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A great deal of attention is being paid to strategies seeking to
uncover the biology of the four-stranded nucleic acid structure
G-quadruplex (G4) via their stabilization in cells with G4-
specific ligands. The conventional definition of chemical
biology implies that a complete assessment of G4 biology can
only be achieved by implementing a complementary approach
involving the destabilization of cellular G4s by ad hoc molec-
ular effectors. We report here on an unprecedented compari-
son of the cellular consequences of G4 chemical stabilization
by pyridostatin (PDS) and destabilization by phenyl-
pyrrolocytosine (PhpC) at both transcriptome- and proteome-
wide scales in patient-derived primary human astrocytes. Our
results show that the stabilization of G4s by PDS triggers the
dysregulation of many cellular circuitries, the most drastic ef-
fects originating in the downregulation of 354 transcripts and
158 proteins primarily involved in RNA transactions. In
contrast, destabilization of G4s by PhpC modulates the G4
landscapes in a far more focused manner with upregulation of
295 proteins, mostly involved in RNA transactions as well, thus
mirroring the effects of PDS. Our study is the first of its kind to
report the extent of G4-associated cellular circuitries in human
cells by systematically pitting the effect of G4 stabilization
against destabilization in a direct and unbiased manner.

Chemical biology (1) hinges on the strategic use of small
molecule modulators to disrupt cellular equilibria reversibly,
both spatially and temporally (2). The responses of cells to
these molecular effectors are then analyzed to gain insights
into underlying molecular mechanisms. For accurate and
dependable interpretations, interventions in chemical biology
rely on exquisitely specific molecular tools to prevent off-
target effects and potential misinterpretations of molecular
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mechanisms. Ideally, chemical biologists should use both
positive and negative regulators to ensure a balanced assess-
ment of the cellular circuitry being studied, thereby enhancing
the reliability of their findings (3).

Recently, the field of DNA and RNA G-quadruplexes (G4s)
(4-7) has become a favorite playground for chemical biologists
(8) eager to uncover new levels of regulation of gene expres-
sion referred to as G4omics (9, 10). G4 is a four-stranded
nucleic acid structure (Fig. 1A4) that assembles from guanine
(G)-rich DNA or RNA sequences when freed from their hy-
bridized forms (e.g., duplex for DNA, stem-loop for RNA) (11).
The G4-forming sequences are widespread in our genome and
transcriptome, >1 million putative G4 sequences are predicted
by G4Hunter (DNA) (12) and G4RNA Screener (RNA) (13).
G4s fold thanks to the formation and self-stacking of cyclic
arrays of Gs known as G-quartets; despite very high thermo-
dynamic stability, they undergo rapid folding and unfolding
orchestrated by the G4 chaperones (14) and G4 helicases (15),
respectively, which intervene in virtually all DNA- and RNA-
dependent processes. This explains why mutations in G4
helicase-coding genes are linked to multiple life-threatening
diseases, including inheritable genetic diseases (e.g., WRN is
mutated in Werner syndrome, RTEL1 in dyskeratosis con-
genita, XPD in xeroderma pigmentosum and Cockayne syn-
drome), cancers and aging phenotypes (15-19).

Chemical biologists aspire to substitute proteins with small
molecules that offer greater practical convenience. They have
developed numerous G4 molecular chaperones or G4 ligands
(20) that have been used to (i) demonstrate the existence and
prevalence of DNA and RNA Gé4s in human cells (21); (ii)
provide insights into the regulation of gene expression at both
transcriptional and translational levels (6, 22), and (iii) advance
chemotherapeutic strategies that leverage G4s as genetic tools
to impede the progression of diseases, especially cancers (23).
In sharp contrast, the development of G4 molecular helicases
or G4 destabilizers is still in its infancy (17, 24). While many
G4 stabilizers have been used in yeast, cancer cells, and more
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Figure 1. Schematic model for human astrocyte culture. A, representation of the formation of a G4 structure originating in the release of the G4-forming
sequence from its duplex constraint (right panel: highlight on the self-stacking of G-quartets that form the core of the G4 structure). B, primary human
astrocytes were cultured from the frontal lobes of brain explants cultured in DMEM medium supplemented with FBS and growth factors before being
collected for immunostaining: the purity of astrocyte cultures was checked by staining using the specific astrocyte markers aquaporin, EAAT2, S1008 or
vimentin (green), GFAP (magenta), and nuclear dye DAPI (blue). Samples were imaged with a confocal microscope. Scale bar, 10 pm.

recently in brain cells (vide infra), only a few G4 destabilizers
have been developed so far (25-30), and their studies were
limited to in vitro investigations. Only a phenylpyrrolocytosine
referred to as PhpC (29) has been identified as a reliable
negative regulator of G4s in human cancer cells by both optical
imaging and G4-RNA-specific affinity precipitation (G4RP)
techniques (31, 32).

We aim here to assess the properties of PhpC in primary
human astrocytes, major brain cells critically involved in age-
associated brain disorders. Indeed, we recently provided evi-
dence of the involvement of G4s in aging phenotypes, showing
that (i) aged mouse brains contain higher levels of G4s than
young brains (33), (ii) the stabilization of G4s with the small
molecule stabilizer pyridostatin (PDS) (34) promotes genomic
instability in neurons, astrocytes, and microglial cells (35-37),
and iii-mice injected with PDS exhibit cognitive impairment
and accelerated aging (33), reminiscent of what was described
in C. elegans (38). Aging, indeed, provides a permissive chro-
matin environment for G4s: beyond multiple epigenetic and
epitranscriptomic  changes, condensed heterochromatic
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regions are diminished during aging (39-42), with a frequent
loss of nucleosomes, which provides a window of opportunity
for G4-forming sequences to fold. G4s might thus be impor-
tant in aging cells, but at present, the associated molecular
mechanisms are largely unknown.

The goal of the present study is to establish a firm
connection between G4 stabilization and destabilization and
nervous cell biology (19, 43, 44). To this end, our approach
abides by the aforementioned definition of chemical biology,
using both positive (PDS) and negative (PhpC) modulators of
G4s in human astrocytes. We selected these molecules owing
to their established selectivity for G4s over other nucleic acid
structures (29, 31, 34, 45, 46). They are both pan-G4 ligands,
i.e., prone to interact with any type of DNA/RNA G4s: this was
demonstrated for instance by the use of PDS for assessing the
prevalence of G4s in the human genome (by G4-seq) (47) and
transcriptome (by rG4-seq) (48), and the use of PhpC to unfold
both DNA G4s (49-51) (notably by BG-flow) (49) and RNA
G4s (31, 50) (notably by G4RP) (31) in human cells. This is a
desirable feature here, as we aimed at using these molecular
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tools to interact with any type of cellular G4s. We selected
astrocytes because they i-have a significant role in neuronal
function, physiology, and overall brain development (52), ii-are
well-accepted cell candidates for uncovering the pathophysi-
ology of neurological disorders (considering their myriad roles
in brain homeostasis), and iii-are practically convenient due to
their ability to replicate and divide (53-56). We used
transcriptome-wide gene expression analysis (RNA-seq) and
proteome-wide mass spectrometry (MS) analysis to identify
the molecular pathways affected by PhpC or PDS. Our results
show that G4s are indeed key genetic levers in astrocytes: PDS
displays a strong inhibitory activity at both transcriptome- and
proteome-wide scale, and PhpC affects the proteome of as-
trocytes only, positively contributing to the regulation of RNA
processes, stress response, and cellular internal organization.
Thus, G4s are interesting chemical biology targets in human
astrocytes, and their destabilization by ad hoc molecular ef-
fectors might represent a relevant strategy to alleviate G4-
associated dysfunctions.

