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Abstract

The use of chemotherapeutics has achieved considerable success in cancer therapy; however, their toxicity can severely impact patients’ health.
In this study, aiming to reduce the doses and potential side effects of traditional chemotherapeutics, we systematically treated A375MM human
melanoma cells with seven clinically approved antineoplastic drugs, in combination with three well-characterized G-quadruplex (G4) ligands, us-
ing either simultaneous or sequential dosing schedules. Interestingly, the G4 binders synergized with most of the investigated anticancer drugs,
with the degree of synergism being strictly dependent on both the treatment schedule and the drug sequence employed. Notably, some of the
synergistic combinations showed selective toxicity toward melanoma cells over nontumorigenic human keratinocytes. Furthermore, immunoflu-
orescence experiments highlighted the potential implication of G4 structures in the molecular mechanisms driving the synergistic interaction
between some chemotherapeutics and G4 binders. Overall, our systematic study supports the combination of G4-interacting molecules with

standard antineoplastic drugs as a promising antitumor strategy.
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Introduction

Cancer ranks among the deadliest pathological diseases
worldwide. Its heterogeneity, altered metabolism, epigenetic
changes and several other molecular features make it an aw-
fully intricate model that has conquered researchers’ attention
for decades and still raises questions for a comprehensive un-
derstanding of its molecular basis (1).

Currently, traditional chemotherapy remains a primary
therapeutic option in the fight against cancer. This approach
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involves using drugs to target and inhibit biological processes
that are crucial for the replication of fast-dividing tumor cells.
In this regard, a plethora of chemotherapeutic agents have
been devised over the years, differing from each other in their
chemical nature and/or mechanism of action, as reviewed
elsewhere (2).

Despite the significant success of conventional chemother-
apeutics in clinical practice, which has substantially increased
the overall survival rate of cancer patients, the adverse
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Figure 1. (A) The guanine tetrad, where M* is a monovalent cation. (B) An example of G4 structure.

effects of chemotherapy on patients’ physical and psycholog-
ical health can be severe.

In the last decades, significant research efforts have focused
on exploring alternative anticancer strategies. Among these,
a promising approach includes the targeting of noncanonical
DNA secondary structures. Beyond the double-helical struc-
ture (B-DNA) described by Watson and Crick in 1953 (3),
DNA can also adopt alternative conformations, such as hair-
pins, cruciforms, triple helices and G-quadruplexes (G4s) (4).
These structures differ from the canonical double helix and
may serve as highly specific and effective molecular targets.
Among those mentioned above, G4s stand out as the most
broadly studied alternative structures of DNA (5). They are
stable four-stranded helical conformations that can arise from
guanine-rich DNA sequences through the self-stacking of two
or more guanine tetrads (Figure 1) (6). Intriguingly, it has been
shown that sequences able to fold into G4s mainly exist at spe-
cific genomic loci (i.e. telomeres and gene promoters) (7,8),
taking part in the regulation of fundamental biological pro-
cesses such as telomere homeostasis and gene transcription
(5,9,10).

Numerous studies have shown that G4
formation/stabilization can impair telomerase activity or
reduce oncogene transcription efficiency (11,10). As a result,
cancer research has been actively pushed toward the develop-
ment of compounds able to induce G4 formation or stabilize
endogenous G4 structures (12-15).

In this context, we systematically combined seven standard
chemotherapeutic drugs each with a different mode of action,
such as azacytidine, 5-fluorouracil (5-FU), methotrexate, cis-
platin, doxorubicin, paclitaxel or vincristine, with three G4
binders, namely berberine, pyridostatin (PDS) and RHPS4, to
enhance their antitumoral activity against melanoma cancer
cells. Intriguingly, we found synergistic interactions between
the vast majority of the anticancer drugs and G4 binders in-
cluded in the study. Importantly, some of the most synergis-
tic combinations also demonstrated selective toxicity toward
melanoma cells over nontumorigenic human keratinocytes. Fi-
nally, we provided first evidence for the potential involvement
of G4 structures in the outstanding synergism between some
chemotherapeutics and G4 ligands.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s
phosphate buffered saline (PBS), fetal bovine serum (FBS),
penicillin, streptomycin and cell culture plasticware were pro-

vided by Euroclone S.p.A. (Milan, Italy). 1-Glutamine was
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Dimethyl sulfoxide (DMSO), 4% paraformaldehyde,
Triton X-100 and bovine serum albumin (BSA) were supplied
by HiMedia (Pennsylvania, USA).

