of disease-related
G4-Vars within PPRs

Short genetic variants (SNVs) may cause the gain, loss, and/or
change in folding propensity of G4s that modulate transcrip-
tional gene expression (25). Therefore, it is a fundamental
issue to address the physiological function and pathologi-
cal implications that such SNVs may represent. In view of
this, we developed a bioinformatic pipeline (Figure 1) with
the purpose of identifying disease-related SNVs either pro-
moting or disrupting the formation of G4s. We downloaded
the disease-related HSV and HSSV contained into PPRs (de-
fined as 1000 bp upstream the TSS), along with their 50 bp-
flanking sequences reported in the databases included in En-
sembl Variation database (Figure 1A and Supplementary Ta-
ble S2). Among the 598 184 downloaded sequences, 417 071
were unique sequences, as some of them were repeated due to
being represented by different variant ids. From the 417 071
sequences, we generated two new sets of sequences, one cor-
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responding to the ancestral allele (AA)-sequences and another
to the variation allele (VA)-sequences. Both sets of sequences
were used as inputs for a Perl script designed to search for an
extended PQS definition consisting of four G-tracks of at least
3 Gs interspersed with extended loops of 1 to 12 nucleotides
(G23 N1_12 G23 N1_12 G23 N1_12 ng), which accounts for
2/3 of the experimentally observed G4s (39) (Figure 1A and
Supplementary Tables S3 and S4).

We identified 17 106 ids that resulted in AA-sequences con-
taining PQSs corresponding to 12 594 unique sequences. On
the other hand, we identified 44 602 ids that resulted in VA-
sequences containing PQSs corresponding to 32 526 unique
sequences (Figure 1A). For a better understanding, hereafter
SNVs occurring within PQSs are named as pG4-Vars. The in-
tersection between both id lists resulted in three groups (Sup-
plementary Table S5). Group A (Supplementary Table S6 and
Supplementary File S3) contains ids with PQSs only in the
AA-sequences, group B (Supplementary Table S7 and Sup-
plementary File S4) contains ids with PQSs only in the VA-
sequences (Figure 1B), and group C, which contains the ma-
jority of the ids, includes ids presenting PQSs both in the
AA- and VA-sequences. In the case of group C (Supplemen-
tary Table S5), the different alleles did not generate PQSs
gains/losses. One possible explanation is that SNVs modify
the sequence of the loops, the flanking regions or even the
G-tracks, but do not affect the PQS consensus. Therefore, se-
quences belonging to group C were not further assessed in this
study.

The 2 312 unique sequences contained in groups A and B
(1 023 in group A + 1 289 in group B) were further charac-
terised in order to classify them according to the propensity
of G4 formation in vitro. For this purpose, we used Quadron
algorithm (39), which predicts DNA G4 formation and stabil-
ity using a machine-learning approach based on experimen-
tal data from human genome G4-seq. pG4-Vars within PQSs
displaying Quadron scores higher than 19 (hereafter named
as G4-Vars) were grouped in two new sub-groups, A2 and
B2 (Figure 1B). Sub-group A2 comprises sequences containing
PQSs displaying high propensity to fold as G4 only in the AA-
sequences, while sub-group B2 consists of sequences contain-
ing PQSs with high propensity to fold as G4 only in the VA-
sequences. Overall, 922 ids (72 from the HSV and 850 from
the HSSV datasets) corresponding to 657 unique sequences
were identified as disease-related G4-Vars located into PPRs
(Figure 1B and Supplementary Table S8). The G4-Vars identi-
fied in sub-groups A2 and B2 represent a sub-set of G4-Vars
with potential roles in disease-associated gene transcriptional
regulation. However, as we did not select the G4-Vars in func-
tion to their link with transcriptional changes, the effects of
G4-Vars need to be investigated for each case and experimen-
tally validated by assaying their biochemical effect on G4s for-
mation and their role on transcriptional activity in a cellular
context to enable an understanding of the significance of se-
lected variations.

Noteworthy, only four ids from the 370 found in sub-group
A2 and only one from the 552 found in sub-group B2 are clas-
sified by Ensembl as variants located into PPRs (described as
‘upstream gene variant’ by Ensembl) (Supplementary Figure
S1). Instead, most variants are classified by Ensembl with cal-
culated variant consequences overlapping with transcripts (5
UTR, coding sequences, 3’ UTR and introns). The low num-
ber of G4-Vars found located into PPRs may be explained
at least by three possible scenarios. First, Ensembl reports all
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the possible transcripts for each gene, which are expressed in
different tissues or developmental stages, but may not be the
most abundant or representative transcripts. So, in our anal-
yses, many G4-Vars located upstream of a TSS of a gene with
several alternative TSSs may be classified by Ensembl as lo-
cated within longer transcripts. Second, some G4-Vars may
overlap with the transcription unit of another gene, being the
variant consequence within the transcription unit probably
prevalent over the upstream gene variant consequence. Third,
an important number of G4-Vars are classified as overlapping
with non-coding transcripts, thus they could be located within
PPRs overlapping with non-coding transcripts, being the non-
coding transcripts variant consequence prevalent over the up-
stream gene variant consequence. Therefore, it would be ex-
pected that more than the five G4-Vars described here as ‘up-
stream gene variant’ are relevant for transcriptional control.
It is worth mentioning that the SNVs located both into the
PPR and simultaneously downstream the TSSs of an alterna-
tive transcript (within the transcriptional unit) may represent
a complication in the analysis of consequences on gene expres-
sion due to putative effects of the G4-Vars on both transcrip-
tional and post-transcriptional regulation of different tran-
scripts for the same gene.