Results

Astrocytes were cultured from explants derived from the
frontal lobes of human brain resections obtained from a 32-
year-old patient. The astrocytic phenotype of these isolated
cells was rigorously confirmed by immunostaining with a
panel of well-established astrocyte-specific markers, including
glial fibrillary acidic protein (GFAP) (57) plus aquaporin (58),
excitatory amino acid transporter 2 (EAAT2) (59), calcium-
binding protein S100f (60) and vimentin (61) (Figure 1B and
Supplementary Fig. S1).

We first performed RNA-seq analysis for human astro-
cytes treated with 2 UM PDS for 24 h (Fig. 2). The RNA-seq
data featured high quality across all samples (Supplementary
Fig. S2). The principal component analysis of this set of
results highlighted clear distinctions between the untreated
controls versus PDS-treated cells: we identified 516 (2.7%)
differentially expressed genes (DEGs) out of a pool of 18,648
genes with measured expression. Among these 516 DEGs,
162 genes (31%) were upregulated, and 354 genes (69%) were
downregulated (Fig. 2A and Supplementary Fig. S4). PDS
treatment, thus, strongly alters the transcriptome of astro-
cytes, modulating the expression of an extended network of
genes, in line with previous reports in different cell types
(37, 62).

We then conducted data mining within the context of both
pathways (Kyoto Encyclopedia of Genes and Genomes
(KEGG) database) (63) and gene ontologies (Gene Ontology
(GO) consortium database) (64, 65), implementing iPath-
wayGuide (Advaita Bioinformatics) (66), using the probability
(p) value as a significance marker, considered to be high
confidence when p < 0.01. Our analysis revealed significant
modifications encompassing 5403 GO terms and 233 KEGG
terms related to 28 pathways. The most enriched pathways
were i-the regulation of cell cycle (31 out of 124 DEGs, 25%),
including the cellular stress/yDNA damage response protein
GADD45 G, p = 2.0e-3), ii-homologous recombination (9 out
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of 41 DEGs, 22%, DNA repair family (see the supplementary
data for definition), including the helicase BLM and the
recombinase RAD51, p = 1.0e-6), iii- DNA replication (12 out
of 36 DEGs, 33%, including the helicase DNA2 (p = 4.3e-5) and
the structure-specific endonuclease FEN1, p = 1.0e-6) and iv-
the Fanconi anemia pathway (12 out of 54 DEGs, 22%, disease
family, including the helicase FANC] and the repair proteins
BRCA1 and BRCA2, p = 1.0e-6) (Fig. 2C). Among the most
notable downregulated genes were helicases (20 out of 72
DEGs, 27%, including the G4 helicases BLM, FANC], and PIF1,
p = 1.0e-6) and repair proteins (both double-strand break
repair (39 out of 246 DEGs, 16%) and recombinational repair
(30 out of 139 DEGs, 22%), including RAD51, BRCA1 and
BRCA2, p = 1.0e-6, Fig. 2C). These results make PDS a double-
edged sword as it concomitantly inhibits G4 helicases, which
triggers an increase in G4s, that is, in G4-mediated DNA
damage (46, 67), and DNA repair proteins (68), which hampers
the proper repair of this damage.

In sharp contrast, PhpC-treated human astrocytes (20 UM
for 24 h) experienced an almost insignificant transcriptomic
change. We identified only nine DEGs (0.1%) out of 15,309
genes with measured expression. Among these nine DEGs,
only one gene (11%) was downregulated, and eight genes (89%)
were upregulated (Fig. 2B). The treatment of PhpC thus trig-
gers the modification of only 581 GO terms and 12 KEGG
terms (with moderate significance, p < 0.6), related to five
pathways but in a minimal manner. Expression of only 1 to 4%
of RNA (from one out of 22 DEGs (hormone biosynthesis) to
two out of 129 DEGs (ligand-receptor interactions)) were
modified (again with moderate significance, p < 0.05, Fig. 2C).
Collectively, these results indicate that PhpC does not affect
transcription, which could be interpreted as evidence that
PhpC does not act on G4 DNA in human astrocytes. We
nevertheless compared the gene expression common between
PDS- and PhpC-treated astrocytes and identified only two
common DEGs (ADRA2C and ANKHDI-EIF4EBP3,
p < 0.01), but not related to any recognized cellular pathway.

To investigate further the properties of these two molecular
effectors, we focused on proteomics (mass spectrometry, MS,
Supplementary Fig. S3). Similar to the RNA-seq analysis, PDS-
treated astrocytes experienced a series of significant changes,
compared to the untreated control (Fig. 3 and Supplementary
Figs. S5 and S6). We identified 381 (10.6%) differentially
expressed proteins (DEPs) out of a pool of 3604 proteins with
measured expression. Among these 381 DEPs, 223 proteins
(58%) were upregulated, and 158 proteins (42%) were down-
regulated (Fig. 34). Our study shows that PDS influences 256
KEGG terms and 4955 GO terms related to 12 pathways. The
most significantly impacted pathways include chromatin as-
sembly (31 out of 80 DEPs, 39%), nucleosome assembly (29 out
of 73 DEPs, 40%), DNA packaging (31 out of 92 DEPs, 34%), all
belonging to the chromatin modification and organization
family, DNA conformation change (36 out of 127 DEPs, 28%),
telomere organization (23 out of 80 DEPs, 29%), and ribonu-
cleoprotein complex biogenesis (38 out of 237 DEPs, 16%)
among others. These modifications include the dysregulation
of the remodeler ATRX (p = 0.01, helicase family) and both the

J. Biol. Chem. (2025) 301(1) 108040 3



Regulation of gene expression by switching on and off the G-quadruplex systems

A B

1
1 o
o~ NH: 162 § 354 ' _\—NHE 81
X 1
| | NH
0. N (o} : J
hn O A A O 516 DEGs ; Y 9 DEGs
l ZN N‘ = 1 N~ 0
! fo
PDS | PhpC
: o~
1
1
: Nervous system
Disease : processes
8 1
Viral processes Cell cycle 1 ) 70 Signal transduction
1 SO
) -
| 501
Nuclei id 1 E N 4 Nervous system
u:I:tI:l::IIic Cell differentiation . “) 30l A processes
and maturation 1 < %
processes |
1
1
1
1
1
DNA repair Cell death | ©
processes :
1
1
1
1
DNA transcription RNA catabolic : )
1
1

DNA replication PEOSRSSES PDS

&
2 B
<
o 1 o 1l 1
K e
w 0 w 0 0
L: 3,
N N M &N & =T 9 - T 9 = m N
249w § =5 W=<99 758 =258 -2 ~ =G5 38 8838 =
1%} ) T O g O g W <
z O ™ 4 = Z 2 Q WO =z Z2
L 5§ £ Q9 =9 U = o = J 9 =2 9 < Z mzZ g <
o a ] mgmgu.u_ézqzu.u-
4 w
3