The following antibodies were used for the immunoflu-
orescence experiments: anti-DNA G4 structures, clone BG4
(Merck Millipore, Prague, Czech Republic, #MABE917); rab-
bit anti-FLAG antibody (Merck, St Louis, MO, USA, #F7425);
donkey anti-rabbit IgG (H + L) highly cross-adsorbed sec-
ondary antibody (Alexa Fluor 488 Conjugate) (Thermo Fisher
Scientific, Waltham, MA, USA, #A-21206).

The Hoechst 33258 solution, Mowiol 4-88, the Cell Prolif-
eration Kit (MTT), azacytidine, cisplatin, doxorubicin, 5-FU,
methotrexate, paclitaxel, vincristine, berberine and RHPS4
were purchased from Merck (St Louis, MO, USA). PDS was
provided by Aurogene S.r.l. (Rome, Italy).

Cell culture

A375MM human melanoma cells were grown in DMEM
supplemented with 10% FBS, 100 U/ml penicillin and 100
ug/ml streptomycin. Human epidermal keratinocytes (Ha-
CaT cells) were purchased from CEINGE Biotecnologie
Avanzate—Franco Salvatore Cell Culture Facility and grown
in DMEM supplemented with 10% FBS, antibiotics and 2
mM L-glutamine. Both A375MM and HaCaT cells were sub-
cultured at 90% confluence every 3 days and maintained at
37°C in a humidified atmosphere containing 5% CO,.

The chemotherapeutics and the G4 ligands used in this
study were dissolved in 100% DMSO to make stock solutions
at 200 mM (for PDS), 80 mM (for azacytidine, berberine and
RHPS4), 40 mM (for 5-FU, methotrexate and vincristine) or
20 mM (for doxorubicin and paclitaxel) concentration. As for
cisplatin, a 5§ mM stock solution in 0.9% NaCl was prepared.
Each tested compound was diluted in cell culture medium to
the required concentration, immediately prior to use.

Cell viability assay

The MTT assay was employed to detect cell viability (16).
Briefly, A375MM cells (7000 cells/well) or HaCaT cells
(20000 cells/well) were seeded in 96-well plates and incu-
bated at 37°C for 24 h. For the 48-h simultaneous treat-
ments, the medium was then removed and cells were incu-
bated with fresh medium containing increasing concentrations
of chemotherapeutic and G4 ligand in simultaneous combina-
tion. As regards the sequential treatments, cells were exposed
to increasing concentrations of chemotherapeutic (24 h) fol-
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Table 1. Description of synergism, additivity or antagonism in drug com-
bination studies performed with the Chou-Talalay method (19)
Range of CI Description

<0.10 Very strong synergism
0.10-0.30 Strong synergism
0.30-0.70 Synergism

0.70-0.85 Moderate synergism
0.85-0.90 Slight synergism
0.90-1.10 Nearly additive
1.10-1.20 Slight antagonism
1.20-1.45 Moderate antagonism
1.45-3.30 Antagonism

3.30-10 Strong antagonism

>10 Very strong antagonism

lowed by increasing concentrations of G4 binder (further 24
h) or vice versa (17). The 24- and 48-h cytotoxicity profiles
of each G4 ligand or chemotherapeutic alone, on A375MM
cells, were also delineated (Supplementary Figures S1-S6). At
the end of the treatments, 10 pl of MTT reagent was added to
each well, at a final concentration of 0.5 mg/ml, and the plates
were incubated at 37°C for 4 h. The resulting purple formazan
crystals were dissolved by adding 100 pl of the solubilization
solution to each well and the plates were then allowed to stand
overnight in the incubator. Finally, the absorbance of the sam-
ples (at 570 nm) was measured on an ELx800 Absorbance
Microplate Reader (BioTek Instruments, Inc., Winooski, VT,
USA) and the percentage (%) of cell survival for each condi-
tion was calculated as follows:
Abs — Absy

% cell survival = m X 100, (1)

where Abs is the absorbance of the sample, Absy is the ab-
sorbance of the background signal and Abscy,ol is the ab-
sorbance of the control sample (cells treated with the proper
amount of vehicle). The concentration of compound able to
reduce by 50% the cellular viability (ICsp) was calculated
through a nonlinear regression analysis, using Prism 8.0.2
(GraphPad, San Diego, CA, USA).