Analysing the variant’s clinical significance (i.e. the im-
pact on disease described in the human Ensembl Variation
database) of the G4-Vars classified in sub-groups A2 and B2,
we observed that only 47 from A2 sub-group and 19 from
B2 sub-group have associated clinical significance terms, and
only 1 from A2 sub-group and 3 from B2 sub-group presented
Clinical significance terms corresponding to ‘pathogenic’ or
‘likely pathogenic’ (Supplementary Table S9). The low num-
ber of G4-Vars identified suggests that either most of them
are not associated with diseases or that they have not yet been
classified in the human Ensembl Variation database accord-
ing to their relevance to the related diseases. In this context,
an analysis mainly based on clinical significances could over-
look G4-Vars with effects on the fine-tuning of gene expres-
sion and, consequently, be relevant for disease predisposition
in synergy with other risk factors. Hence, the G4-Vars were as-
sessed for their variant-associated phenotypes in the Ensembl
Variation database. We found 833 ids (out of 922) related
to a variety of pathologies, the most represented being differ-
ent kinds of tumours (intestinal, skin, lung, liver, stomach and
breast tumours, among others); although other conditions or
diseases, such as neurological conditions and syndromes, car-
diomyopathies, muscular, bone and skin diseases were also
found (Figure 1C). In addition, 922 variant ids were associ-
ated with 587 unique genes (according to the Ensembl Genes
Database), which were characterised by considering gene on-
tology (GO) terms (Supplementary Figure S2A), Panther pro-
tein class (Supplementary Figure S2B) and pathway (Supple-
mentary Figure S2C). Additionally, a GO enrichment study
performed over the entire set of 587 genes showed that bio-
logical process terms related to development at different levels
are prevalent (Supplementary Figure S2D and Supplementary
Table S10).

Selection of G4-Vars for experimental analyses

As our main goal was to identify G4-Vars affecting tran-
scriptional control, and most of the identified G4-Vars were
classified by Ensembl with variant consequences overlapping
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with transcripts, we decided to focus our work on the anal-
yses of the only five cases for which G4-Vars had been de-
scribed as ‘upstream gene variant’ located into PPRs and
upstream the TSSs of the most biologically relevant tran-
scripts reported in Ensembl: GRIN2B, SIRT1, CSF2, F7 and
LHFPLS genes. GRIN2B encodes the glutamate ionotropic
receptor NMDA type subunit 2B, a subunit of the N-methyl-
D-aspartate (NMDA) receptor ion channels. Naturally oc-
curring mutations within this gene are associated with neu-
rodevelopmental disorders (46). The VA of the SNV causing
the G4-Var identified here (Table 1 and Supplementary Fig-
ure S3A) causes an increase in GRIN2B transcriptional ex-
pression and was associated with reduced risk of sporadic
Alzheimer’s disease (SAD) (36). F7 encodes the Factor VII
(FVII) protein, the serine-protease that triggers blood coag-
ulation. A reduced plasma level of FVII results in bleeding
diathesis of variable severity. The VA of the SNV causing
the G4-Var identified here (Table 1 and Supplementary Fig-
ure S3B) causes a reduction in F7 gene transcriptional expres-
sion and is responsible for a severe bleeding familiar disorder
due to factor VII deficiency (37). CSF2 encodes the cytokine
colony stimulating factor 2, which has been related with pul-
monary alveolar proteinosis and mucositis. The SNV caus-
ing the G4-Var identified here (Table 1 and Supplementary
Figure S3C) is associated with reduced severity in atopic der-
matitis (47), although there is no reported association of this
variant with changes in transcriptional expression. SIRT1 en-
codes SIRTUIN 1, a member of a family of NAD-dependent
class III deacetylases that modulate chromatin function and
has been connected to many cellular processes such as cell
cycle, response to DNA damage, metabolism, apoptosis and
autophagy. SIRT1 is implicated in different human diseases
and the SNV causing the G4-Var identified here (Table 1 and
Supplementary Figure S3D) is associated with increased risk
of myocardial infarction (48), although there is no reported
association of this variant with changes in transcriptional ex-
pression. LHFPLS5 encodes LHFPL tetraspan subfamily mem-
ber 5, a member of the lipoma HMGIC fusion partner (LHFP)
family, a subset of the superfamily of tetraspan transmem-
brane proteins. Mutations in this gene result in deafness, and
it is proposed to function in the inner ear as a component of
the hair cell’s mechanotransduction machinery (49). The SNV
causing the G4-Var identified here (Table 1 and Supplemen-
tary Figure S3F) is associated with deafness (50) (https:/www.
ncbi.nlm.nih.gov/clinvar/RCV000288173/), although there is
no reported association of this variant with changes in tran-
scriptional expression.