CCND2

Log,FC

Cell cycle (Cell cycle) i

NUNNNI\QD'“V

2 - 2 -5 80 F 5SS sU=5888%5

o 0 o D) —' S EF a g @ 8 n ) 0O o = =
3 S QR @z 3 8 a s E oo 98 8 8 ==
. 8 g 2 & < o ¥ 3 o
- § 3} 3) (8]
a
2 PDS | PhpC

Family Pathway

Figure 2. G4 stabilizer PDS and destabilizer PhpC alters transcription in human astrocytes. A, PDS alters the expression of 516 genes (DEGs) in human
astrocytes represented in the pie chart and dysregulated biological pathways shown in the radar plot. B, human astrocytes upon being treated with PhpC
dysregulated nine genes shown in pie chart and modified biological pathways are represented in radar plot. A/B, numbers in the pie charts: in white: genes
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Log,FC represents the ratio of normalized gene expression in PDS and PhpC treatment. 0 - no change, positive value - increase in expression, negative
value - decrease in expression.

structure-specific endonuclease FEN1 (p = 0.02) and the DNA  p < 0.03) and five were downregulated (DDX58 and ERCC6L,
polymerase cofactor PCNA (p = 0.04), belonging to the cellular p = 1.0e-6; MCMS6, EIF4A1 and DHX15, p < 0.04) (Fig. 3C).
component organization or biogenesis family (Fig. 3C). Among  Similarly, DNA repair proteins were diversely dysregulated
the DEPs, the helicases were affected (13 out of 77 DEPs, 17%)  (both double-strand break repair (7 out of 52 DEPs, 13%) and
but diversely. Eight were upregulated (DHX8, DDX10, ERCC3, recombinational repair (5 out of 30 DEPs, 17%), but not in a
DDX60 and DDX39B, p = 1.0e-6; DDX24, ATRX and DDX1, significant manner (p > 0.5). These results indicated that the
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modulation of the proteome triggered by PDS is a compre-
hensive but complex and multi-level process.

Compared to RNA-seq results, proteomic changes triggered
by PhpC were much more significant: we identified 314 DEPs
(7.9%) out of 3968 proteins with measured expression. Among
314 DEPs, 295 proteins (94%) were upregulated, whereas only
19 proteins (6%) were downregulated (Fig. 3B and Supple-
mentary Figs. S7 and S8). These results confirm that PhpC has
more impact on translational versus transcriptional activity in
astrocytes. These modifications include 260 KEGG terms and
4485 GO terms related to 16 pathways. Among them, the most
notable pathways include base-excision repair (4 out of 16
DEPs, 25%, including FEN1, p = 1.0e-6). The cellular processes
affected are P-body assembly (4 out of 10 DEPs, 40%, including
DDX6, p = 0.05), DNA transcription (8 out of 38 DEPs, 21%,
including DDX39B, p = 0.03), regulation of RNA stability (13
out of 77 DEPs, 17%, including FUS, p = 1.0e-6, RNA stability),
DNA duplex unwinding (6 out of 40 DEPs, 15%, including
DDX1, p = 0.03, DNA repair), and regulation of translation (26
out of 188 DEPs, 14%, including EIF5, p = 1.0e-6, RNA
translation), among others (Fig. 3C). As mentioned earlier,
among the DEPs, both helicases (with the upregulation of 16
out of 83 helicases (19%), eight being statistically relevant,
DDX10, DDX51, DDX56, ERCC2, ERCC3, DHX57,
SMARCA?2, and MCMS6, p = 1.0e-6) (Fig. 3C) and DNA
damage binding proteins rank high (with the upregulation of
six out of 24 proteins (25%), four being statistically relevant,
FEN1, ERCC2, ERCC3, and RAD23B, p = 1.0e-6).

Next, we investigated the common proteins between PDS
and PhpC datasets. The expression of 107 proteins was found
to be dysregulated by the two compounds (Figure 44 and
Supplementary Fig. S9), including 92 upregulated proteins
(86%) in both instances (hereafter called PDS*/PhpC"), five
downregulated (5%) in both cases (PDS/PhpC’), and 10
differently expressed (9%), with nine PDS/PhpC™ and only one
PDS*/PhpC” (NUCKSL, p < 0.02). We found 33 biological
processes dysregulated by both PDS and PhpC, including the
significantly affected regulation of protein binding (22-27% of
dysregulated proteins out of >30 proteins, p = 5.0e-3, protein
binding family), ribonucleoprotein complex biogenesis
(14-16% of >200 proteins, p = 3.8e-4, ribonucleoprotein
complex biogenesis family) and cellular component organiza-
tion (8—12% of >1700 proteins, p = 7.0e-4, cellular component
assembly or organization family) (Fig. 4B), which are all related
to the translation machinery.

To gain more accurate insights into the cellular circuitries
dysregulated by PDS, PhpC, or both, we performed a STRING
analysis (69), which computationally estimates (databases ag-
gregation) the probability of both direct (physical) and indirect
(functional) interactions between two proteins via a strength
(s) score, considered to be high confidence when s > 0.70. We
found that the 223 PDS™ proteins are involved in RNA
transactions (Fig. 4C), including cytoplasmic translation (12
out of 123 proteins, 10%, s = 0.94) and regulation of mRNA
processing (9 out of 140 proteins, 6%, s = 0.76), in ribonu-
cleoprotein complex subunit assembly (16 out of 203 proteins,
8%, s = 0.84) and organization (17 out of 211 proteins, 8%,

6 . Biol. Chem. (2025) 301(1) 108040

s = 0.85) and DNA binding (6 out of 58 proteins, 3%, s = 0.96).
In contrast, the 158 PDS™ proteins (Fig. 4D) are primarily
involved in cell organization (e.g., RNA localization (8 out of
180 proteins, 4%, s = 0.79) and protein localization to the
nucleus (8 out of 195 proteins, 4%, s = 0.75) or membrane (10
out of 219 proteins, 5%, s = 0.80)) and chromatin organization
(e.g, nucleosome organization (16 out of 162 proteins, 10%,
s = 1.13) and assembly (15 out of 124 proteins, 12%, s = 1.22)).

Next, we focused on the 295 PhpC" proteins (Fig. 4E) and
found that they are also involved in RNA transactions,
including rRNA processing (19 out of 220 proteins, 9%,
s = 0.76) and metabolic process (20 out of 250 proteins, 8%,
s = 0.73), ribosome (24 out of 299 proteins, 8%, s = 0.73) and
ribonucleoprotein complex biogenesis (34 out of 449 proteins,
8%, s = 0.71). Notably, proteins involved in P-body assembly (4
out of 14 proteins, 29%, s = 1.28) rank high, contributing to
RNA transactions (degradation and silencing) (70). In sharp
contrast, the 19 PhpC™ proteins do not belong to any identi-
fiable network, as do the five PDS/PhpC’, nine PDS/PhpC",
and one PDS*/PhpC’ proteins (Fig. 4F), likely due to their low
number. The 92 PDS'/PhpC" proteins (Fig. 4F) primarily
intervene in protein dephosphorylation (4 out of 34 proteins,
12%, s = 1.4), epithelial cell morphogenesis (4 out of 34 pro-
teins, 12%, s = 1.4) and more generally binding interactions (10
out of 375 proteins, 3%, s = 0.76), but also in cellular
component biogenesis (11 out of 500 proteins, 2%), localiza-
tion (29 out of 2677 proteins, 1%) and organization (both
cellular (48 out of 5639 proteins, 0.9%) and organelle organi-
zation (37 out of 3470 proteins, 1%)), although in a non-
significant manner (s < 0.7). Interestingly, the molecular
components that are most affected by both PDS and PhpC are
associated with stress granules (7 out of 84 proteins, 8%,
s = 1.25) and polysome formation (5 out of 65 proteins, 8%,
s = 1.22), fully in line with the pivotal role played by G4s in
response to cellular stress and translation (71-73).

