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We present the synthesis and characterization of novel square planar transition metal complexes of Schiff base
ligands, which act as guanine quadruplex binders and stabilizers. The complexes stabilize quadruplexes related
to telomere stability or present in oncogene regulatory sequences, as determined by optical spectroscopy,
pointing out the emergence of selectivity towards specific structures or sequences. These results are sup-
ported and rationalized by molecular modeling simulations. Furthermore, we show that the treatment of
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plexes and the downregulation in the expression of the considered oncogenes. Remarkably, only very moder-
ate cytotoxicity can be observed for all complexes. These results pave the way for the development of selective
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Introduction

Guanine quadruplexes (G4) are nowadays recognized as funda-
mental nucleic acid motifs with important regulatory and pro-
tective functions in cells." As such, their deregulation has also
been linked to the emergence of debilitating and life-threaten-
ing diseases, including cancer and neurodegenerative
disorders.>™ Their presence in the genome of microorganisms
such as viruses and bacteria has also been recently pointed
out.”® G4s could represent ideal pharmacological targets to
finely tune and regulate cellular responses.*® Yet, the wide-
spread use of G4-targeting drugs is still hampered by a general
lack of selectivity, which may correlate with increased, and in
some cases heavy, secondary effects. Clearly the rational design
of drugs aimed at controlling the G4 cellular level will greatly
benefit from a deeper understanding of the structural interplay
between the nucleic acids and the chosen drugs. Indeed, from a
structural point of view, G4s share a common rigid core, consti-
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anticancer treatment by metal compounds targeting the expression of specific oncogenes.

tuted by a superposition of tetramers composed of four gua-
nines stabilized by Hoogsten hydrogen bond patterns."'® The
G4 superstructure is also highly dependent on z-stacking inter-
actions and shows the concomitant presence of a rigid core and
flexible backbone and loop units. The flexibility of the loops and
the possible orientation of the glycosidic bond also lead to the
well-known G4 polymorphisms reflected in the presence of par-
allel, antiparallel, and hybrid structures.”*

G4 structures can form in both RNA and DNA sequences
and may arise from single or multiple nucleic acid strands.
However, single-stranded DNA-based G4s are by far the more
commonly encountered, as also shown by the larger number
of solved structures. They are found in guanine-rich regions of
the genome, and different bioinformatic tools exist to predict
their presence from the analysis of a given sequence."* ™ In
eukaryotic cells the presence of G4s is particularly important
in telomeres, where they play a protective role on the chromo-
some ends, and in non-coding gene expression regions, where
they may be seen as regulatory check-points.** Indeed, telo-
mere G4 stabilization, impeding their unfolding, is effective at
inhibiting telomerase activity, thus preventing the emergence
of immortality phenotypes in cancer cells.* G4s have also been
found in several oncogene promoters, such as kRAS, BCL2, or
c¢MYC, which are all importantly involved in different steps of
carcinogenesis.”> ™’ However, the G4 regulatory role in gene-
expression is highly complex. While G4 stabilization is usually
related to a downregulation of gene expression,'®" in some
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cases G4 may recruit transcription factors that lead to upregu-
lation of their expression.”** Furthermore, in some crucial
oncogene promoting regions, such as ¢-KIT, multiple G4s exist
in close spatial proximity, giving rise to a strong coupling,
which may even influence their individual topology and bio-
logical role.>***

Despite these difficulties, the development of G4 stabilizers
is still considered a promising therapeutic strategy, and indeed
some G4-targeting drugs have reached the clinical test
stage.”>?® Effective stabilizers need to show a strong G4-
binding selectivity compared to their propensity toward
double-helical DNA (B-DNA), to avoid global genomic instabil-
ity.>” Furthermore, a preferential selectivity for only a limited
number of G4 sequences, presenting a peculiar structure and
topology, would be desirable.

Given the global structural features of G4s, square planar
metal complexes are among the motifs of choice in the design
of G4 stabilizers."**®**° Indeed, the presence of extended
n-conjugated systems allows for a favourable end-stacking with
the G4 tetrads, while minimizing the competitive intercalation
into DNA structures. Furthermore, peripheral positive charges
are clearly beneficial in increasing water solubility and in
favouring the stabilization of the G4/ligand aggregate by devel-
oping electrostatic stabilization with the nucleic acid backbone
phosphate groups. Different complexes of transition metal
ions have been proposed as suitable G4 stabilizers®® which
have been largely tested on DNA*'7® and RNA oligomers, as
well as in vitro.>® As for the ligand counterpart, salphen moi-
eties have proven their efficacy in providing an ideal n-stacking
scaffold and, most importantly, in increasing their selectivity
versus G4 compared to B-DNA,'*?23437

However, the effects of the extension of the ligand
n-conjugation on the G4 binding and selectivity might be
explored in more depth, together with the fine role of the posi-
tively charged substituents in improving the electrostatic stabi-
lization. Motivated by these considerations, we present a sys-
tematic study on square planar transition metal complexes of
Schiff bases as G4 binders. In particular, we assess the binding
selectivity towards different relevant G4 sequences present in
human oncogenes and telomeres. Furthermore, we also
examine the often-overlooked role of the central metal ion in
promoting G4 binding and selectivity towards a specific
sequence. Finally, we also show that G4 stabilization nicely
correlates with the downregulation of the corresponding
specific oncogene, even when cytotoxic effects are rather
limited. Therefore, our results provide a general framework for
the development of G4-oriented therapies specifically targeting
the expression of selected oncogenes, thus reducing systemic
toxicity and side effects of chemotherapeutic approaches.

Results and discussion
Synthesis and characterization

Salphen-like metal complexes have already proven their
efficiency in promoting selective binding to G4 structures.
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Here, we have focused on improving their potentiality by
acting on two structural/electronic factors, namely: (i) the
introduction of a 4-methyl-pyridinium group to bring peri-
pheral positive charges on the chelating ligand and maximize
electrostatic interactions with the DNA backbone, and (ii)
varying the extension of the n-conjugated system on the N-N
bridge, tuning the n-stacking with the G4 quartets. The main
proposed compounds together with their synthetic routes are
presented in Scheme 1. Note that our proposed modifications
of the aldehyde moiety have led to the development of an
extensive and modulable library of potential ligands, all
bearing two formally positive charges on the lateral substitu-
ents. To enlarge the chemical space of our potential G4
binders we have, indeed, considered complexation with
different metal ions, namely Zn(u), Ni(u), Cu(u), Pd(u), and Pt
() (Scheme 1). Furthermore, the obtained compounds were
grouped based on the extension of the n-conjugated substitu-
ents belonging to the salen, salphen and salnaphen families,
respectively.