GRIN2B, SIRT1, CSF2 and F7, G4-Vars were identified
as potentially disrupting the formation of G4s (sub-group
A2) and are described in Ensembl as ‘upstream gene variant’.
In the case of LHFPLS, it was identified as potentially pro-
moting the formation of G4s (sub-group B2) and, although
the G4-Var is classified in Ensembl as ‘5 prime UTR vari-
ant’, is also located upstream of the TSS of the most bio-
logically relevant transcript (main functional isoform, most
conserved, highly expressed, and that has the longest cod-
ing sequence) (Figure 2A, Table 1 and Supplementary Figure
S3F). An additional computational analysis was performed on
the sequences corresponding to these five genes (i.e. AA-, VA-
and mutated (M)-sequences, in which G to A replacements
disrupt the PQS motif, Supplementary Table S1) in order to
analyse the incidence of the G4-Vars using other predictors of

$20Z KB\ /| UO Jasn 0LIesSOy op [BUOIOBN pepISiaAlun-.iBojojuopQ ep pelnoed Aq 9v/GEE/ /Y2 L2 L/2Z/LS/eIo1e/ i u/woo dnooiwapeoe//:sdiy Woll papeojumod]


https://www.ncbi.nlm.nih.gov/clinvar/RCV000288173/

12130 Nucleic Acids Research, 2023, Vol. 51, No. 22
L 3. Quadron| Distance PQs
oub| Gene Sequence (5-3') Strand | “score | toTSS | flength
GRINZB | GTGCTGGGEAACTEEEETCCTAMGECEEATGGANMGEEEEACGGALCEEEGARGAA Template | 29.65 |.128/-528 45
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SIRT1 CGCGTGEETGECEEEAGCECCGAGAGEGCEGEEECGGCGATEEGEGCGEETCACGTGATEEEETTTAL | Coding 23.24 |-61/-61 57
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Figure 2. Evidence of in vitro G4 folding of PQSs containing the selected G4-Vars. (A) Main features of the sequences containing the PQSs including the
five selected G4-Vars. Sequences from the sub-group A2 correspond to AA-sequences, while the sequence from the sub-group B2 correspond to
VA-sequence. PQSs are underlined, G-tracks >3 are signalled in bold and the nucleobases involved in the G4-Vars are signalled in red. Distance to TSS
informs both the distance to the most proximal downstream transcript and the distance to the most biologically relevant transcript according to
Ensembl. (B) CD spectra obtained for the AA-sequences containing the PQSs of the four selected G4-Vars from the sub-group A2. (C) CD spectra
obtained for the VA-sequence containing the PQS of the selected G4-Var from the sub-group B2. Oligonucleotides containing the PQSs were folded in
the presence of increasing K* concentrations, as indicated (right-bottom corner box). (D) Immunodetection with BG4 antibody of G4s formation by
PQSs of the selected G4-Vars. AA- and M-sequences containing the PQSs of each selected G4-Var were folded in 100 mM K* and dot-blotted for
immunodetection using BG4 antibody. VA- and M-sequences were blotted for the G4-Var of the sub-group B2 (LHFPL5).

G4 formation based on score, as G4Hunter (51) (which takes
into account G-richness and G-skewness of a sequence and
provides a G4 propensity score), as well as based on sequence
motifs, as Quadron (already used) and QGRS Mapper (40).
Supplementary Table S11 shows that the VA-sequences corre-
sponding to G4-Vars from sub-group A2 (GRIN2B, SIRT1,
CSF2 and F7) show lower scores (or not calculated due to
the absence of consensus G4 motif) than the AA-sequences.
On the contrary, the AA-sequence corresponding to the G4-
Var from sub-group B2 (LHFPLS5) show lower scores (or
not calculated due to the absence of consensus G4 motif)
than the VA-sequence (in two of the three predictors). As ex-
pected, M-sequences showed null scores for all the predic-
tors. These results support the computational strategy for the
identification of G4-Vars and their classification into A2 and
B2 subgroups.

G4-Vars are located within the most proximal 200 nu-
cleotides upstream the TSS in the cases of SIRT1, F7 and
LHFPLS, or within the 500 nucleotides most distal of the
PPRs upstream the TSS in the cases of GRIN2B and CSF2.
Moreover, G4-Vars in GRIN2B, SIRT1 and F7 are located on
the template strand while G4-Vars in CSF2 and LHFPLS on
the coding strand in (Figure 2A and Supplementary Figure S3).

In vitro analysis of G4-forming capability of PQSs
containing G4-Vars

As none of the PQSs containing the selected G4-Vars had
been previously characterised as G4-forming sequences, we
performed dot-blots and CD spectra to assess whether G4 for-
mation is feasible by synthetic single-stranded oligodeoxyri-
bonucleotide sequences (Supplementary Table S1 and Figure
2A) containing each of the four PQSs from sub-group A2 or
the PQS from sub-group B2. In all cases, CD spectra show the
typical pattern of peaks associated with parallel G4 structures,
showing an increase of a positive peak around 264 nm and
a negative peak around 240 nm in response to the presence
of increasing K* concentrations (Figure 2B, C). CD positive
peaks reached the maximal intensities in the presence of 100
mM K* (Figure 2B), except for the PQS of LHFPLS, which
reached an evident CD spectrum of parallel G4 at 300 mM
K*, probably indicating less G4 stability or formation propen-
sity (Figure 2C). Dot-blots using BG4 antibody (41) show sig-
nals in all the cases except for LHFPLS (Figure 2D). As ex-
pected, no signal was detected when assessing the correspond-
ing M-sequences (negative controls, Figure 2D). Noticeable,
the five genes selected in this work were identified as contain-
ing observed G4 sequences (OQs) by a G4 high-throughput
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Summary of the data for the selected G4-Vars from sub-groups A2 and B2

Table 1.