Notably, both PDS and PhpC strongly impact RNA meta-
bolism, although through different angles. PDS triggers a
scatter-gun type of damage, affecting most if not all cellular
circuitries, which is in line with the RNA-seq analysis: indeed,
the 354 PDS’ transcripts belong to dozens of different cellular
pathways (including DNA repair (62 out of 497 DEGs, 13%),
replication (51 out of 203 DEGs, 25%) and unwinding (25 out
of 89 DEGs, 28%)), and quite surprisingly, the 162 PDS"
transcript do not belong to any identifiable network. This
suggests that the cellular effects of PDS originate in its ability
to downregulate cellular processes, acting at both transcrip-
tional and translational levels (i.e., on both DNA and RNA
G4s). In sharp contrast, PhpC has a narrower spectrum of
action, acting solely at the translational level (i.e., on RNA Gé4s)
and solely as an activating agent, positively regulating RNA
processes, stress responses, and cellular internal organization.

Altogether, these results indicate that even if PDS and PhpC
share the same targets (G4s), their cellular responses are
strongly different, which is fully in line with the type of
interaction they intend to have with G4s (stabilization versus
destabilization). However, G4 involvement in the cellular
pathways and biological processes described above remained,
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at this stage, speculative. Some were established in the litera-
ture (e.g., the G4-forming sequence found in the promoter
region of PCNA and BLM, in the 5'-untranslated region (UTR)
of FEN1 mRNA (vide infra) for instance) (74, 75), but the
existence of G4s related to most of the DEGs/DEPs described
above remained to be demonstrated.

To investigate this in detail, we evaluated the G4 content of
the mRNA coding the DEPs using G4Hunter, which estimates
the probability of G4 formation within a sequence via a score
(G4H score) (12). From the 107 proteins found to be dysre-
gulated by the two compounds, we selected only the DEPs
whose statistical significance was established upon both PDS-
and PhpC-treatment (p < 0.01). This selection led to 58 can-
didates (Fig. 5A), including four PDS/PhpC™ (ie., EIF5,
HECTD3, ICMT, MYL10), four PDS/PhpC* (i.e, EIF4Al,
MKI67, PRMTS5, SEC61B), and 50 PDS*/PhpC" proteins (e.g,
DDX10, ERCC3). The corresponding mRNA sequences were
obtained from the National Center for Biotechnology Infor-
mation (NCBI) using the reference genome assembly
GRCh38.p14 (GCF_000001405.40), were computed to identify
their putative quadruplex sequences (PQS). We selected a
rather low detection threshold (=1.0 versus the classically used
1.5) for two reasons. First, we calibrated our investigations
with established RNA G4-forming sequences and found that
they display low scores, such as FEN1 (see above,
YGCAG,CUCAG,CUGCUG,C,GAGCAG,AG,UG,”, locali-
zation: +449/+511, G4H score = 1.3)) (74). Second, G4 ligands
(notably PDS) preferentially stabilize weaker G4s (that is, G4s
with an average score centered on ca. 1.0) in human cells (76).
Using these conditions, we found that the 58 studied mRNAs
contain at least one PQS, ie., 4 to 13 PQSs for PDS/PhpC”
DEPs (score < 2.00), 1 to 27 for PDS/PhpC" (score < 2.35),
and 1 to 58 for PDS*/PhpC* (score < 2.75), which represents a
high G4-content, with an average of 9.5 PQS/transcript for
PDS’/PhpC’, 10.5 for PDS/PhpC* and 10.9 for PDS*/PhpC*
(Fig. 5B).

To go a step further, the localization of these PQSs across
the different mRNA sections (5-UTR, coding sequence (CDS),
and 3'-UTR) was investigated (Fig. 5, C and D). In the PDS’/
PhpC" transcripts, PQSs are mainly located in the 3’-UTR (23
out of 38 PQSs, 61%) versus CDS (15 out of 38 PQSs, 39%). In
the PDS’/PhpC" transcripts, the PQSs are mainly located in
CDS (24 out of 42 PQSs, 57%) versus 5'-UTR (4 out of 42
PQSs, 10%) and 3/-UTR (14 out of 42 PQSs, 33%); in the PDS*/
PhpC* transcripts, the PQSs are mainly located in the 3’-UTR
(268 out of 546 PQSs, 49%) versus CDS (223 out of 546 PQSs,
41%) and 5'-UTR (55 out of 546 PQSs, 10%). This might have
consequences in the regulation of mRNA expression. For
instance, the transcripts whose expression is upregulated by
PhpC tend to have a high G4 content in their CDS (57 versus
39% for PhpC"), which is in line with the known ability of these
Gd4s to stall polymerases. They also have PQSs in their 5'-UTR

(10 versus 0% for PhpC’), which is also consistent with the
ability of these G4s to hamper proper mRNA scanning (77).
Conversely, those downregulated by PhpC display a high PQS
content in the 3-UTR (61 versus 33% for PhpC*), which is in
agreement with the influence of these G4s on mRNA stability
(78).

Altogether, these in silico investigations demonstrated the
G4-richness of identified DEGs/DEPs and confirmed their
reliability as targets for both PDS and PhpC. To provide an
experimental validation, we selected 10 genes for both the
good G4Hscore of their PQSs (>1) and the modulation of their
expression by PDS/PhpC: ADRA2C, ANKHDI1-EIF4EBP3,
BORA, ERCC6L, FEN1, ICMT, MKI67, NEFL, NUCKS]1, and
RILPL1. This selection comprises 7 DNA PQSs detected by
RNA-seq, for qPCR validation: ADRA2C (PDS" and PhpC"),
ANKHDI-EIF4EBP3 (PDS* and PhpC'), BORA (PDS),
ERCC6L (PDS’), FEN1 (PDS’), MKI67 (PDS’) and NEFL
(PhpC’); and 7 RNA PQSs detected by MS, for immunoassay
validation: BORA (PDS™ and PhpC’), ERCC6L (PDS’), FEN1
(PDS* and PhpC*), ICMT (PDS and PhpC’), MKI67 (PDS"
and PhpC*), NUCKS1 (PDS" and PhpC’), and RILPL1 (PDS*
and PhpC"). We selected only 1 PQS per gene/transcript,
which represents only a small fraction of the total number of
PQS (10 out of 170 PQS, 5.9%; the number of PQS being 15 in
ADRA2C, 55 in ANKHDI1-EIF4EBP3, six in BORA, nine in
ERCC6L, nine in FEN1, 13 in ICMT, 27 in MKI67, 11 in NEFL,
16 in NUCKS]I, and nine in RILPL1).