Analysis of drug-drug interaction

The ICsq value of each drug, alone or in combination, was
used to determine the corresponding combination index (CI),
according to the Chou-Talalay method (18). Particularly, for
a two-drug combination, the model can be written as follows:

D, D
¢l =(Dxl)+<Dx2>’ (2)

where Dy is the ICso of Drug 1 in the combination, Dy is
the ICsp of Drug 1 alone, D; is the ICsp of Drug 2 in the
combination and Dy; is the ICsy of Drug 2 alone.

Overall, CI values <0.90 denoted synergism, CI val-
ues >1.10 indicated antagonism and CI values in the range
0.90-1.10 implied an additive effect (see Table 1).

The dose-reduction index (DRI) (19) for each drug in a syn-
ergistic combination was also calculated to assess the magni-
tude of dose reduction allowed, compared to each drug alone:

Dy
DRI = —
D (3)

which is a simple inversion of Equation (2).

DRI values below, above and equal to 1 indicated not fa-
vorable dose reduction, favorable dose reduction and no dose
reduction for each drug in the combination, respectively.

Selectivity index calculation

Whenever possible, the selectivity index (SI) of the drugs in-
volved in the most promising synergistic combinations (within
the tested range of drug concentrations) was calculated, em-
ploying the following formula:

ICsp against HaCaT cells

SI = ,
ICs0 against melanoma cells

(4)

SI values below or above 1 indicated toxicity or desirable
selectivity against melanoma cancer cells, respectively. An SI >
2 denoted high selectivity (20,21).

Immunofluorescence studies

A375MM cells were seeded on sterile coverslips, in a 24-well
plate, at a density of 90000 cells per well, and incubated
overnight. Then, for the 48-h simultaneous treatments, cells
received either vehicle (0.1% DMSO) or a sublethal concen-
tration of each tested drug (alone or in simultaneous combi-
nation), for 48 h. As for the sequential treatments, cells were
exposed to vehicle (0.1% DMSO) or to a sublethal concen-
tration of each investigated drug alone (24 h) or in consec-
utive combination (24 h — 24 h). At the end of the treat-
ments, A375MM cells were fixed in 4% paraformaldehyde
(v/v), at room temperature (RT), for 10 min, and permeabi-
lized in 0.1% Triton X-100 (v/v) in PBS, at RT for 10 min.
Nonspecific binding sites were blocked with 5% BSA (w/v) in
PBS, at RT for 30 min. Cells were then incubated with the BG4
antibody (1:100), at RT for 1 h, rinsed three times with PBS
and incubated with the rabbit anti-FLAG antibody (1:2500),
at RT for 1 h. After three more rinsing steps with PBS, cells
were incubated with the anti-rabbit Alexa Fluor 488 Conju-
gate secondary antibody (1:500), at RT for 1 h. Nuclei were
counterstained with the Hoechst 33258 solution (1:3000, 10
min). Finally, coverslips were rinsed once with distilled water
and mounted on microscope slides with Mowiol 4-88.

As for the image acquisition, z-stacks of six planes were
recorded by means of a confocal microscope (Zeiss LSM 980,
Plan-Apochromat 63x /1.4 NA oil objective). For the image
analysis, a maximum intensity projection of each z-stack was
generated. From there, the nuclear foci were segmented, and
their number was quantified by using the Image Analysis pack-
age of ZEISS ZEN Blue 3.1 software. The statistical details of
all experiments are reported in the figure legends.

Results and discussion

The combination of standard chemotherapeutics
with G4 binders shows synergistic anticancer
effects

In order to investigate the effects of combining G4 lig-
ands with chemotherapeutic agents, in vitro MTT assays
(16) were performed. Particularly, A375MM melanoma cells
were treated with commonly used antineoplastic drugs (aza-
cytidine, 5-FU, methotrexate, cisplatin, doxorubicin, pa-
clitaxel or vincristine) in simultaneous combination with
well-characterized G4 binders (berberine, PDS or RHPS4;
Supplementary Figure S7) (22-24), for 48 h. Afterward, the
Chou-Talalay method was used to calculate the CI values
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Figure 2. Graphic visualization of the Cl values obtained from the 48-h
simultaneous treatments on A3756MM melanoma cells. Histograms
show the mean =+ standard deviation (SD) of two independent
experiments. Calculated Cl and ICsq values are reported in
Supplementary Tables S1 and S2, whereas MTT data are collected in
Supplementary Figures S8-S13.

from our MTT assays, providing a quantitative assessment of
the interactions between the combined agents (see the ‘Mate-
rials and methods’ section) (25). As shown in Table 1, specific
ranges of Cl values indicated the extent of synergistic, additive
and antagonistic effects for the drug combinations.