G4-Var location

human reference

G4-Var associated gene

Ensembl id

Variant allele Frequency of

Ancestral allele

Reference

Associated phenotype

Variant consequence

Gene name  Gene description

genome GRCh38.p12

nucelotide variation allele

nucleotide

Variant id

Sub-group

(36)

Alzheimer disease
increased risk

upstream_gene_variant

glutamate ionotropic

Chromosome 12 : GRIN2B

13982130

ENSG00000273079

CR0911240

A2

receptor NMDA type

subunit 2B

Factor VII deficiency

Coagulation factor VIl upstream_gene_variant

F7

Chromosome 13 :
113105748

ENSG00000057593

< 0.01

CR982413

(47)

upstream_gene_variant Reduced severity in

Colony stimulating

factor 2

CSF2

Chromosome 5 :
132073149

ENSG00000164400

0.74

CRO035513

atopic dermatitis

(48)

upstream_gene_variant Myocardial infarction

sirtuin 1

SIRT1

Chromosome 10 :
67884595

ENSG00000096717

<0.01

CR125660

(50)

Deafness, Hearing

impairment

UTR _variant

prime_|

S

LHFPL tetraspan

LHFPLS

Cromosome 6 :
35805336

ENSG00000197753

<0.01

rs886061339

B2

subfamily member §

12131

sequencing method to experimentally detect and map G4
structures in the human genome (G4-seq) (8). Also, the PPRs
of these genes were identified as containing OQs (5). More-
over, a PQS was identified into the PPR of SIRT1 in a genome-
wide mapping of endogenous G4s by chromatin immunopre-
cipitation and high-throughput sequencing (G4 ChIP-seq) in
the HaCaT cell line (52), indicating G4 formation within this
PPR and probably an accessible open chromatin state linked
to a high transcriptional activity of this gene. Taken together,
data suggest that the novel PQSs containing the five selected
G4-Vars are able to fold as stable G4 structures in vitro.

In vitro analysis of the effect of G4-Vars on G4s
formation

The effect of the G4-Vars on G4s formation was analysed
by four different spectroscopic approaches (CD spectra, CD
melting, TDS and 1D 'H NMR) and one biochemical method
(qPSA). For the spectroscopic approaches, we used the syn-
thetic single-stranded oligodeoxyribonucleotide representing
the VA-sequences (for sub-group A2, GRIN2B, SIRT1, CSF2
and F7) or the AA-sequence (for sub-group B2, LHFPLS).
Additionally, sequences containing G to A site-specific muta-
tions disrupting PQSs were used as negative controls (Sup-
plementary Table S1 and Figures 3A, E, I and 4A, E). The
VA-sequences from sub-group A2 display CD spectra with re-
duced intensities in the characteristic peaks of parallel G4s
(mainly the positive peaks around 264 nm) when compared
with the CD spectra for AA-sequences (Figures 3B, F and
4B, F), suggesting that the nucleotide changes reduce the
G4s population likely by reducing their stabilities. As ex-
pected, a similar behaviour is observed for the AA-sequence
from sub-group B2 (LHFPLS) when compared with the CD
spectrum for the VA-sequence (Figure 3]). Regardless of the
K* concentration, M-sequences show CD spectra with peaks
not characteristic of G4s (Figures 3 and 4). G4s thermal sta-
bilities calculated by CD melting show that melting tempera-
tures (Tm) obtained for the VA-sequences from sub-group A2
are lower than those obtained for the AA-sequences, mainly
for CSF2 and F7 (Supplementary Figure S4). On the con-
trary, as expected for a G4-Var from sub-group B2, the Tm
obtained for the LHFPLS AA-sequence is lower than that
obtained for the VA-sequence (Supplementary Figure S4). In
agreement, TDS spectra for the AA-sequences from sub-group
A2 and the VA-sequence from sub-group B2 show the typical
G4 signature with two positive peaks around 243 and 273
nm and a negative peak at 295 nm (Supplementary Figure
SS5). Except for SIRT1, the VA-sequences from sub-group A2
and the AA-sequence from sub-group B2 show TDS spectral
changes consistent with G4 structural changes. In all cases, the
M-sequences show TDS spectra not characteristic of G4. 1D
'H NMR showed a group of defined imino protons signals
around 11-12 ppm for the five selected PQSs containing the
AA-sequences in the case of PQSs from sub-group A2 or the
VA-sequence in the case of the PQS from sub-group B2 (Fig-
ures 3C, G, K and 4C, G), confirming the presence of Hoog-
steen bonds and G4 structures (53). All the VA-sequences from
sub-group A2 and the AA-sequence from sub-group B2 dis-
play qualitative (Figures 3C, G, K and 4C, G) and quantita-
tive (Supplementary Figure S6) differences in 1D '"H NMR
spectra when compared with their corresponding AA- and
VA-sequences. Indeed, although spectra show G4 signatures,
the intensity of signals are lower, suggesting that the G4-Vars
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CSF2