An efficient synthetic route was devised to allow the pro-
duction of our extensive library of compounds. To this aim,
5-chloromethylsalicylaldehyde was  functionalized with
4-methylpyridine, via a nucleophilic substitution reaction con-
ducted in the tetrahydrofuran solvent, yielding the positively
charged pyridinium B (Scheme 1), which represents the funda-
mental building block for obtaining the whole library of metal
complexes.

The final compounds, belonging to the class of Schiff base
metal complexes, have been obtained by template synthesis,
during which B is condensed, in the presence of the given
metal salt, with three different diamines: o-phenylenediamine
to give the salphen family, ethylenediamine to provide the
salen family, and 2,6-naphthalenediamine to afford the salna-
phen family.

Metal complexes 1-12 were obtained in a one-step reaction,
without previous isolation of the ligand, based on similar
reported procedures.’®*! Indeed, aldehyde B was directly con-
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Scheme 1 Reaction pathways for the synthesis of compound B and
complexes 1-12.
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densed with the chosen primary diamine to obtain the Schiff
base ligand, which was deprotonated with a strong base,
before coordination with the corresponding metal salt
(Scheme 1). The explicit structure of each complex is listed in
Fig. S1.}

For the synthesis and purification of the Pt(u) complex 5,
we opted for a successive precipitation and counterion
exchange strategy as described in the Experimental section.
The chloride salt was firstly exchanged with sodium hexa-
fluorophosphate. The final Pt(u) product was obtained after
ion exchange with the Amberlite Cl-form resin, to give the Pt
(1) complex 5 as a chloride salt. While this strategy induced a
reduction of the global reaction yield, it significantly improved
the purity of the final product. The salen Pt(u) and salnaphen
Pd(u) and Pt(u) complexes were not obtained with the required
purity and were discarded for this study.

Intermediate B and complexes 1-12 have been character-
ized by "H-NMR spectroscopy (Fig. S21), except for the para-
magnetic copper(i) complexes, as well as mass spectrometry
(Fig. S3f) and elemental analysis (Experimental section).
Concerning the NMR signals of the symmetric metal com-
plexes, each peak obviously corresponds to double the number
of protons, as specified in the labelling schemes presented in
each spectrum of Fig. S2.}

DNA-binding in solution

The binding strength of our metal complexes towards different
G4 sequences, adopting different topologies, has been investi-
gated using Forster Resonance Energy Transfer (FRET) melting
assays. In addition, the selectivity towards G4 was also
assessed by comparing the affinity of our complexes for either
G4s or for a self-complementary double-stranded DNA
(dsDNA) mimicking the double-helical B-DNA conformation.
The chosen G4 sequences correspond to a variety of biologi-
cally relevant G4 motifs, including the human telomers
(hTelo)**** and oncogene promoters BCL2,** kRAS,* cMYC,*
and RET.” Furthermore, the three G4 units present in the
whole cKIT>**® sequence have been used. The sequences of all
G4s used are listed in Table S1.7

To assess G4 stabilization, we labelled each oligomer with a
FRET active fluorophore and monitored the changes in the
melting temperature (Ty,) after the addition of our complexes
in a ratio of 1:5 [DNA]: [metal complex]. An increase in Ty
reveals stabilization induced by complex binding.

The data in Fig. 1A summarize the changes in the melting
temperature (ATy) of each DNA sequence bound to the corres-
ponding metal complex (see also Table S2} for the numerical
values of ATy). Importantly, none of the 12 compounds pre-
sented significant stabilization of dsDNA, while a statistically
significant increase in the melting temperature was observed
for the G4s. As of note, and mainly in the presence of com-
pounds 1, 3, 10 and 12 the stabilization achieved using a 1:5
ratio was so strong that the instrumental maximum of ATy =
30 °C was exceeded. This is particularly noticeable for com-
pound 10 interacting with cKit2, BCL2, cMYC, and RET G4s.

This journal is © the Partner Organisations 2024
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Fig. 1 (A) Heatmap of the stabilizing behaviour of the 12 metal com-
plexes on the selected G4-folded oligonucleotides obtained by the
FRET melting curve assay. The darkest region corresponds to the
absence of stabilization and the brightest yellow to the highest induced
stabilization ATy (°C). (B) Stabilization of kRAS G4 by the three Ni(n)
compounds 1 (salphen), 6 (salen) and 10 (salnaphen), in the presence of
increasing concentrations of duplex DNA competitor (ctDNA). (C)
Stabilizing ability of compound 1 towards BCL2, cMYC and kRAS G4, in
the presence of increasing concentrations of the ctDNA competitor.
DNA was dissolved in 0.2 pM solutions, in the presence of 1 uM of the
metal complex, in 60 mM or 10 mM potassium cacodylate buffer at pH
7.4.

Some additional global tendencies can also be extracted
from our data. The salen family members (6-9) appear as the
weakest G4 stabilizers both in term of melting temperature
increase and of the number of targeted G4 which are stabil-
ized. Conversely, the salnaphen group (10-12) clearly out-
stands the other families in promoting the strongest G4 stabi-
lization. This result is not surprising and clearly highlights the
beneficial role of the extended conjugation pattern in promot-
ing favourable interactions with the guanine tetrads.

Ni(u) metal complexes (complexes 1, 6 and 10) appear to be
the most efficient G4 stabilizers compared to other analogues.
This fact is particularly evident when comparing compound 1
to the isostructural Pd(u) and Pt(i) compounds 4 and 5, indi-
cating the important role of the metal centre. Interestingly, the
affinity trend obtained by FRET measurements of salphen
complexes 1, 4 and 5, decreases with the increase of the
atomic number of group 10 elements, in the order Ni > Pd >
Pt. The stronger affinity of Ni compound 1, compared to the
analogous Pd and Pt compounds 4 and 5, could be attributed
to the higher positive charge on the center of the metal
complex, determined by the higher ionic character of the Ni-N
and Ni-O bonds, compared to that of the analogous Pd/Pt-N
and Pd/Pt-O bonds, being characterized by a higher covalent
nature.*

Finally, while neither specificity nor selectivity toward a par-
ticular G4 sequence emerged unambiguously from our study,
our results suggest a preference of the metal complexes for
parallel topologies. Indeed, parallel G4 sequences (BCL2, kRAS,
¢-MYC, RET and c¢-KIT2) are stabilized by most of the metal
complexes. Conversely, the anti-parallel ¢-KIT-SP (Fig. 1A) is
the least stabilized sequence.