Interestingly, the investigated combinations produced
quite different results. As highlighted in Figure 2 and
Supplementary Table S1, only five combinations resulted in
antagonism (CI > 1.10). Specifically, antagonistic effects were
observed when doxorubicin was associated with berberine,
PDS or RHPS4. This might be due to the G4-interacting prop-
erties of doxorubicin (26), which could thus compete with the
G4 ligands for binding to G4 structures. Antagonism was also
found between 5-FU and RHPS4, as well as when combining
cisplatin with berberine.

On the other hand, three combinations resulted in a nearly
additive effect (0.90 < CI < 1.10), meaning that the effect of
the drug association was approximately equal to the sum of
the effects of the drugs when given alone. All these combi-
nations involved the use of RHPS4 (paired with azacytidine,
cisplatin or vincristine), yielding CI values of 1.02 + 0.03,
0.92 £ 0.02 and 0.98 + 0.04, respectively.

Of note, the vast majority of the anticancer drugs included
in the study showed a synergistic interaction with the G4
binders (CI < 0.90). Interestingly, PDS was the only G4 lig-
and that significantly synergized with cisplatin, giving a CI
of 0.52 £+ 0.06. We cannot exclude that this effect is due
to the formation of a complex between the amine groups of
PDS and the platinum atom of cisplatin, resulting in stronger
G4-binding capability. Such hypothesis might be supported
by a recent study from Ma et al., who synthesized platinum
complexes combining cisplatin and a PDS derivative. These
complexes demonstrated enhanced specificity for G4 domains
(27). Furthermore, among the associations with 5-FU, PDS
produced the strongest synergistic effect (CI of 0.53 + 0.08).

Nevertheless, the most impressive results were obtained
with the treatments involving paclitaxel and methotrexate as
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chemotherapeutics. Indeed, the cytotoxic effects of paclitaxel
against A375MM cells were strongly enhanced by the alkaloid
berberine (CI = 0.34 + 0.03), suggesting an interesting and
powerful cooperation between the two agents. Moreover, in
line with recent findings on other i vitro (and in vivo) models
(28), synergism between paclitaxel and the bisquinoline PDS
was also confirmed in our experiments (CI = 0.41 4 0.08).
A synergistic interaction, albeit moderate, was also obtained
when paclitaxel was combined with the acridine RHPS4, as
evidenced by the corresponding CI value of 0.73 £ 0.12.

Similarly, the cytotoxicity of methotrexate toward
melanoma cells was greatly enhanced by its association
with both berberine and PDS (CI values of 0.22 + 0.04
and 0.33 £ 0.01, respectively). Methotrexate and RHPS4
also acted synergistically, even if to a lesser extent
(CI'=0.44 £ 0.07).

Furthermore, in order to estimate to which extent the dose
of the drugs in combination could be reduced as a result of
synergism, DRI values were calculated for all synergistic com-
binations. DRI values below, above and equal to 1 indicated
unfavorable dose reduction, favorable dose reduction and no
dose reduction for each drug in combination, respectively. Im-
portantly, under the experimental conditions employed, all
DRI values were above 1 for both the chemotherapeutics
and the G4 ligands (Table 2). Particularly, the DRI values
of methotrexate combined with each of the three G4 ligands
were exceptionally high, allowing to decrease its doses from
the micromolar to the low nanomolar range.

In summary, the simultaneous association of chemothera-
peutics and G4 ligands for 48 h produced antagonism and
additivity in some cases. However, synergism was detected
for most of the combinations. Noteworthy, among all the si-
multaneous treatments, the combination of methotrexate with
berberine stood out, showing the lowest CI value and the high-
est DRI value for the chemotherapeutic agent.

The extent of synergism between
chemotherapeutics and G4 binders depends on
sequence and timing of drug administration

The promising results arising from most simultaneous asso-
ciations between chemotherapeutics and G4 ligands led us
to explore whether varying the treatment schedule could af-
fect the type and/or extent of the drug-drug interaction (17).
Therefore, we performed sequential treatments where the two
agents were administered to the cells one after the other (24
h — 24 h), keeping the overall treatment duration of 48 h. In
detail, melanoma cells were first treated with the G4 binder
(for 24 h), followed by the chemotherapeutic agent (for fur-
ther 24 h), using the same ranges of drug concentrations as
for the simultaneous treatments. The opposite approach, with
cells pretreated with the chemotherapeutic (for 24 h) and then
exposed to the G4 ligand (for further 24 h), was explored as
well.