AA-sequence |TCAGAGGGGGTGGGGCTGGGTCAAGTCGGGACCCA
TCAGAGGGGGTGTGGCTGGGTCAAGTCGGGACCCA
M-sequence |TCAGAGAGAGTGTAGCTGAGTCAAGTCGAGACCCA
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Figure 3. Analysis in vitro of G4-Vars consequences in G4 formation by PQSs of CSF2, SIRTT (sub-group A2) and LHFPL5 (sub-group B2). (A), (E) and (1)
show tables with the AA-, VA- and M-sequences containing the PQSs of each selected G4-Var. PQSs are underlined, G-tracks > 3 are signalled in bold
and the nucleobases involved in the G4-Vars are signalled in red. (B), (F) and (J) show the CD spectra performed for oligonucleotides folded in the
presence of 100 mM K*(B and F) or 300 mM K*(J). (C), (G) and (K) show the imino region of the 1D 'H NMR spectra obtained for each oligonucleotide
sequence folded in the presence of the same K* concentration used for CD. (D), (H) and (L) gPSAs results showing the relative DNA amplification (bars
represent the mean of triplicate experiments) relativized to mean results obtained for AA-templates. Error bars correspond to standard deviation (SD).
Results for AA-, VA- and M-sequences are represented with black, grey and red colours, respectively. *P < 0.05, **P < 0.01, Student’s t-test.
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AA-sequence |GTGCTGGGGAAGTGGGGTGGTAAGGGGGATGCAAGGGGGACGGAAGGGGGAAGAA

GTGCTGGGGAAGTGGGGTGGTAAGGTGGATGGAAGGGGGACGGAAGGGGGAAGAA
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Figure 4. Analysis in vitro of G4-Vars consequences in G4 formation by PQSs of GRIN2B and F7 (sub-group A2). (A) and (E) show tables with the AA-,
VA- and M-sequences containing the PQSs of each selected G4-Var. PQSs are underlined, G-tracks > 3 are signalled in bold and the nucleobases
involved in the G4-Vars are signalled in red. (B) and (F) show the CD spectra performed for oligonucleotides folded in presence of 10 mM K*(B) or 100
mM K*(F). (C) and (G) show the imino region of the 1D "H NMR spectra obtained for each oligonucleotide sequence folded in the presence of the same
K* concentration used for CD. (D) and (H) gPSAs results showing the relative DNA amplification (bars represent the mean of triplicate experiments)
relativized to mean results obtained for AA-templates. Error bars correspond to standard deviation (SD). Results for AA-, VA- and M-sequences are
represented with black, grey and red colours, respectively. *P < 0.05, **P < 0.01, Student’s t-test.

reduce the G4 population, likely by decreasing G4 stability.
1D '"H NMR spectra for the PQSs within the PPRs of SIRT1,
CSF2 and LHFPLS show signals around 13 ppm, indicating
that these sequences may form structures with Watson—Crick
base pairs at some extent (53) that may compete with G4s. As
expected, the M-sequences show spectra with no peaks indi-
cating Hoogsteen bonds (i.e. no G4 structures).

The qPSA relies on the amplification of ssDNA templates
consisting of a central PQS and flanking sequences for the
annealing of primers. G4s formed in the ssDNA templates
act as roadblocks to Tag polymerase, which stalls replication
and leads to a decreased amplification efficiency by qPCR.

Therefore, formation of G4s with higher stabilities will boost
this effect and reduce the amplification efficiencies, while
G4 destabilisation will increase the amplification efficiency
(43). Figures 3D, H, L and 4D, H show that qPSA amplifi-
cation efficiencies for the VA-sequences from sub-group A2
and the AA-sequence from sub-group B2 are higher than the
qPSA amplification efficiencies for their AA-sequences and
VA-sequence, respectively, confirming that G4-Vars disrupting
PQSs reduce the G4s population likely by reducing their sta-
bilities. In all cases, the M-sequences show higher qPSA ampli-
fication efficiencies indicating no G4 formation and maximal
amplification.
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Pyridostatin (PDS) is a widely used G4 stabiliser molecule
(5,8,54). CD spectra performed on sequences pre-incubated
with PDS show that the sequences with disrupted PQSs are
more responsive to increasing PDS concentrations than their
counterparts containing PQSs (Supplementary Figure S7). qP-
SAs performed in the presence of PDS (Supplementary Fig-
ure S8) show that the VA-sequences for GRIN2B, CSF2 and
SIRT1 are more susceptible to be stabilised by PDS than the
AA sequences. These results suggest that G4-stabilising lig-
ands revert the effect of the G4-Vars on G4s stabilities.

Collectively, in vitro results show that the selected G4-Vars
affect G4s formation and stabilities, and suggest that this can
be reverted by the presence of G4-specific ligands. These facts
may account for functional effects in transcriptional gene ex-
pression control.

Analysis of G4-Vars consequences on
transcriptional regulation in a cellular context

The next key question was whether the G4-Vars have conse-
quences on transcriptional activity. To address the effect of
G4s and G4-Vars in the transcription process in a cellular
context, we constructed luciferase reporter plasmids for the
five G4-Vars by cloning each PQS, as well as their variant
and mutated versions, upstream of the SV40 basal promoter
into the pGL3-promoter vector in the same DNA-strand (tem-
plate or coding) in which they are found in the human genome
(Supplementary Figure S9A). The formation of G4 structures
in the plasmids was evaluated using qPSA, employing them
as templates (Supplementary Figure S9A). G4 formation was
evaluated both in plasmids previous to the transfections (pre-
transfection) and in those recovered from transiently trans-
fected HEK-293 cells (post-transfection). Although qPSA is
not a G4-specific method, we reasoned that if G4s were in-
deed formed in the plasmid context they may act as road-
blocks to Taq polymerase, thus reducing the amplification ef-
ficiency (535). In all cases, regardless of whether the plasmids
were evaluated pre- or post-transfection, the presence of the
corresponding PQSs cause a reduction in the amplification
efficiency compared to those obtained for the empty pGL3-
promoter vector (Supplementary Figure S9). In addition, mu-
tated PQSs (unable to fold in vitro as G4s) show higher am-
plification efficiencies than those obtained for the plasmids
with cloned PQSs and similar to those obtained for the empty
pGL3-promoter vector. These results indicate that G4s can
form in plasmids, both pre- and post-transfection, and that
the mutated versions disrupt G4s formation.