Inorg. Chem. Front., 2024, M, 5725-5740 | 5727
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Thus, these results clearly show that our metal compounds,
particularly 1, 3, 10 and 12, may be classified as potentially
strong G4 stabilizers.

To better assess their selectivity, we have evaluated the
specificity of some G4 stabilizers with kRAS sequence versus
dsDNA. To this aim, FRET melting assays were performed in
the presence of increasing concentrations of the unlabelled
B-DNA competitor (calf thymus DNA, ctDNA) and Ni(u) com-
plexes 1, 6 and 10. As indicated in Fig. 1B, even in the presence
of both G4 and dsDNA, the three compounds induce a strong
and specific stabilization of the kRAS G4. Indeed, at the
maximum concentration of dsDNA, complex 1 showed a
reduction of the stabilization capability towards G4 of around
20%. The other complexes were even less affected by the pres-
ence of the competitor DNA. Indeed, complex 10 presents a
reduction of stabilization amounting to 10%, while remark-
ably, the stabilization potential of complex 6 was almost
unaffected and has been reduced by only 2%. The specificity
of 1 for different G4 structures, namely, BCL2, cMYC, and
kRAS, has been deeply analysed. A competitive FRET assay
showed a reduction of about 20% of the stabilization of BCL2
and kRAS G4s in the presence of 125 pM dsDNA (Fig. 1C).
Interestingly, cMYC G4 was very strongly stabilized by complex
1 at an initial ratio of 1:5, with the consequence that just a
minor increase in FAM fluorescence was observed when the
temperature is increased (see Fig. S4t). This exceptional stabi-
lization did not allow us to determine the G4 melting tempera-
ture upon interaction with complex 1 under these experi-
mental conditions. For this reason, the compound concen-
tration was reduced from 1.0 to 0.60 pM to reach a [G4 DNAJ/
[complex 1] of 1: 3. Even under these conditions, no reduction
of cMYC G4 stabilization was observed also at a higher concen-
tration of double helical DNA (<0.2%).

We have also investigated the G4 binding ability of com-
pounds 1, 6 and 10 by UV-vis and circular dichroism (CD)
spectroscopy, using again ctDNA as a comparison.

View Article Online
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For the binding studies, two different double-stranded DNA
sequences were used: UV-vis and CD experiments were per-
formed using calf-thymus DNA, while FRET experiments were
conducted in the presence of dsDNA, a self-complementary
20-mer oligonucleotide bearing a central linker (see
Table S1}). Despite this difference, both sequences adopt the
same conformation and display the same spectral signals.>°

The evolution of DNA topologies upon increasing the
amounts of metal complexes was monitored by circular dichro-
ism measurements. After checking the correct folding of the
parallel quadruplexes kRAS, BCL2 and ¢MYC by the negative
and positive ellipticities at 240 and 260 nm, respectively, we
evaluated how increasing amounts of 1, 6 and 10 would
perturb such patterns. As shown in Fig. 2, the addition of 1
and 10 led to a general hypochromic effect at 260 nm in all the
G4 spectra. This is coherent with significant binding, and so
confirms the FRET experiment. Interestingly, CD spectra of
ctDNA were strongly modified by the addition of compounds 1
and 10 (Fig. 2A and E). A strong interaction is suggested by the
consequent hyperchromic shift of the 270 nm band for both
compounds 1 and 10. Notably, the increase of 1 corresponds
to an induced positive band at 366 nm and a negative one at
306 nm, while 10 caused the appearance of a positive band
around 360 nm and the accentuation of the ctDNA negative
one at 250 nm. Such results suggest, on the one hand, that the
topology of the G4 is globally maintained, since no major
changes are observed in the CD spectra. On the other hand,
the changes in the ctDNA CD spectrum are probably connected
with the presence of a CD band induced by the metal com-
plexes and/or with a stronger alteration of the DNA structure.
Finally, compound 6 did not yield significant changes in the
CD spectra of ctDNA or G4s (Fig. S51). The lack of spectral
changes of the Ni(u) salen complex 6 suggests that an external
binding mode, different from intercalation, is occurring here.
On the other hand, the perturbation of the CD spectra of
ctDNA shown in Fig. 2A and E, in the presence of salphen and

ctDNA . kRAS i BCL2 it cMYC
a = GtDNA 50 uM b — KRAS 1M c — BCL21 M d — cMYC1pM
_ 40+ — 0.300 5 5 — 1.000 __104 — 1.000 . — 1.000
[ — 0.500 | (1):DNA 2 ~— 3.000 | (1):DNA 2 — 3,000 (1) : DNA 2 54 — 3000 | (1):DNA
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O ¥ O 04 o o 04
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Fig. 2 Compounds 1 and 10 strongly interact with DNA. Circular dichroism spectra of ctDNA (a and e), kRAS (b and f), BCL2 (c and g) and cMYC (d
and h) with increasing concentrations of complex 1 (a—d) or complex 10 (e—h), in 50 mM Tris HCL, 100 mM KCL, pH 7.4.
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salnaphen Ni(u) complexes 1 and 10, points out the occurrence
of consistent structural modification of the double helix DNA
after intercalation. The strong DNA binding of compounds 1
and 10 is also witnessed by the appearance of induced CD
bands at around 300 and 450 nm, respectively.

The characterization of the G4 binding ability of Ni(u) com-
pounds 1, 6 and 10 was extended by determining their intrin-
sic DNA-binding constants (Kj},), by titrating each complex with
increasing amounts of nucleic acid. We monitored the UV-vis
spectra of the corresponding complex in the 300-400 nm
region, where the complex exhibits a characteristic absorption
band (1: 366 nm; 6: 316 nm; 10: 350 nm) and where none of
the investigated oligomers absorb (Fig. S6-S8t). Intrinsic
binding constants could be determined by applying the
Thordarson equation and are listed in Table 1.>' The three
tested compounds present higher Kj, values with ctDNA than
G4 structures. The high K;, values obtained from ctDNA titra-
tion are consistent with the important changes in the ctDNA
CD spectra. Importantly, the absence of stable double helix
stabilization observed in the FRET assay does not necessarily
indicate a lack of interaction.