As for the ‘G4 ligand — chemotherapeutic’ treatments
(Supplementary Figures $14-518), when A375MM cells were
exposed to berberine or RHPS4 followed by almost any of
the investigated chemotherapeutics, the percentage of cell sur-
vival never fell below 50-60%, even at high drug concentra-
tions. This high survival rate hampered the accurate calcu-
lation of the ICsy values for the combined drugs, making it
impossible to calculate the CI values. However, the sequen-
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Table 2. DRI values obtained from the 48-h simultaneous treatments on A375MM melanoma cells

DRI? for the combination with

Chemotherapeutic Berberine PDS RHPS4
Azacytidine 2.70 £ 0.67 2.92 £ 0.59 -
5.74 £ 1.47 2.72 £ 0.62 -
Cisplatin - 5.12 £ 1.09 -
- 3.10 £ 0.17 -
Doxorubicin - -
5-FU 1.78 + 0.11 4.28 + 0.86 -
3.59 £ 0.15 3.47 £ 0.36 -
Methotrexate 8840.00 £+ 2885.00 3232.63 £ 297.56 8742.86 + 1373.81
4.74 £ 0.96 3.04 £ 0.08 2.29 £ 0.36
Paclitaxel 4.18 £ 0.21 4.21 £ 0.52 3.25 £ 0.22
9.75 £ 1.89 598 £ 1.63 2.41 £ 0.54
Vincristine 1.78 £ 0.31 1.76 £ 0.16 -
9.26 £ 5.07 6.61 £ 1.61 -

3DRI values were obtained using Equation (3) (see the ‘Materials and methods’ section), only for the combinations showing synergistic effects. Values are

reported as mean + SD of two independent experiments.

For each row, the value on the top is for the chemotherapeutic and the one at the bottom is for the G4 ligand.
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Figure 3. Graphic comparison of the Cl values obtained from the simultaneous (bar on the left) and ‘chemotherapeutic — G4 ligand’ sequential (bar on
the right) treatments for the associations with (A) berberine, (B) PDS and (C) RHPS4. Histograms show the mean + SD of two independent experiments.
Calculated Cl and ICsq values for the ‘chemotherapeutic — G4 ligand’ sequential treatments are reported in Supplementary Tables S6 and S7.

tial treatment berberine — azacytidine still showed syner-
gism (CI = 0.80 & 0.01) (Supplementary Tables S3 and S4),
although weaker than that resulting from the 48-h simul-
taneous schedule (CI = 0.56 + 0.14) and associated with
lower DRI values (Supplementary Table S5), while the treat-
ment berberine — cisplatin still resulted in an antagonis-
tic effect (CI = 1.28 £ 0.03). Surprisingly, sequential treat-
ments with PDS followed by azacytidine, 5-FU or vincristine
(24 h — 24 h) generally enhanced the synergistic interac-
tion between the G4 binder and the chemotherapeutic agent,
compared to the corresponding simultaneous combinations,
with the CI values dropping from 0.73 £ 0.16, 0.53 £ 0.08
and 0.73 £ 0.09 (simultaneous schedule) to 0.21 £ 0.07,
0.48 £+ 0.03 and 0.41 + 0.01 (sequential schedule),
respectively.

Nevertheless, the most remarkable results were observed
when A375MM melanoma cells were pretreated with the
chemotherapeutic and then exposed to the G4 binder
(‘chemotherapeutic — G4 ligand’ treatments; Supplementary
Figures S19-S24). Indeed, as shown in Figure 3, many of
these sequential treatments proved to extraordinarily boost

the drug—drug synergism compared to the simultaneous treat-
ments, resulting in much lower CI values and generally higher
DRI values (Supplementary Tables S6-S8). Notably, treat-
ments with azacytidine, doxorubicin or vincristine followed
by RHPS4 resulted in the actual onset of synergism, com-
pared to the simultaneous schedule, with CI values decreasing
from 1.02 4 0.03, 1.34 £ 0.02 and 0.98 & 0.04 (simultane-
ous schedule) to 0.56 £ 0.04, 0.68 £ 0.08 and 0.28 & 0.03
(sequential schedule), respectively.