Transiently transfected HEK-293 cells were then used for
measuring the firefly luciferase activity as a transcriptional re-
porter. Luciferase activities measured in extracts from cells
transfected with the plasmids containing the GRIN2B- and
SIRT1-AA-sequences are significantly lower than those mea-
sured in extracts from cells transfected with the empty pGL3-
promoter vector or the respective GRIN2B- and SIRT1-M-
sequences (Supplementary Figures SI0A and D). These results
suggest that the GRIN2B- and SIRT1-AA-sequences, capable
of folding as G4s, repress transcription of the reporter gene.
On the other hand, luciferase activities measured in extracts
from cells transfected with the plasmid containing the F7-
and CSF2-AA-sequences, as well as LHFPLS5-VA-sequence,
are significantly higher than those in extracts from cells trans-
fected with either the empty pGL3-promoter vector or the
plasmid containing the respective F7-, CSF2- and LHFPLS-
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M-sequences (Supplementary Figures S10B, C and E). These
results suggest that the F7- and CSF2-AA-sequences, as well as
LHFPLS5-VA-sequence, all capable of folding as G4, enhance
transcription of the reporter gene.

Once we confirmed that the cloned PQSs in the plasmids
fold as G4s and that these G4s affect the transcription of
a reporter gene in transiently transfected HEK-293 cells, we
next used qPSAs and LRAs for comparing the G4 formation
capability and transcriptional effect, respectively, of the AA-
and VA-sequences corresponding to each G4-Var. With the
exception of LHFPLS analysed post-transfection, which ex-
hibits lower amplification in the AA-sequence than in the VA-
sequence (Figure 51, right panel), the impairment of G4 folding
by the G4-Vars, both in pre- or post-transfection assays, leads
to higher amplification efficiencies in qPSAs (Figures SA, C,
E, G and I), probably due to destabilisation or loosening of
the G4 structures. Results from LRAs using the plasmids con-
taining the GRIN2B- and SIRT1-VA-sequences showed that
the repressive effect on transcription observed for GRIN2B-
and SIRT1-AA-sequences is released by the G4-Vars (Figures
5B and H). On the other hand, when using the plasmids con-
taining the F7- and CSF2-VA-sequences, as well as LHFPLS-
AA-sequence, LRAs show that the transcriptional enhancer
effect observed for F7- and CSF2-AA-sequences, as well as
LHFPLS5-VA-sequence, is reduced by the G4-Vars (Figures 5D,
F and J). Regardless of the type of effect generated by the G4-
Vars in each case, it is worth noticing that in the analysed
cases, the gain/loss or structural change of a G4 affects gene
expression transcription in a cellular context.

The SNV causing the G4-Var identified within the PPR of
GRIN2B gene (CR0911240 retrieved from HGMD-PUBLIC)
had been previously found in a systematic screening of the
PPR of GRIN2B in the North Chinese population for de-
tecting possible genetic variants genetically and functionally
associated with sporadic Alzheimer’s disease (SAD). Genetic
analysis further confirmed that homozygosis in AA (defined
as wild-type haplotype) increase the risk for SAD, even within
subjects without APOE ¢4 allele (considered a risk-factor for
AD and for early age of disease onset). In coincidence with
our results, a fragment of the PPR of GRIN2B containing the
AA-sequence of the SNV causing the G4-Var identified in our
study led to lower transcriptional levels of a reporter gene
transiently transfected both in human neuroblastoma (SH-
SYS5Y) and epithelial carcinoma (HeLa) cell lines compared to
the VA-sequence (36). On the other hand, the SNV causing the
G4-Var identified within the PPR of F7 gene (CR982413 re-
trieved from HGMD-PUBLIC) had been previously identified
as a mutation responsible for a severe bleeding familiar disor-
der (factor VII deficiency, hemarthrosis and chronic arthropa-
thy) in a patient with homozygous VA (defined as mutant-type
haplotype). In agreement with our results, the F7 VA-sequence
present in two different fragments of the F7- PPR led to a re-
duction in the expression of transiently transfected reporter
genes in the human hepatocellular carcinoma (HEPG2) cell
line compared to the AA-sequence (37,56).

Results from LRA of transiently transfected plasmids do
not reflect the real chromatin conditions and endogenous tran-
scriptional regulation. However, they represent an experimen-
tal approach for evidencing the effect of these novel G4s and
G4-Vars in the transcription process in a cellular context. To
go deeper in this characterization, we performed RT-qPCR
analyses to assess the endogenous expression of the genes
under study in several cell lines. We identified HEPG2 as a
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suitable cell line for modelling F7 physiological expression,
since it expresses detectable levels of F7 mRNA, it is derived
from a human hepatocellular carcinoma, and exerts several
features of differentiated hepatocytes, which naturally express
F7.1In addition, the HEPG2 cell line contains the AA-sequence
of F7 PQS, as verified by PCR amplification and sequencing
(not shown). Therefore, we evaluated the effect of treating the
HEPG2 cell line with specific G4 ligands on the endogenous
expression of the F7 gene. Treatment of HEPG2 cells with
TMPyP4, a ligand that according to our in vitro results in-
duces the destabilization of the G4 formed by F7 PQS, leads to
a decrease in endogenous F7 transcriptional expression (Sup-
plementary Figure S11), resembling the effect produced by the
G4-Var. Assuming that TMPyP4 maintains its effect on the
G4 present in the F7 PPR in a cellular context, these results
are in agreement with results gathered both in vitro and in
LRAs, suggesting that the endogenous transcription of F7 is
enhanced by the G4 located into its PPR, while repressed by
the G4 destabilization.