Moreover, the small binding constants obtained by the UV-
vis titration of G4 sequences consistently correlate with the
poor hypochromism observed for the CD spectra of the titrated
G4. It is worth pointing out that the significant stabilization of
G4 induced by our compounds, as shown by FRET experi-
ments, does not align with the value of the binding constants
obtained by UV-Vis and the impact on the CD signals of the
used sequences. While a perfect agreement among the three
methods, FRET, UV-vis, and CD, used to characterize inter-
molecular interactions would be ideal, such coherence may be
unrealistic due to the intrinsic differences in the experimental
approaches. Specifically, the significant increase in ATy
observed in FRET experiments may arise from interactions that
do not markedly alter the conformation of G4s, and therefore
do not significantly impact their CD spectra. This phenom-
enon can be primarily attributed to system stabilization via
external electrostatic attraction between the negative phos-
phate groups and the positive charges of the metal com-
pounds, rather than specific non-covalent interactions like t-n
stacking. In contrast, the pronounced changes in the CD
spectra of ctDNA upon interaction with compounds 1 and 10
(Fig. 2A and E) suggest that these compounds intercalate
ctDNA, leading to substantial conformational changes such as

Table 1 Intrinsic binding constants for Ni() compounds 1, 6 and 10
with different DNA topologies. K, (M) values were determined by the
UV-vis titration of the compound with increasing concentrations of DNA
in 50 mM Tris-HCl and 100 mM KClL, pH 7.5

Binding constant Kz (M)

1 6 10
CtDNA  (3.83 +0.06) x 10*  (1.68 + 0.06) x 10*  (1.17 + 0.06) x 10°
kRAS (5.89 £ 0.12) x 10> (5.74 £ 0.16) x 10>  (4.79 % 0.05) x 10>
BCL2 (2.40 £ 0.02) x 10> (3.89 +0.02) x 10°  (7.67 + 0.06) x 10°
cMYC  (4.25+0.17)x10*  (1.37 £ 0.02) x 10*  (7.78 + 0.15) x 10°

This journal is © the Partner Organisations 2024
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base stacking disruption. Such structural modification does
not occur after the interaction of our metal complexes with
G4s, which possess a rigid core as also evidenced by MD simu-
lations (vide infra). This clearly points to the occurrence of a
top-stacking binding mode with the drug candidate overhan-
ging on the peripheral tetrad.

In silico characterization

To better understand the binding capacity of the different tran-
sition metal complexes towards G4s, we have performed all-
atom molecular dynamics simulation to study the interaction
of Ni-salphen (1) and Ni-salnaphen (10) complexes with kRAS
and BCL2’s G4s, respectively.

As shown in Fig. 3 and 4 the formation of a stable complex
maintained by favourable =-stacking and electrostatic inter-
actions is observed in the early stage of the unbiased MD
simulation and maintained during the entire ps time-span,
especially for the interaction with kRAS. This can be most
notably observed by the time evolution of the root mean

Oistance ()

SO

Oistanca ()
T
{
Auso )

Fig. 3 Representative snapshot of the interaction between Ni-salphen
compound 1 (A) and Ni-salnaphen compound 10 (C) complex and the
kRAS’ G4 as obtained by MD simulations. The corresponding time evol-
ution of the RMSD and of the distance between the centres of mass of
the G4 and the complex are reported in panel (B) and (D), respectively.

Fig. 4 Representative snapshot of the interaction between Ni-salphen
1 (A) and Ni-salnaphen 10 (C) complex and the BCL2's G4 as obtained
by MD simulations. The corresponding time evolution of the RMSD and
of the distance between the centres of mass of the G4 and the complex
are reported in panel (B) and (D), respectively.
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square deviation (RMSD) and of the distance between the
centre of mass of the transition metal and the G4.
Interestingly, as it can be also observed from the representative
snapshot reported in Fig. 3, the interaction with the transition
metal complex involves the interaction with both the tetrads
and the G4 loops. This behaviour seems particularly important
for the interaction with BCL2’s G4. Indeed, a rather large struc-
tural reorganization taking place in the 500 ns range is
observed for this structure while interacting with the salphen
complex (1). This is also coherent with the lower binding con-
stant experimentally determined. In the case of the salnaphen
system, while a persistent aggregate is observed, the latter is
not forming an optimal n-stacking with the tetrad (Fig. 4) and
is, instead, opportunistically interacting with the extruded
loop bases, suggesting a less pronounced stabilization of the
G4. Conversely, for both G4s the interaction with the ligand
does not induce any important structural deformation of the
G4 and is only partially affecting the dynamics of the flexible
loop present in the kRAS oncogene, in coherence with the CD
spectra. Interestingly, interactions with the loops are also
favourable for maintaining the aggregate as shown in Fig. 3.
Globally, MD simulations confirm that the stabilization of
kRAS’s G4 by our transition metal complexes is more favour-
able than for its BCL2 counterpart. This is coherent with the
experimental observations and is most probably due to the
fact that kRAS’s G4 allows a more optimal stacking scaffold to
accommodate large and rigid metal complexes.

G4 stabilization in cells

Encouraged by the promising results obtained in solution and
in silico, we have investigated the effect of G4 stabilization in
cells. Notably, the ability of compounds 1, 6 and 10 to affect
the G4 landscape in cancer cell lines was assessed by the
immunocytofluorescence assay. We hypothesize that our com-
pounds should induce an increase in the number of cellular
G4s. Thus, pancreatic cancer T3M4 cells were treated with
increasing concentrations of compounds 1, 6 or 10, as shown
in Fig. 5. Nuclear G4 foci were counted and the median
number of foci for each condition was compared with the
control, which was treated with the DMSO vehicle. While com-
pound 1 affected G4 numbers solely at 50 pM, compounds 6
and 10 had more important effects. The counted nuclear foci
increased with the concentration of the metal complex, reveal-
ing a dose-dependent response of the G4 presence in cells
treated with compounds 6 and 10. Particularly, compound 10
provoked a strong increase in the nuclear G4 numbers at
5 uM, as compared to the control (Fig. 5). Thus, our results
suggest that these compounds are efficient at shaping the
amount of G4, and thus the genome landscape in cancer cells.
Furthermore, these results confirm that our complexes induce
G4 stabilization in a cellular environment, coherent with the
in vitro results.