The G4 folding of these PQSs was evaluated by circular
dichroism (CD) and thermal difference spectra (TDS) (79),
FRET-MC assay (80) and fluorescence titrations (with NMM)
(81), and quantified via a cumulative score (Fig. 64, and the
Supplementary Figs. S10-S16 and Tables S1-S9). We found
that 57% (8 out of 14 PQSs) do actually fold into G4s (score
>1.5), which is relevant with respect to the very narrow se-
lection of PQSs (ca. 6%). We thus translated this into a
functional analysis, assessing the PDS-/PhpC-mediated mod-
ulation of the corresponding DEGs by quantitative PCR and
DEPs by capillary-based immunoassay (Fig. 6, B and C, and
Supplementary Figs. S17-S19 and Table S10): quite remark-
ably, the results obtained with low-throughput techniques fully
matched RNA-seq and MS (Fig. 6D), with the exception of
NUCKS1 (no reliable antibody) and MKI67 (above the capil-
lary limits). These results thus provide the validation of both
the functional relationship between G4s, transcription and
translation, and the functional relevance of a G4 ligand-
mediated control of gene expression.

Discussion

We performed a comprehensive study of the effects of G4
stabilization by PDS or G4 destabilization by PhpC at the
transcriptome- and proteome-wide scales in primary human

PDS * treated human astrocytes. D, the string protein-protein interaction analysis showing the examples of enrichment maps of proteins and dysregulated
pathways for PDS". E, the string protein-protein interaction analysis shows the examples of enrichment maps of proteins and dysregulated pathways for
PhpC™. F, the string protein-protein interaction analysis showing the examples of enrichment maps of proteins and dysregulated pathways for PDS/PhpC,
PDS/PhpC* and PDS*/PhpC* (gene sets: node; gene presence: edge) (see the supplementary data).

8 J Biol. Chem. (2025) 301(1) 108040

SASBMB



Regulation of gene expression by switching on and off the G-quadruplex systems

A PDS-/PhpC- PDS-/PhpC* PDS*/PhpC*
PDS — PhpC PDS — PhpC PDS — PhpC
4 mRNAs coding DEPs 4 mRNAs coding DEPs 50 mRNAs coding DEPs
B PQS/mRNA PQS/mRNA PQS/mRNA
0 5 600 5 10 15 20 25 55

C PQS proportion (%) PQS proportion (%) PQS proportion (%)
0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100
1 1 1 1 1 ! 1 1 1 1 1 | 1 1 1 1 1
B sutR [ Jeos [ ] 3-UR
D ICMT mRNA MKI67 mRNA RILPL1 mRNA
54 908 4795 415 10185 12716 238 1449 3933
(V] (] ()
s 4 5 4 5 4
a & b
: 21 | . : 21 | | |
€ olll |1l ||l | E o E o |
500 I e s T R
€-2 £-2 £-2
= S 34
2 mmm 0.5 kb © mm 1.0kb = mmmm 0.5 kb

Figure 5. A G4-motif analysis for genes altered by PDS and PhpC in human astrocytes. A, G4 content estimation within mRNA coding 58 significant
DEPs representing motifs for four PDS/PhpC’, four PDS/PhpC* and 50 PDS*/PhpC™. B, schematic representation of the distribution of PQS per mRNA using
G4hunter. C, a diagram showing the distribution of PQS across the various sections of mRNA, 5'UTR, CDS, and 3'UTR. D, examples of distribution of PQS

across sections of mRNA for genes ICMT, MKI67, and RILPL1.

astrocytes. Our results confirm that, just like in many other cell
types (62, 82-85), PDS is a quite active, pan-G4 ligand that
affects a broad variety of cellular processes. Its toxicity pri-
marily originates in its inhibitory properties, with the down-
regulation of 354 transcripts (RNA-seq) and 158 proteins
(MS), which affects many different pathways mostly related to
RNA transactions. In contrast, PhpC modulates the G4 land-
scapes in a more focused manner, altering only the trans-
lational activity in astrocytes (likely because of a preferential
interaction with RNA G4s, previously demonstrated by G4RP)
with the upregulation of 295 proteins mostly involved in RNA
transactions, thus mirroring the effects of PDS.

From the G4 point of view, the 107 proteins dysregulated by
PDS and PhpC offer a unique and dazzling display of the role
that G4s play in human astrocytes. Importantly, G4 folding
and unfolding do not necessarily correspond to inhibition and
activation of cellular processes, respectively. Indeed, depend-
ing on the localization of the G4-forming sequence within the
gene/transcript (UTR or CDS), G4s promote (behaving as
docking sites, for instance) (86—88) or hamper (behaving as an
impediment to polymerase motion, for instance) (89-91) the
related transactions. Therefore, PDS™ and PDS* and, accord-
ingly, PhpC™ and PhpC* can be interpreted to cast a light on
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the involvement of G4s in cellular biology. Among this set of
dysregulated proteins, both iPathwayGuide and STRING an-
alyses point toward key G4 roles in the regulation of stress
response and protein production and localization, thus con-
firming the functional prevalence of G4-associated pathways in
astrocytes and the relevance of the strategies aiming at tar-
geting G4s to harness the cells’ operational pattern.

From a molecular point of view, our results confirm that
PDS indiscriminately causes casualties, up- and down-
regulating gene expression at transcriptional (516 DEGs, 31%
up, 69% down) and translational steps (381 DEPs, 58% up, 42%
down). These results contribute to nurturing a better under-
standing of the mechanism by which PDS exerts its anti-
proliferative activity (46, 82, 84, 85), initially suspected not to
be sufficiently controllable for being pushed towards clinical
investigations while a recent study shows that it might be
considered as a good candidate for further therapeutic de-
velopments (92). PhpC behaves in a radically different manner,
upregulating gene expression at the translational step only
(nine DEGs only versus 314 DEPs, 94% up, 6% down). These
results thus contribute to unraveling the mechanism of action
of PhpC in human cells, which makes it a serious candidate for
entering preclinical/clinical trials in light of its good drug-like
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Figure 6. An experimental confirmation of the G4-folding of identified PQSs and G4-mediated modulation of gene expression. A, in vitro confir-
mation of the G4-folding of 7 DNA PQSs and 7 RNA PQS corresponding to 10 genes/transcripts whose expression is modulated by PDS/PhpC via CD and
TDS profiles, FRET-MC investigations and NMM fluorescence titrations (cumulative score, see the Supporting Information for calculation details). B, mod-
ulation by PDS or PhpC of the cellular level of eight transcripts established by qPCR. C, modulation by PDS or PhpC of the cellular level of 10 proteins
established by capillary-based immunoassay. D, comparison of the G4 ligand-mediated modulation of gene expression established by by high-versus low-

throughput techniques.

properties (Lipinski’s profile) (93) implying advantageous
pharmacological properties (small size, high bioavailability,
low toxicity). PDS and PhpC might not interact with the same
G4s, even within the same gene/transcript, nor with the same
affinity. Despite these differences, we found that PhpC triggers
effects opposite to PDS, favoring sheltering effects while PDS
favors inhibitory effects. PhpC could, therefore, be considered
a senolytic drug that may find many applications in designing
strategies to prevent G4-associated molecular and genetic
dysfunctions associated with age-related neurological
disorders.