The combination of bibliographic data with the results in
the cellular context presented here suggest that the selected
G4-Vars, within the framework of the PPRs, induce alterations
in the G4s folding and stability. This leads us to infer that these
variations might contribute to changes in the expression of
genes relevant for the onset or susceptibility of human genetic
diseases.

Discussion

Genetic variations throughout the genome found overlapping
with PQSs and affecting G4s formation (G4-Vars) can be
envisaged as the ‘G4-variome’. The contribution of the G4-
variome to the functional diversity of the human genome has
been brought to light during the last decade. Indeed, sev-
eral studies focused on RNA G4s have shown that G4-Vars
may perturb the translation, stability and localization of mR-
NAs (57-60), and affect the microRNA biogenesis (61). The
potential impact of the G4-Vars on DNA biology began to
emerge by the identification G4-Vars in genome-wide studies
(25,27,28,62—-64) and by the characterisation of the role of
specific G4-Vars in the transcriptional regulation of particu-
lar genes (34,35). A pioneer genome-wide analysis of SNVs
in human PQSs was performed emphasising on G4-Vars oc-
currences both in genes and their regulatory sequences. Data
suggested that disruptive variations in G-tracks of PQSs are
less frequent than neutral variations in loops (62). Then, a
merged analysis of genotype information, SNV data and gene
expression profiles assessed whether the difference in the ex-
pression of particular genes is associated with the G4-Vars.
Bioinformatics and experimental results suggested both a rel-
ative selection bias against alteration of PQSs and a significant
role of G4-Vars in gene expression variations among individ-
uals (27). Based on these findings, G4-Vars were suggested
as cis quantitative trait loci associated with expression (cis-
eQTLs, or loci responsible for quantitative alteration in gene
expression) capable of causing substantial alteration of pro-
moters activities (28). A more recent work has reported the ex-
istence of more than 5 million pG4-Vars causing gains/losses
or structural conversions of PQSs within the human genome,
most of them enriched near the TSSs and mainly overlapping
with transcription factor-binding sites (TFBSs) and enhancers.
This finding envisaged important putative implications of the
G4-variome on gene activity and positioned the G4-Vars as

$20Z KB\ /| UO Jasn 0LIesSOy op [BUOIOBN pepISiaAlun-.iBojojuopQ ep pelnoed Aq 9v/GEE/ /Y2 L2 L/2Z/LS/eIo1e/ i u/woo dnooiwapeoe//:sdiy Woll papeojumod]



12136

a novel category of targets for personalised health risk as-
sessment and drug development (25). In line with these con-
cepts, recent integrative genomic analyses of G4s present in
promoters revealed they are enriched with cis-eQTL variants,
histone modifications and transcription factors (TFs) binding
sites (31), reinforcing the biological relevance of the G4s in
promoters regulating gene expression and the impact of the
G4-variome on this function. Moreover, it has been proposed
that G4-Vars are also relevant for gene expression variations
in organisms of commercial interest, such as barley (63) and
cattle (64), thus potentially linking G4-Vars to traits of agri-
cultural and livestock importance.

G4s, along with other non-B DNA structures, have emerged
as major contributors to genome-wide SNVs by disrupting
replication and transcription (65-68), thus leading to genetic
diversity (29-32,69,70) and probably causing at least part of
the G4-Vars. However, recent insights question the role of G4s
as major instigators of mutagenesis and instead, these struc-
tures appear to be mildly mutagenic but potent causative of
recurrent sequencing errors (69,71). This calls for caution in
low-read-depth sequencing studies and rare variant analysis,
which should be studied by a comprehensive strategy involv-
ing a combination of several independent sequencing tech-
nologies, increased read depth and strict quality filters (69,71).

Although several works have pointed out a link between
the G4-variome and the appearance of diseases, a compre-
hensive search intended for identifying pathogenic G4-Vars
with possible consequences on gene transcription has not yet
been carried out. In this work, we developed a novel strat-
egy aimed at identifying and testing disease-associated G4-
Vars located into PPRs likely affecting transcriptional gene
activity. It should be noted that our original computational
pipeline is not restricted solely to the goal of this work, and
can also be adapted to identify G4-Vars affecting other steps of
gene expression or even other pathways in which the G4s are
involved.

We have set high stringent criteria for the selection of the
G4-Vars to be assessed, being aware that this stringency may
have circumvented some biologically relevant G4-Vars. We
restricted the analysis to those G4-Vars with high chances
of impairing or favouring G4s formation due to disruption
or promotion of a PQS (groups A and B); i.e. G4-Vars that
mainly affect G-tracks, thus affecting the nucleotides defin-
ing the core structure of G4s. Recent evidence revealing high
selective pressure on PQSs forming stable G4s within pro-
moters reinforced our selection. Particularly, G-tracks within
these PQSs displayed less tolerance for changes compared to
loops and flanking regions (31,32), indicating that G-tracks
are pivotal elements for G4s structure and biological func-
tion. Moreover, we selected by Quadron algorithm (39) the
PQSs with the highest propensity to form G4s in vitro (sub-
groups A2 and B2) with the extended canonical consensus def-
inition. This consensus includes 65% of the observed G4s by
G4-Seq (39), but do not consider the non-canonical sequences
(that contain bulges in the G-tracks or loops longer than 12
nucleotides), which would provide additional complexity to
the G4-variome scenario. In addition, we left behind G4-Vars
probably containing SNVs within the loops, the flanking re-
gions, or even the G-tracks as long as they keep the presence
of the PQSs. These G4-Vars represent the majority of the iden-
tified pG4-Vars (83%, or 15712 ids out of a total of 18924)
and, even conserving a canonical PQS, could alter the G4s sta-
bility and/or topology, thus probably accounting for relevant
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changes in transcriptional levels of genes regulated by G4s.
Therefore, we consider this work as a start point for discover-
ing the implications of the G4-variome in the onset of human
genetic diseases or even in the possible treatment, diagnosis,
and/or prevention of these diseases.