Oncogene expression regulation

Since we have achieved the stabilization of G4 sequences
involved in the modulation of gene expression, we investigated
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Fig. 5 Immunodetection of nuclear G4 in cancerous cells and the
impact of G4 stabilizers. T3M4 cells were treated for 24 hours with 5, 10
or 50 pM of compound 1, 6 or 10. Nuclear G4s were detected by immu-
nocytofluorescence, using BG4 antibodies (red channel). Nuclear BG4
foci were enumerated considering 100 cells. Mean + SEM. (n = 3); **p <
0.01; ***p < 0.001; ****p < 0.0001. One-way ANOVA.

if the transcription level of the studied kRAS, cMYC, BCL2, and
RET oncogenes was altered in the presence of our compounds.

While kRAS and ¢cMYC expression levels were evaluated
using T3M4 cells, BCL2 and RET were quantified on T47D
cells, according to the basal gene expression level, specific to
each cell line previously investigated (data not shown). The
cells were treated for 6 hours with 50 uM of each complex, and
the transcript level was assessed by RT-qPCR. The results are
expressed relative to the control (Fig. 6). A downregulation of
the kRAS transcript level is significantly observed after the
treatment of the cells with 6 of the 12 complexes (Fig. 6A).
However, the Zn(un) compounds, especially 2 and 11, showed a
strong reduction in kRAS expression by around 3-fold. In T3M4
cells, cMYC was also downregulated, notably by compounds 1
2, 5, 10 and 11 by about 1.4-fold and even more strongly by
compound 12, which resulted in a 1.9-fold reduction (Fig. 6A).

Conversely, BCL2 transcripts were downregulated only by
complex 5 (Fig. 6B) with a fold-change of approximately 1.6
and were globally unaltered by the other compounds. Finally,
RET was more affected compared to the other transcripts since
8 of the 12 complexes led to its downregulation by around
2-fold (Fig. 6B).
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Fig. 6 The expression level of the considered oncogene was evaluated
by RT-qPCR after treating cells for 6 hours with 50 uM of the corres-
ponding compound. (A) kRAS and cMYC transcript levels were evaluated
on T3M4 cells, while BCL2 and RET (B) were assessed on T47D cells.
Data are shown as expression level, relative to the control conditions
(reported for 1). For representation, the control (CTRL) is the mean of
different controls. Significance for each treated condition is expressed
compared to its internal control. Mean + SEM. (n = 4) t-test.

If these results do not correlate perfectly with the G4 stabi-
lization pattern observed in solution (Fig. 1A), they confirm
the global trend. Namely they confirm that our complexes can
stabilize the G4 folding, and thus, modulate the expression
level of the investigated oncogenes, mostly leading to their sig-
nificant downregulation.

We tested the expression of a large range of G4s contained
in oncogene promoters and demonstrated the ability of our
complexes to strongly stabilize them. The list of the oncogene
expression evaluation is larger than those generally found in
the literature and highlights their capacity to efficiently down-
regulate a wide panel of G4-driven oncogenes. No real speci-
ficity towards a particular oncogene has been observed (except
for BCL2 being downregulated solely by compound 5), but a
kind of parallel conformation preference emerges. If those
results are at a previous stage in the characterization of the
oncogene modulator capacity of those new compounds, major
efforts could be made for a deeper and larger identification of
the gene targets, through RNA sequencing analysis after treat-
ing the cells with some G4 stabilizers. This approach would
allow a strong characterization and identification of the mole-
cular targets under G4 landscape modulation.

Effect on cell viability and proliferation

The observed stabilization of G4 and the inhibition of
oncogene expression by our metal complexes led us to

This journal is © the Partner Organisations 2024
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determine their impact on cell viability and proliferation in
aggressive cancer models. Indeed, kRAS, RET and ¢cMYC pro-
teins play key roles in regulating cell proliferation and the anti-
apoptotic protein BCL2 is particularly involved in cell
SurVival.15‘27’52_54

Cell viability after treatment with the G4 stabilizers 1-12
has been evaluated on three different human cancer cell lines,
derived from human pancreatic ductal adenocarcinoma
(T3M4), triple-negative (MDA-MB-231) and hormone-depen-
dent (T47D) breast ductal carcinoma. The half maximal inhibi-
tory concentration (ICs,) of the 12 complexes was determined
after 48 hours of incubation, by exposing the cells to a range of
concentrations spanning 1 to 200 uM (Fig. 7A and S9-S117).
For some complexes (e.g. 2 on MDA-MB-231 cells), the inhi-
bition of 50% of the cellular population was not reached
under such conditions (Fig. S11f). Therefore, the concen-
tration of 50 pM for a duration of 48 hours was chosen to
determine the viability of the three cell lines. The majority of
our compounds significantly reduced the viability of the three
cell lines tested (Fig. 7B-D). However, MDA-MB-231 cells
appeared less sensitive to the treatment compared to T3M4
and T47D cells. As a matter of fact, 5 complexes (2, 3, 6, 9 and
11) showed IC;, values higher than 200 pM for MDA-MB-231
cells, while only one (9) for T3M4 and none for T47D cells.
This difference could be associated with the lower cell line
doubling time of the MDA-MB-231 cell line (44 + 4.6 hours)
compared with T3M4 (20 + 0.5 hours) and T47D (30 =
1.3 hours) models (Fig. S127). Indeed, it is widely reported that
G4 formation is dependent of cell cycle dynamics. G4 struc-
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Fig. 7 Half maximal inhibitory concentration ICso determination on
T3M4, MDA-MB-231 and T47D cell lines. (A) ICs of the 12 compounds
on T3M4, T47D and MDA-MB-231 cell models at 48 hours of treatment,
determined by the crystal violet assay. Mean + SEM (n = 5). Relative via-
bility of pancreatic cancer cells T3M4 (B), hormonal-dependent breast
cancer cells T47D (C) and triple-negative breast cancer cells
MDA-MB-231 (D) upon treatment with 50 pM of the corresponding
compound for 48 hours, determined by crystal violet (n = 4). Mean +
SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. One-way
ANOVA.
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tures are described to preferentially form during the S phase,
due to the replication fork.>*°

The results obtained point out that most of the 12 com-
pounds have strong stabilizing effects in solution, except for
zine(u) compound 7. In the cellular environment, the stabiliz-
ing activity was confirmed by the analysis of oncogene
expression, pointing out that only compound 9 does not
repress gene expression on any of the four tested oncogenes.
To confirm these results, we have chosen three compounds
to analyze by immunocytofluorescence their impact on the
number of G4 foci in cells. As indicated in Fig. 5, while the
increase of the G4 foci is more relevant with compound 10
than with compound 1, the three nickel(n) compounds 1, 6
and 10 show significant stabilizing activities for G4 struc-
tures in a cellular environment. Thus, although in solution
data indicate strong stabilization activity of most of com-
pounds, it appears that in a cellular context the binding/sta-
bilizing activity of complexes can be different because of
their entry into the cells and/or the nucleus. However, the
use of a large variety of experiments in solution and in cells,
allowed us to highlight the compounds with the most rele-
vant activity.