Overall, the nature and extent of the interaction between
the investigated chemotherapeutics and G4 ligands proved
to be strictly dependent on both the treatment schedule (si-
multaneous or sequential) and the drug sequence (‘G4 ligand
— chemotherapeutic’ or ‘chemotherapeutic — G4 ligand’)
employed.

Specific associations of chemotherapeutics with G4
binders are tumor-selective

Based on the MTT results, all the simultaneous/sequential
drug combinations that showed CI values ranging from 0.10


https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae042#supplementary-data

Table 3. Simultaneous and sequential combinations selected for further
studies

Treatment

Selected combination schedule CI + SD

Vincristine — RHPS4 Sequential 0.28 £+ 0.03
5-FU — PDS Sequential 0.20 + 0.01
Paclitaxel — PDS Sequential 0.24 + 0.01
Paclitaxel - RHPS4 Sequential 0.23 + 0.01
Methotrexate + berberine Simultaneous 0.22 + 0.04
Azacytidine — PDS Sequential 0.22 + 0.06
PDS — azacytidine Sequential 0.21 £ 0.07

to 0.30 (i.e. strong synergism) were selected as the most
promising ones to be further investigated (Table 3).

Particularly, to predict the therapeutic potential of the se-
lected associations, their toxicity toward nontumorigenic hu-
man keratinocytes (HaCaT) (29) was also tested, using the
same treatment schedules and ranges of drug concentrations
exploited on A375MM cancer cells. Whenever possible, the SI
for each combined agent was calculated by determining the ra-
tio of the drug toxicity (ICso) against nontumorigenic HaCaT
cells to that against A375MM melanoma cells (see Equation
(4) in the ‘Materials and methods’ section). SI values >1.0
favorably indicated tumor selectivity, with SI values >2.0 im-
plying high selectivity (20,21).

As shown in Figure 4A, the sequential treatment vincristine
— RHPS4 proved to be generally more toxic to HaCaT cells
than A375MM cancer cells, resulting in unfavorable SI values
of 0.92 £ 0.07 for the chemotherapeutic and 0.41 & 0.26 for
the G4 binder. Likewise, the sequential treatment 5-FU — PDS
(Figure 4B) showed comparable cytotoxicity profiles on Ha-
CaT and A375MM cells, with the corresponding SI values for
both the chemotherapeutic and the G4 ligand falling below 1.

In contrast, the sequential treatments paclitaxel — PDS and
paclitaxel — RHPS4 yielded SI values exceeding 2 (Figure 4C
and D), indicating a highly selective toxicity (>2-fold) toward
melanoma cells over nontumorigenic human keratinocytes,
under the experimental conditions employed.

Nonetheless, the highest degree of cancer selectivity was
achieved with the combinations methotrexate + berberine,
azacytidine — PDS and PDS — azacytidine, as shown in Fig-
ure 4E-G. Indeed, in these cases, the ICso values of the com-
bined drugs on HaCaT cells could not be determined, since the
percentage of cellular viability after the treatments remained
above 50%.

Overall, our results revealed good to excellent tumor se-
lectivity for five out of seven combinations, highlighting their
promising therapeutic potential.

Potential implication of DNA G4 structures in the
synergism
Having in our hands five highly synergistic and tumor-
selective drug combinations, we sought to investigate the po-
tential involvement of DNA G4 structures in the synergism.
For this purpose, A375MM cells were treated with either ve-
hicle (0.1% DMSO) or sublethal concentrations of the tested
drugs (alone or in combination), fixed with 4% paraformalde-
hyde, and then processed for immunofluorescence microscopy
using the BG4 antibody, which selectively recognizes G4
structures (30).

Our results indicated that the nuclear G4 structures did not
significantly change after the exposure to the sequential as-
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sociations paclitaxel — PDS, PDS — azacytidine and azacy-
tidine — PDS (Supplementary Figures S25 and S26). These
findings imply that G4 structures may not be involved in the
synergistic interaction between paclitaxel (or azacytidine) and
the G4 binder PDS, at least in melanoma cells.

Conversely, A375MM cells treated with paclitaxel followed
by RHPS4 (paclitaxel — RHPS4) exhibited a significant in-
crease in nuclear G4 foci (Figure 3).

Similarly, Figure 6 reveals that treating A375MM cells with
methotrexate or berberine alone did not significantly change
the amount of nuclear G4 structures. However, when cells
were exposed to both agents at the same time, the number
of G4 structures increased by ~30%.