The five G4-Vars assessed here comprise a variety of cases
including G4 disruption (four G4-Vars from sub-group A2)
and promotion (one G4-Var from sub-group B2), with PQSs
located on the template (three G4-Vars) and coding (two G4-
Vars) strands in respect to transcription, and at different dis-
tances from TSSs within the PPRs. The five G4-Vars had been
formerly associated with pathological phenotypes of diverse
nature, including neurological and cardiac diseases, atopic
dermatitis, coagulopathy and deafness, but had not been re-
lated with G4 structures. Importantly, by means of a battery of
biophysical and biochemical methods, we both confirmed that
these G4-Vars are located into PQSs able to fold as G4s not
previously reported and verified the expected effect of them
on the G4 formation (i.e. G4 disruption or promotion), thus
pointing out the success and robustness of the computational
strategy. In the cases of G4-Vars found in GRIN2B and F7
promoters, results gathered in cultured cells recapitulated re-
ports by other groups describing the effect of these SN'Vs on
transcription of transiently transfected reporter genes in other
cell types relevant to the studied disease (36,37,56). Reinforc-
ing this notion, the action of a G4-specific ligand on the G4
located in the F7 PPR suggests that the underlying molecu-
lar mechanism responsible for the transcriptional effect gen-
erated by the SNV could involve the formation of a G4 struc-
ture. This finding allows to speculate that G4-Vars might ac-
count for changes in the expression of other genes relevant
for the onset of and/or predisposition for other pathologies,
such as Alzheimer’s disease (in the case of GRIN2B), atopic
dermatitis (CSF2), myocardial infarction (SIRT1) and deaf-
ness (LHFPLS). It is important to note that, while different
G4 predictors may be suitable tools to foresee changes in the
folding and stabilities of the G4s in vitro, the consequences of
the G4-Vars on the transcriptional control in a cellular con-
text are not linearly predictable from the computational data
presented here. In consequence, each G4-Var needs to be eval-
uated experimentally regarding its effect on G4 formation and
its role on transcriptional activity in a relevant biological con-
text, so as to assess their real significance in genes expression
regulation and disease.

Although the influence of G4 structures per se on tran-
scription activity has been widely described (2,68), the com-
bined effects of DNA-binding proteins acting as TFs together
with G4 folding should also be considered, as G4s may act as
binding hubs for many different TFs influencing transcription
(26,72,73). Indeed, the G4-Var in the GRIN2B PPR overlaps
with a putative binding site for the zinc finger ras-responsive
element binding protein (RREB), reported as a transcriptional
repressor. Therefore, it was suggested that the AA-sequence al-
lows the binding of RREB, thus repressing transcription, while
the VA-sequence impairs RREB binding, thus promoting tran-
scriptional activity (36). Regarding the G4-Var found in the F7
PPR, the VA-sequence prevents the binding of SP1 and other
nuclear proteins leading to transcriptional repression (37,56).
The link between PQSs and the occurrence of the SP1-binding
sequences has been extensively characterised (74-76),and SP1
has been described as a G4 binding protein (26,77-79). Alter-
ations in G4 folding may adversely impact on SP1 binding
affinity and, consequently, on its functions as a TF (78,80).
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In line with this, a predictive analysis of TFBSs performed
on AA- and VA-sequences for the five G4-Vars assessed here
shows that nucleotide variations modify the predicted TFBSs
for several TFs in both the AA- and the VA-sequences (Sup-
plementary Table S12 and Supplementary File S5). Among the
TFBS differentially predicted between AA- and VA-sequences,
several of them are G4-binding proteins or TFs formerly de-
scribed as able to bind to sequences overlapping or close to
PQSs; e. g., MAZ,E2F1, p53 and WT1. Therefore, it is tempt-
ing to speculate that the binding of these TFs is modified by
changes in G4s folding or stabilities caused by G4-Vars, thus
impacting on transcriptional activity.

This work is a pioneer exploration of the G4-variome car-
ried out focusing on the transcription of genes for which SNVs
have been related to human diseases. The identification of G4-
Vars related to human pathologies is not only useful for dis-
ease diagnosis, but may also indicate the relevance of a par-
ticular G4 structure and thus serve as a target for drug devel-
opment and design of disease-specific treatments. The effect
of G4-Vars promoting or disrupting G4 formation could be
reverted by treatments with specific ligand molecules destabil-
ising or stabilising an affected G4 structure, thus restoring the
gene expression levels. Therefore, scientific efforts should be
focused on deepening in the discovery and design of sequence-
specific G4 ligands, thus contributing to the design of person-
alised therapeutic approaches.
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