Furthermore, the real time proliferation rate of the treated
cancer cells with increasing concentrations (0, 1, 10 and

View Article Online

Inorganic Chemistry Frontiers

50 pM) of our metal complexes was followed for 72 hours. Ni
(1) compounds 1, 6 and 10 showed a strong antiproliferative
capacity at 50 pM (Fig. 8), generally after 48 hours of treatment.
No dose-dependent response was observed between 10 and
50 pM. Interestingly, some complexes showed complete inhi-
bition of cell proliferation over the time-span, such as 1 on
T3M4 (Fig. 8A) and T47D (Fig. 8B), suggesting a total arrest of
the cell cycle. The proliferation inhibition rate at 48 and
72 hours of the other complexes is reported in Table S3.f
Globally, we may conclude that while our G4 stabilizers affect
the proliferation and viability of all the three tested cancer cell
line models, they were poorly cytotoxic as underlined by the
need to use high doses (approx. 50 uM) to induce a significant
proliferation inhibition.

Those effects at 50 uM over time are in perfect coher-
ence with the ones obtained from the evaluation of onco-
gene expression (Fig. 6). Indeed, compounds 1, 6 and 10
significantly downregulate kRAS, cMYC and RET oncogenes,
and are known as the key regulators of cell
proliferation.”:>>

On the other hand, our results on T3M4 cells treated with
compound 1 suggest a total arrest in the cell cycle progression.
Further experiments and analysis of the cell cycle should be
performed to characterize these results.
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Fig. 8 The proliferation of T3M4 (upper panel), T47D (middle panel) and MDA-MB-231 (lower panel) cell lines was followed by the real-time cell
imager Cytonote (IPRASENSE®), over 72 hours while treated with different concentrations of nickel(il) compounds 1 (A-C), 6 (D-F) and 10 (G-I).
Mean + SEM (n = 3); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Two-way ANOVA.
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Experimental section
Synthetic procedures

General. Commercial grade chemicals and solvents were
purchased from Sigma Aldrich and Thermo Fisher Scientific,
and used without further purification. 'H and *C NMR
spectra were recorded on Bruker AC-E series 300 MHz, while
elemental analyses were performed using an Eurovector
EA3000 elemental analyzer at the Microanalytical Laboratory of
the University of Vienna and the University of Lorraine, labora-
tory L2CM. Mass spectrometry experiments were carried out
on an Agilent 6540 QTOF LC/MS.

5-Chloromethylsalicylaldehyde (A). The starting material
5-chloromethylsalicylaldehyde (A) was synthesized as pre-
viously described.*®>” Briefly, 5 mL of salicylaldehyde was
added to 14.4 mL of formaldehyde and 50 mL of conc. HCI for
24 hours at room temperature. The resulting precipitate was
filtered and washed with abundant n-hexane.

5-(4-Methylpyridin-1-ium)-salicylaldehyde chloride (B). 5-(4-
Methylpyridin-1-ium)-salicylaldehyde chloride (C;4H;,CINO,)
(B) was obtained by the dropwise addition of 4-methylpyridine
(486.6 pL; 5 mmol) to a solution of 5-chloromethyl-
salicyladehyde (A) (852.9 mg; 5 mmol) in tetrahydrofuran. The
mixture was mixed at room temperature until the complete
consumption of both reactants. The resulting white solid was
recovered by filtration and washed with cold diethyl ether
(922.6 mg; 70% yield). "H NMR (400 MHz, DMSO-ds) 6 11.15
(s, 1H), 10.28 (s, 1H), 9.06-9.00 (d, 2H), 7.98 (d, J = 6.4 Hz, 2H),
7.85 (d, J = 2.4 Hz, 1H), 7.69 (dd, J = 8.6, 2.5 Hz, 1H), 7.11 (d,
J = 8.6 Hz, 1H), 5.72 (s, 2H), 2.59 (s, 3H). ESI-MS (m/z).
Calculated for C;4,H;4,NO, [2M + Cl:rr 491.17; found 491.17.

Synthesis of Schiff base metal complexes. Metal complexes
were synthesized in a one pot reaction, without previous iso-
lation of the ligand. The general method for the synthesis of
the salphen metal compounds (1, 2, and 3) is described above.
The prepared compound B, (263.8 mg; 1 mmol) was dissolved
in HO/EtOH 1:1 (5 mL), and solid NaOH (40.0 mg; 1 mmol)
was added before stirring at room-temperature for 20 minutes.
Parallelly, an aqueous solution of 1,2-phenylenediamine
(54.1 mg; 0.5 mmol) was prepared with M(ClO,),-6H,0
(0.55 mmol) (with M = Ni, Zn or Cu) and dropwise added to
the first solution. The resulting mixture was left stirring at
room-temperature for 4 hours. The obtained precipitate was
filtered under reduced pressure and washed with cold water,
ethanol and diethyl ether. Salen metal compounds (6, 7, and
8) were synthesized as the salphen compounds, but pure ethy-
lenediamine (33.4 pL; 0.5 mmol) was added instead of 1,2-
phenylenediamine. Salnaphen compounds (10, 11, and 12)
were obtained as the salphen complexes but o-phenylene-
diamine was replaced with 2,6-naphthalenediamine (79.2 mg;
0.5 mmol). The obtained salnaphen solids were recrystallized
in a solution of acetonitrile, acetone and water 1:2:3 to
obtain the final compounds.

Salphen Ni(u) complex (1). Red precipitate (272.7 mg; 69.5%
yield). "H NMR (400 MHz, DMSO-d,) § 9.36 (s, 1H), 9.00-8.94
(m, 2H), 8.12 (dt, J = 7.1, 3.6 Hz, 1H), 8.01 (d, J = 6.4 Hz, 2H),
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7.70 (d, J = 2.4 Hz, 1H), 7.46 (dd, J = 8.9, 2.4 Hz, 1H), 7.41 (dt,
J = 6.3, 3.6 Hz, 1H), 6.94 (d, J = 8.9 Hz, 1H), 5.69 (s, 2H), 2.61
(s, 3H). Elemental analysis of C3,H3(Cl,N;0;(0Ni-3.5H,0 (1).
Calculated: C 48.20%; H 4.40%; N 6.61%. Found: C 48.07%; H
4.05%; N 6.70%. ESI-MS (m/z). Calculated for
(C34H30N,0,Ni),(ClO,), [M]** 684.12; found 684.12.