In summary, these results suggest that the synergistic effects
of specific combinations of chemotherapeutics and G4 lig-
ands may be correlated to the formation of nuclear G4 struc-
tures that might play a crucial role for the efficacy of such
treatments.

Conclusions

The general toxicity of traditional chemotherapy poses a criti-
cal hurdle in cancer management, adversely impacting the pa-
tients’ quality of life. Herein, with the aim of reducing the re-
quired doses and, hopefully, the toxicity of chemotherapeu-
tics, a systematic investigation was undertaken by combining
standard antineoplastic drugs (azacytidine, 5-FU, methotrex-
ate, cisplatin, doxorubicin, paclitaxel or vincristine) with G4
binders (berberine, PDS and RHPS4) on melanoma cancer
cells.

Intriguingly, we found synergistic interactions between
most of the anticancer drugs and G4 binders included in the
study. Interestingly, our data also indicated that the extent of
synergism between chemotherapeutics and G4 ligands varied
significantly according to both the treatment schedule (simul-
taneous or sequential) and the sequence of drug administra-
tion (‘G4 ligand — chemotherapeutic’ or ‘chemotherapeutic
— G4 ligand’).

Particularly, the simultaneous association (for 48 h) of the
antimetabolite methotrexate with berberine, PDS or RHPS4
provided the strongest synergistic effects among all the simul-
taneous treatments and should be preferred over their sequen-
tial combination (24 h — 24 h) to achieve marked synergism.
Conversely, we found that chemotherapeutics such as azacyti-
dine, paclitaxel or vincristine should be given 24 h before the
G4 binder to trigger strong synergism.

Importantly, five out of the seven most synergistic combina-
tions also demonstrated selective toxicity toward melanoma
cells over nontumorigenic human keratinocytes, proving a
promising therapeutic potential.

Furthermore, immunofluorescence studies provided evi-
dence for the potential implication of G4 structures in the
biological mechanisms underlying the outstanding synergis-
tic interaction between methotrexate and berberine, as well
as paclitaxel and RHPS4, against melanoma cancer cells.

Overall, our systematic investigation supports the potential
synergism between G4-interacting molecules and standard an-
tineoplastic drugs (17,31). Such association might enhance the
efficacy of traditional chemotherapeutics, potentially allowing
for reduced doses in treatments. Additional studies are cur-
rently underway in our laboratory to unveil the molecular ba-
sis of this synergistic interaction and to validate these findings
in vivo.
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the same experimental conditions. The ICso values on A375MM melanoma cells and nontumorigenic HaCaT cells are reported in

Supplementary Table S9.
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Figure 5. (A) Representative fields showing G4 foci formation detected by immunofluorescence in A375MM cells treated for 24 h with 0.1% DMSO
(control), 5 nM paclitaxel or 1 uM RHPS4. As for the sequential treatment (P — R), A3756MM cells were exposed to 5 nM paclitaxel (for 24 h) followed
by 1 uM RHPS4 (for another 24 h). Scale bar: 10 um. Upper panels: The merged channels of BG4-stained G4 structures (magenta) and
Hoechst-counterstained nuclei (gray) are reported. Lower panels: Enlargements from the pictures in the upper panels. (B) Quantitative analysis of the
nuclear G4 foci. An average of 60 cells were screened for each condition and the results are expressed as fold change over the negative control
(DMSO-treated cells). Histograms show the mean + SD of two independent experiments. The statistical significance was calculated using a one-way

ANOVA test on GraphPad Prism 8.0.2 (**P < 0.01).
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Figure 6. (A) Representative fields showing G4 foci formation detected by immunofluorescence in A375MM cells treated for 48 h with 0.1% DMSO
(control), 10 nM methotrexate, 2 M berberine or 10 nM methotrexate + 2 uM berberine. Scale bar: 10 um. Upper panels: The merged channels of
BG4-stained G4 structures (magenta) and Hoechst-counterstained nuclei (gray) are reported. Lower panels: Enlargements from the pictures in the upper
panels. (B) Quantitative analysis of the nuclear G4 foci. An average of 60 cells were screened for each condition and the results are expressed as fold
change over the negative control (DMSO-treated cells). Histograms show the mean + SD of two independent experiments. The statistical significance
was calculated using a one-way ANOVA test on GraphPad Prism 8.0.2 (*P < 0.05).
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