10 J Biol Chem. (2025) 301(1) 108040

Experimental procedures

Isolation and culture of primary human astrocytes

In this study, we collected epileptic brain tissue resection
from the frontal lobe of a 32-year-old male patient, maintaining
sterility throughout the process. The patient had no known
pathological conditions or co-morbidities, and ethical stan-
dards, including obtaining informed consent, were observed
throughout the handling of the human tissue sample. The brain
sample was subjected to a 30-s sterilization step using 20%
betadine solution, followed by thorough rinsing with 1X PBS.
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Subsequently, the tissue was finely diced into 1-mm-sized
pieces on a sterile petri dish, and these explants were then
transferred to PDL-coated plates and air-dried for 10 min. The
explants were cultured in DMEM growth medium supple-
mented with 10% FBS, as well as antibiotics, penicillin, and
streptomycin. After culturing them for 2 to 3 weeks, astrocytes
were isolated from the explants and continued their culture in
DMEM growth medium enriched with recombinant human
TGF-0. and human NRG1-B1 growth factors, promoting their
maturation and differentiation until 3 to 4 passages.

Immunocytochemistry

Cultured human astrocytes were grown on Geltrex-coated
chambered slides and subjected to immunofluorescence
staining. After a preliminary wash with 1X phosphate-buffered
saline (PBS), the cells were fixed using 4% paraformaldehyde
for 10 min at room temperature, followed by PBS washes.
Subsequent permeabilization and blocking were done using 5%
normal goat serum, 1% bovine serum albumin, and 0.3%
Triton-X-100 for 45 min at room temperature. The astrocytes
were then incubated with a primary antibody prepared in the
blocking solution overnight at 4 °C, washed thrice with PBS for
5 min each, and subsequently incubated with a fluorophore-
tagged secondary antibody for 1 h at room temperature. The
slides were mounted with a DAPI-containing mounting me-
dium, enabling visualization using fluorescence microscopy.

Fluorescence microscopy and image analyses

Fixed cells were imaged using a Nikon A1R Confocal Laser
Microscope, employing 20X, 40X, and 63X objectives. To
ensure uniformity and comparability across all samples, imag-
ing parameters, including light intensity, gain, and other rele-
vant settings, were maintained constant throughout the imaging
process. Subsequently, the acquired images were analyzed and
quantified using Image]/Fiji software, enabling standardized
measurements and evaluations of the experimental data.

In vitro maturation of human astrocytes and small molecule
treatment for RNA-sequencing and mass spectrometry
analysis

Human astrocytes, isolated from the explants, were cultured
in vitro in DMEM media supplemented with FBS and growth
factors for a minimum of 3 to 4 passages, ensuring their
maturation and differentiation. Astrocytes were cultured in
PDL-coated T25 flasks at a seeding density of approximately
two million cells per flask. Cells were treated with PDS (2 uM)
or PhpC (20 uM) for 24 h. The following day, for RNA-
sequencing, the cells were lysed in 1 ml of RLT buffer ob-
tained from Qiagen, and for mass spectrometry, cells were
collected in 1X PBS. Cells were rapidly frozen and stored
at —80 °C until further analysis.

Sample preparation, library preparation, mRNA sequencing,
and data analysis workflow

Human astrocytes age 32, male untreated (control), n = 5, or
treated with PDS, n = 5, or PhpC, n = 5, were lysed in RTL lysis
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buffer and freeze for RNA isolation. RNA isolation was per-
formed using the RNeasy Mini kit (Qiagen) and the manufac-
turer’s guidelines, with elution on a 30-{LL volume. Subsequent
library preparation was carried out adhering to the standard
QIAseq stranded mRNA Kit (Qiagen) protocol. Starting with
500 ng of initial material, mRNA was enriched and heat frag-
mented. After the first- and second-strand synthesis, comple-
mentary DNA underwent end-repair and 3’ adenylation.
Sequencing adapters were then ligated to the overhangs, and
molecules carrying adapters were enriched through 13 cycles of
PCR and purified using bead-based cleanup. Library quality
control was performed using capillary electrophoresis (Tape
D1000), and high-quality libraries were pooled based on equi-
molar concentrations. The concentration of the library pool
was quantified using qPCR, and this optimal concentration was
utilized to generate clusters on the surface of a flow cell.
Sequencing was conducted on a Nextseq instrument (Illumina
Inc.), according to the manufacturer’s instructions, producing
paired-end reads (2 x 75, 2 x 10). Primary data analysis was
carried out using CLC Genomics Server 22.0.02. Initial data
processing involved trimming to remove potential read-
through adapter sequences at the 3'end, followed by quality
score-based trimming and handling of reads containing
ambiguous nucleotides (up to two per read). The trimmed
reads were first mapped to the human ribosomal RNA (rRNA)
repetitive unit to assess the rRNA content in the samples.
Subsequently, all reads were mapped to the human genome
GRCh38 with ENSEMBL GRCh38 version 98 annotation. For
differential expression analysis, the ’empirical analysis of DGE’
algorithm within the CLC Genomics Workbench 22.0.2 was
employed with default settings, utilizing the "Exact Test’ from
the EdgeR Bioconductor package for two-group comparisons.
Only genes with at least 10 counts summed across all samples
were considered for unsupervised analysis. A variance stabi-
lizing transformation was applied to the raw count matrix using
the R package DESeq2 version 1.28.1. The 500 genes with the
highest variance were used for the principal component anal-
ysis, and the variance values were calculated agnostically to pre-
defined groups (blind = TRUE). Finally, hierarchical clustering
was performed using the top 35 genes exhibiting the highest
variance across samples.