Salphen Zn(u) complex (2). Yellowish precipitate (279.9 mg;
70.8% yield). "H NMR (300 MHz, DMSO-dg) & 8.99 (s, 1H), 8.96
(d,] = 3.2 Hz, 2H), 7.99 (d, J = 6.3 Hz, 2H), 7.86 (dt, ] = 8.4, 4.1
Hz, 1H), 7.58 (d, J = 2.5 Hz, 1H), 7.43 (dd, J = 6.0, 3.3 Hz, 1H),
7.38 (dd, J = 8.8, 2.4 Hz, 1H), 6.73 (d, J = 8.8 Hz, 1H), 5.63
(s, 2H), 260 (s, 3H). Elemental analysis of
C34H30C1,N,040Zn-1.5H,0 (2). Calculated: C 49.93%; H 4.07%;
N 6.85%. Found: C 49.84%; H 3.96%; N 7.01%. ESI-MS (m/z).
Calculated for (C;3H3oN40,Zn),(ClO,), [M]** 691.11; found
691.11.

Salphen Cu(u) complex (3). Dark green solid (262.6 mg;
66.6% yield). Elemental analysis of C34H3,Cl,N;0;,Cu-3.5H,0
(3). Calculated: C 48.20%; H 4.40%; N 6.61%. Found: C
48.07%; H 4.05%; N 6.70%. ESI-MS (m/z). Calculated for
(C34H30N,0,Cu),(ClO,), [M]*" 689.11; found 689.12. The
elemental analysis of compound 3 shows that two of the three
elements have a tolerance deviation higher than +0.40% of the
calculated values.>®

Salphen Pd(u) complex (4). A solution of compound B
(132 mg; 0.5 mmol) was stirred at room temperature in the
presence of 1,2-phenylenediamine (27.1 mg; 0.25 mmol) for
30 minutes, before adding an aqueous solution of Pd
(CH3CO,), (62.0 mg; 0.275 mmol). The mixture was allowed to
react at room temperature for 2 hours. To this, NaClO,-6H,0
(40.0 mg; 0.275 mmol) was added and stirred for 2 hours at
room temperature. The resulting orange solid was recovered by
filtration. The product was re-suspended in water and placed
in the Amberlite® IRA-402 Cl form ion exchange resin
(Thermo Fisher Scientific). The reaction was allowed to stir at
room temperature for 24 hours, under a nitrogen atmosphere.
The day after, the resin was washed with abundant cold H,O,
and cold EtOH. A brownish solution was recovered by fil-
tration, and the solvent was evaporated by lyophilization. A
strongly orange product was recovered (66.6 mg; 37.9% yield).
'H NMR (400 MHz, DMSO-d,) § 9.20 (s, 1H), 9.00 (dd, J = 6.0,
4.3 Hz, 2H), 8.34 (dd, J = 6.4, 3.4 Hz, 1H), 8.01 (dd, J = 6.6,
4.9 Hz, 2H), 7.86 (d, J = 2.5 Hz, 1H), 7.57 (dd, J = 8.9, 2.4 Hz,
1H), 7.50 (dd, J = 6.3, 3.3 Hz, 1H), 7.07 (d, J = 8.9 Hz, 1H),
5.73 (s, 2H), 3.29 (s, 3H). Elemental analysis of
C34H30C1,N,04,Pd-5H,0 (4). Calculated: C 51.43%; H 5.08%; N
7.06%. Found: C 51.19%; H 4.76%; N 7.79%. ESI-MS (m/z).
Calculated for (C;4H3oN40,Pd),(ClO,), [M]** 732.09; found
732.09.

Salphen Pt(n) complex (5). Compound B (105.5 mg;
0.4 mmol) was dissolved in H,0 and NaOH (16.0 mg;
0.4 mmol) was added under a nitrogen atmosphere at room
temperature for 20 minutes. The entire reaction was performed
with nitrogen bubbling directly in the solution. The pH was
adjusted to 7.4 with conc. HCL 1,2-Phenylenediamine
(21.7 mg; 0.2 mmol) was added to the previous solution, and
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the mixture was allowed to stir at room temperature, for
30 min. K,PtCl, (83.5 mg; 0.2 mmol) was added to the solu-
tion, and left stirring at room temperature for 4 hours. The
resulting reddish precipitate was filtered under reduced
pressure and washed with cold water. The product (79.1 mg;
0.1 mmol) was then resuspended in H,O/EtOH 1:1 (30 mL),
and NaPF, (67.2 mg; 0.4 mmol) was added to the solution. The
mixture was stirred at room-temperature, under an inert atmo-
sphere for 2 hours, before adding the same quantity of NaPF,
and allowed to react for 24 hours. The resulting solid was har-
vested by filtration and washed with abundant cold water and
diethyl ether. The red powder was then exchanged with
Amberlite® IRA-402 Cl form ion exchange resin (Thermo
Fisher Scientific) in water, under an inert atmosphere for
24 hours. The day after, the resin was washed with abundant
cold water and ethanol. The solvents were eliminated by lyo-
philization. A reddish powder was recovered (37.6 mg; 47.4%
yield). 'H NMR (400 MHz, DMSO-d) & 9.55 (s, 1H), 9.04 (d, J =
6.1 Hz, 2H), 8.56-8.34 (m, 1H), 8.02 (d, J = 6.7 Hz, 3H), 7.70
(dd, J = 9.0, 2.2 Hz, 1H), 7.48 (dd, J = 6.4, 3.2 Hz, 1H), 7.16 (d,
J = 8.9 Hz, 1H), 5.79 (s, 2H), 2.62 (s, 3H). Elemental analysis of
C34H30C1,N,04,Pt-8H,0 (5). Calculated: C 43.60%; H 4.95%; N
5.98%. Found: C 43.57%; H 4.58%; N 6.53%. ESI-MS (m/z).
Calculated for (C34H3oN4O,Pt)y(Cl), [M]J** 757.17; found
757.17.