Sample preparation, library preparation, and mass
spectrometry

Human astrocytes age 32, male untreated (control), n = 3, or
treated with PDS, n = 3, or PhpC, n = 3, underwent lysis using
a solution containing 50 mM ammonium bicarbonate and
1 mM calcium chloride, followed by sonication for 3 min at 30
amp with a 30-s pulse, and a 1-min rest at 4 °C. Protein
concentration was determined using the Bradford method,
with subsequent digestion of 25 g of lysate using 0.5 jig of
trypsin for 12 h at 37 °C. Tryptic peptide concentration was
assessed using the Pierce Quantitative Peptide Assays kit
(ThermoFisher Scientific cat# 23275), and 25 pg of peptides
were chromatographically separated on a custom-made
reverse-phase C18 column within a pipet tip. The eluted
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peptides were fractionated into 15 distinct fractions of 150 pl
each by employing a stepwise gradient of increasing acetoni-
trile concentration (ranging from 2 to 35%) at pH 10.
Following this, the fractions were amalgamated into five
groups by combining different % of acetonitrile eluent (2 +
12 + 22%, 4 + 14 + 24%, 6 + 16 + 26%, 8 + 18 + 28%, 10 +
20 + 35%) and desiccated under vacuum. The resultant dried
peptide samples were reconstituted in a solution consisting of
5% methanol and 0.1% formic acid in water, and subsequently
subjected to analysis using Orbitrap Fusion mass spectrome-
ters (Thermo Fisher Scientific) in conjunction with an Easy-
nLC 1000 nanoflow LC system (Thermo Fisher Scientific).
For the analysis, an in-house trap column packed with 1.9-um
Reprosil-Pur Basic C18 beads (2 cm x 100 im) and a capillary
separation column (5 cm x 150 pm) packed with the same
beads were employed. Separation was conducted using a 75-
min discontinuous gradient of acetonitrile (ranging from 4%
to 26%) and 0.1% formic acid, at a flow rate of 800 nl/min. The
instrument, controlled by Xcalibur software version 4.1,
(Thermo Fisher Scientific) operated in data-dependent mode,
acquiring fragmentation spectra of the top three most intense
ions. The parent mass spectrum was obtained in the Orbitrap
with a full MS range spanning from 300 to 1400 m/z, operating
at a resolution of 120,000. Subsequently, higher-energy colli-
sional dissociation (HCD) was employed to fragment the ions,
and MS/MS spectra were acquired in the ion trap using rapid
scan mode. These MS/MS spectra were then searched against
the target-decoy mouse RefSeq database (release March 23,
2020, containing 62,232 entries) within the Proteome
Discoverer 2.1 interface utilizing the Mascot algorithm
(Mascot 2.4, Matrix Science). A precursor mass tolerance of
20 ppm and a fragment mass tolerance of 0.5 Da were
permitted. Additionally, up to two missed cleavages were
allowed, and dynamic modifications such as acetylation of N-
term and oxidation of methionine were considered. Assigned
peptides underwent filtration with a 1% false discovery rate
using Percolator validation based on q-value. The Peptide
Spectrum Matches obtained from Proteome Discoverer 2.1
were processed using the ’gpGrouper’ algorithm to group
peptides at the gene level. This in-house program, gpGrouper,
employs a universal peptide grouping logic to accurately
allocate and provide MS1-based quantification across multiple
gene products (94). Quantification of gene-protein products
was conducted using the label-free, intensity-based absolute
quantification (iBAQ) approach (94). Subsequently, the
quantification values were normalized to FOT (Fraction of
Total), which represents a fraction of the total protein iBAQ
amount per experiment. FOT was calculated as an individual
protein’s iBAQ divided by the total iBAQ of all identified
proteins within a single experiment. This normalization step
helps in comparing protein abundances across different sam-
ples or experiments.

RNA-sequencing and mass spectrometry data analysis

The RNA sequencing and mass spectrometry data were
subjected to analysis using iPathwayGuide, a tool provided by
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Adviata Bioinformatics. The analysis was performed within the
context of pathways sourced from the KEGG (Kyoto Ency-
clopedia of Genes and Genomes) database, as well as gene
ontologies obtained from the GO Consortium database. The
analysis integrated these data sources to construct underlying
topologies, which represent the network of genes and proteins
and their directional interactions. The topologies were derived
from the KEGG database utilizing iPathwayGuide, providing
valuable insights into the biological pathways and processes
influenced by the differential gene expression patterns identi-
fied through RNA sequencing and mass spectrometry. These
data are gathered in Supplementary Files S1 and S2.

String analysis

Functional network analysis was performed using STRING
(https://string-db.org/) for six families of differently expressed
proteins extracted from the iPathwayGuide (Advaita Bioin-
formatics) protein lists provided in the Supplementary File 3
(i.e., 223 PDS*, 295 PhpC™, 5 PDS/PhpC’, 9 PDS/PhpC* and
92 PDS*/PhpC" proteins) using Homo sapiens organism, full
STRING network, evidence network edges, medium confi-
dence interaction score (0.400) and confidence strength
(s) = 0.70 within Biological Process (Gene Ontology) as
outputs.

G4 motif analysis using G4Hunter

G4Hunter scores were computed using specific parameters:
information (length in base, genomic subdomains (UTRs and
CDS) positions) and FASTA files of mRNAs (real variant 1,
regardless of the number of real and predicted mRNA or
ncRNA variants) coding DEPs were first extracted from the
reference genome assembly GRCh38.p14 (GCF_000001405.40)
via the NCBI database and then processed through the dedi-
cated G4Hunter website (https://gdhunter.shinyapps.io/G4
HunterMultiFastaSeeker/) with a window of 20 and a mini-
mal score (threshold) of 1.0. Each ‘hit’ (or putative G-quad-
ruplex sequence, PQS) is characterized by its genomic
coordinates and a ‘max_score’ reflecting the score of the
highest G4Hunter within this window. These data are available
in the Supplementary File 4. The number of PQS per genomic
subdomains for each significant common DEPs groups (PDS’/
PhpC’, PDS/PhpC™ and PDS*/PhpC") was gathered manually,
analyzed with Excel (Microsoft Corp.) and OriginPro (Origin-
Lab Corporation).

G4-interacting molecules

PDS (Sigma-Aldrich, cat. n° SML2690), Phen-DC; (Sigma-
Aldrich, cat. n° SML2298), and N-TASQ (lab made) were
solubilized at 5, 1, and 20 mM, respectively, in ultrapure
water and stored at —20 °C. NMM (Cayman Chemical, cat.
n° 27,210) was solubilized at 10 mM in DMSO and stored
at -80 °C.

Oligonucleotides

All oligonucleotides (ONs) used here (Supplementary in-
formation) were purchased from Eurogentec (Seraing,
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Belgium), diluted in ultrapure water (18.2 MQ.cm resistivity)
at 500 UM for stock solutions and stored at =20 °C. The actual
concentration of these stock solutions was determined
through a dilution to 5 UM theoretical concentration via a UV
spectral analysis at 260 nm with the molar extinction coeffi-
cient values provided by the manufacturer. F21T was prepared
at 25 UM in a CacoK10 buffer (10 mM lithium cacodylate
buffer pH 7.2, 10 mM KCI, 90 mM LiCl). The other ONs were
prepared at 50 pUM in three different buffers: CacoK10,
CacoNalO (10 mM lithium cacodylate buffer pH 7.2, 10 mM
NaCl, 90 mM LiCl) or CacoLil00 buffer (10 mM lithium
cacodylate buffer pH 7.2, 100 mM LiCl). The (possible) high-
order structure was folded by heating the previously prepared
solution at 90 °C for 5 min, cooling it on ice (<1 h) and then
storing it at least overnight at 4 °C.

Circular dichroism (CD) and Absorbance (Abs) measure, and
thermal difference signature (TDS) calculation

All ONs were dissolved at a concentration of 3 UM (final
volume = 100 pl) in CacoK10, CacoNal0, or CacoLil00 buffer
according to the buffer used for their stock preparation (see
above). Mineral oil (300 pl; ThermoFisher, cat. n° 415,080,010)
was added on top of the 100 l samples to avoid evaporation.
The experiments were performed in a quartz semi-micro
cuvette (Starna) with a path length of 10 mm on a Jasco J-
815 spectropolarimeter. Data were recorded from 350 to
210 nm, at a rate of 200 nm per min with a 1 s response time,
1 nm pitch, 1 nm bandwidth, and are an average of two scans.
The CD and Abs spectra were recorded at 25 °C and 95 °C
(then, data were zeroed at 350 nm). Thermal difference
signature (TDS) spectra were obtained by subtracting the 25
°C zeroed Abs spectrum from the 95 °C zeroed Abs spectrum
(95 °C - 25 °C) (1). Final data were analyzed with OriginPro,
Version 2018 (OriginLab Corporation).

FRET-MC assay

Diluted solutions of G4-interacting molecules (PDS, Phen-
DC;3, N-TASQ) at 100 UM were prepared by diluting them with
CacoK10 buffer (10 mM lithium cacodylate buffer pH 7.2,
10 mM KCl, 90 mM LiCl). Experiments were performed in
96-well plates using an Mx3005P qPCR device (Agilent)
equipped with FAM filters (A exc = 492 nm; A em = 516 nm).
To a mixture of F21T (final concentration: 0.2 pUM) and
CacoK10 buffer were added 2 mol. equiv. (i.e., 0.4 UM) of G4-
interacting molecule. For competition, to that previous mixture
were added 15 mol. equiv (compared to F21T, ie., 3 uM). of
nucleic acid competitors. After an initial equilibration step (25
°C, 30 s), a stepwise increase (1 °C every 30 s for 67 cycles, from
25 to 90 °C) was performed, and measurements were made
after each cycle. Final data, from three independent experi-
ments, were analyzed with Excel (Microsoft Corp.) and Ori-
ginPro Version 2018 (OriginLab Corporation). The emission of
FAM was normalized (0-1) and the T,,, (°C), i.e, the tem-
perature for which the normalized emission is 0.5, was recov-
ered manually. DT, (°C) = T, (F21T + Gé4-interacting
molecule + Competitor) — T/, (F21T). S Factor = ATy,
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(F21T + Gé4-interacting molecule + Competitor)/AT;/,
(F21T + G4-interacting molecule). The S Factor gives infor-
mation about the structure of a nucleic acids sequence: G4
structure (S = 0.0) or not (S = 1.0).

Fluorescence titration

Diluted solutions of G4 probes (N-TASQ, NMM) at 100 uM
were prepared by diluting them with CacoK10 buffer (10 mM
lithium cacodylate buffer pH 7.2, 10 mM KCl, 90 mM LiCl).
Experiments were performed in 96-well plates (chimney well,
flat bottom, black plate; Greiner Bio-One cat. n° 655,090) at
25 °C using CLARIOstar plate-reader device (BMG LAB-
TECH). Data were recorded on top of the wells with 50 flashes,
1500 gain, 5 mm focal height, 0.1 s time exposure, and
different excitation/emission parameters depending on the G4
probe: N-TASQ (Aexe = 280 nm; A, = 380-480 nm) or NMM
(Aexe = 280 nm; Ay = 540—740 nm). To a mixture of G4 probe
(final concentration: 10 uM) and CacoK10 buffer was added
0.3 mol. equiv. (i.e., 3 PM) of ONs. Final data, from three in-
dependent experiments, were analyzed with Excel (Microsoft
Corp.) and OriginPro Version 2018 (OriginLab Corporation).
The emission peak at 414 nm (for N-TASQ) or 610 nm (for
NMM) was recovered for Fold change calculation. Fold
change = emission peak (sequence + G4 probe)/mean emis-
sion peak (G4 probe).

Real-time qPCR

Human astrocytes were treated with PDS (2 pM) or PhpC
(20 uM) for 24 h. The following day, the cells were lysed in
RLT buffer obtained from Qiagen for RNA isolation. Total
RNA was extracted using the RNeasy Mini kit (Qiagen; catalog
no: 74,104). 1 ug of RNA was used to prepare the cDNA using
iScript Reverse Transcription SuperMix (Bio-Rad; catalog no:
1708840), according to the manufacturer’s protocol. Real-time
qPCR was performed using Bio-Rad CFX96 machine using
SSoAdvanced Universal SYBR Green (Bio-Rad; catalog
no:1725275) for visualization and quantification according to
the manufacturer’s instruction. Primer sequences were
mentioned in the Supplementary information. PCR conditions
used were: 95 °C for 3 min, followed by 40 cycles of 95 °C for
10 s, and 60 °C for 30 s. TATA-binding protein (TBP) mRNA
levels were used as an internal control for the target mRNAs.
Normalization and relative fold change expression levels of all
genes were calculated from the average threshold cycle num-
ber using the delta-delta Ct method.

Capillary-based immunoassay via ProteinSimple

The capillary electrophoresis immunoassay was conducted
using the JESS Automated Western Blot System (Catalog No.
004-650, ProteinSimple, Bio-techne) to analyze total protein
lysates from human astrocytes treated with PDS and PhpC.
The lysates were extracted using RIPA lysis buffer (Catalog No.
20-188, EMD Millipore) supplemented with a Protease and
Phosphatase inhibitor cocktail (Catalog No. 5872, Cell
Signaling Technology), followed by centrifugation at
12,000 rpm for 10 min at 4 °C. Total protein concentration
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was determined via BCA assay, and samples were diluted in
sample buffer (ProteinSimple, Bio-techne) to achieve a final
concentration of 1 pug/pul. A master mix (4:1 ratio of protein to
master mix) containing a 40 mM fluorescent molecular weight
marker with dithiothreitol was prepared, and samples were
denatured at 95 °C for 5 min before loading. The proteins were
separated in a 25-well plate and capillary for sizes ranging from
12 to 230 kDa. Antibodies were diluted in an antibody diluent
(ProteinSimple, Bio-techne) as follows: ICMT (1:50, Catalog
No. PA5-85576, ThermoFisher Scientific), FEN1 (1:100, Cat-
alog No. 14768-1-AP, ThermoFisher Scientific), BORA (1:50,
Catalog No. 702148, ThermoFisher Scientific), RILPL1 (1:100,
Catalog No. MJF-R41-21, Abcam), and ERCC6L (1:100, Cat-
alog No. 15688-1-AP, ThermoFisher Scientific), with detection
performed using an HRP-conjugated secondary anti-rabbit
antibody. Data analysis involved quantifying relative protein
levels through the areas under the peaks from chem-
iluminescence chromatograms using Compass for SW soft-
ware (version 6.3.0, ProteinSimple, Bio-techne), with protein
values expressed as peak intensity normalized to total protein
loading control.

Ethical approval

Human brain tissue samples were obtained and handled in
strict adherence to the guidelines and regulations established by
the University of Texas, McGovern Medical School at Houston.
Ethical considerations and prior consent from the patients were
obtained and approved to enable research involving the use of
their brain tissue. All experimental protocols underwent
approval by the University of Texas, McGovern Medical School
at Houston, and the research procedures were conducted in full
compliance with the approved guidelines, ensuring ethical and
scientific standards throughout the study.

Data availability

The data discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus (Edgar et al., 2022) and
are accessible through GEO Series accession number
GSE279752 (https://www.ncbinlm.nih.gov/geo/query/acc.cgi?
acc=GSE279752). The mass spectrometry data for proteome
profiling have been submitted via the MASSIVE repository
(MSV000096114) to the ProteomeXchange Consortium
(http://proteomecentral.proteomeexchange.org)  with  the
dataset identifier PXD056881.
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