Salen Ni(u) complex (6). Red solid (164.4 mg; 45% yield).
'H NMR (400 MHz, DMSO-dg) 6 8.94 (d, J = 6.3 Hz, 2H), 7.97
(d, J = 6.2 Hz, 2H), 7.89 (s, 1H), 7.46 (d, J = 2.5 Hz, 1H), 7.32
(dd, J = 8.8, 2.4 Hz, 1H), 6.74 (d, J = 8.8 Hz, 1H), 5.60 (s, 2H),
3.45 (s, 2H), 2.59 (s, 3H). Elemental analysis of
C30H30C1,N,404,Ni-3H,0 (6). Calculated: C 45.60%; H 4.59%; N
7.09%. Found: C 45.76%; H 4.67%; N 7.43%. ESI-MS (m/z).
Calculated for (CzoHzoN4O,Ni),(ClO,), [M]** 636.12; found
636.12.

Salen Zn(u) complex (7). Light orange precipitate (135.6 mg;
36.5% yield). '"H NMR (300 MHz, DMSO-d;) 6 9.01-8.92 (d,
2H), 8.40 (s, 1H), 7.97 (d, J = 6.3 Hz, 2H), 7.38 (d, J = 2.6 Hz,
1H), 7.29 (dd, J = 8.8, 2.6 Hz, 1H), 6.64 (d, J = 8.7 Hz, 1H), 5.57
(s, 2H), 3.73 (s, 2H), 2.58 (s, 3H). Elemental analysis of
C30H30C1,N,010Zn-4H,0 (7). Calculated: C 44.22%; H 4.70%; N
6.88%. Found: C 44.24%; H 4.24%; N 6.93%. ESI-MS (m/z).
Calculated for C;5H;6N,Zn0O, [M]*" 178.02; found 178.02.
Calculated for C¢H,N [M + H]" 94.07; found 94.07.

Salen Cu(u) complex (8). Brown precipitate (72.6 mg; 19.6%
yield). Elemental analysis of C;oH30Cl,N;010Cu-3H,0 (8).
Calculated: C 45.32%; H 4.56%; N 7.05%. Found: C 45.05%; H
4.21%; N 6.67%. ESI-MS (m/z). Calculated for C;3H;,N,CuO,
[MJ** 177.52; found 177.53. Calculated for CsH,N [M + H]"
94.07; found 94.07.

Salen Pd(u) complex (9). The aldehyde B (263.8 mg; 1 mmol)
was dissolved in ethanol and a minimum amount of water.
Pure ethylenediamine (33.4 pL; 0.5 mmol) was added and
stirred at room temperature for 30 minutes, prior to the
addition of Pd(CH;CO,), (112.5 mg; 0.5 mmol), previously dis-
solved in a minimum amount of water. The mixture was
allowed to stir at room temperature for 2 hours, before
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NaClO4-H,O (70.5 mg; 0.5 mmol) was added. After 2 hours of
stirring at room temperature, the yellowish precipitate was
recovered under reduced pressure and washed as usual
(85.4 mg; 21.8% yield). "H NMR (300 MHz, DMSO-dg) & 8.97
(d, 2H), 8.20 (d, J = 4.8 Hz, 1H), 7.98 (d, J = 6.3 Hz, 2H), 7.60 (d,
J = 2.4 Hz, 1H), 7.46 (dd, J = 8.8, 2.4 Hz, 1H), 6.88 (dd, J = 8.9,
2.4 Hz, 1H), 5.63 (s, 2H), 3.87 (s, 2H), 2.59 (s, 3H). Elemental
analysis of CzoHj30Cl3N,40,4Pd-H,0 (9). Calculated: C 39.98%);
H 3.58%; N 6.22%. Found: C 39.76%; H 3.98%; N 6.88%.
ESI-MS (m/z). Calculated for C;gH;N,PdO, [M]*" 199.01;
found 199.01. Calculated for C¢H,N [M + H]" 94.07; found
94.08.

Salnaphen Ni(u) complex (10). Brilliant red solid (233.8 mg;
56% yield). "H NMR (300 MHz, DMSO-dg) 6 9.90 (s, 1H), 9.00
(d, J = 6.4 Hz, 2H), 8.62 (s, 1H), 8.03 (d, J = 6.2 Hz, 2H), 7.92
(dt, J = 6.6, 3.3 Hz, 1H), 7.70 (d, J = 2.5 Hz, 1H), 7.59 (dt, J =
6.2, 3.4 Hz, 1H), 7.50 (dd, J = 8.9, 2.4 Hz, 1H), 6.93 (d, = 8.8
Hz, 1H), 5.70 (s, 2H), 2.62 (s, 3H). Elemental analysis of
C35H3,C1,N,04,Ni-3H,0 (10). Calculated: C 51.38%; H 4.31%;
N 6.31%. Found: C 51.51%; H 3.92%; N 6.44%. ESI-MS (m/z).
Calculated for CygH;gN,NiO, [M]** 224.04; found 224.03.
Calculated for C¢H,N [M + H]" 94.07; found 94.08.

Salnaphen Zn(u) complex (11). Strongly yellow solid
(161.7 mg; 38.5% yield). 'H NMR (300 MHz, DMSO-dg) 5 9.10
(s, 1H), 9.00 (d, ] = 6.2 Hz, 2H), 8.32 (s, 1H), 8.00 (d, ] = 6.3 Hz,
2H), 7.94 (dt, J = 7.2, 3.7 Hz, 1H), 7.64 (d, J = 2.5 Hz, 1H),
7.54 (dt, J = 8.4, 4.1 Hz, 1H), 7.42 (dd, J = 8.9, 2.5 Hz, 1H), 6.75
(d,J = 8.9 Hz, 1H), 5.64 (s, 2H), 2.60 (s, 3H). Elemental analysis
of C3gH3,Cl,N,040Zn-H,0 (11). Calculated: C 53.13%; H
3.99%; N 6.52%. Found: C 53.10%; H 4.02%; N 6.55%. ESI-MS
(m/z). Calculated for C,sH;sN,ZnO, [M]** 227.03; found
227.03. Calculated for C¢H,N [M + H]" 94.07; found 94.08.

Salnaphen Cu(u) complex (12). Green solid (211.3 mg; 50.4%
yield). Elemental analysis of C3gHj3,Cl,N4040Ni-4H,O (12).
Calculated: C 50.09%; H 4.42%; N 6.15%. Found: C 50.20%; H
3.95%; N 6.31%. ESI-MS (m/z). Calculated for
(C35H3,N40,Cu),(ClO,), [M]** 739.13; found 739.13.

DNA-binding in solution

General. All solution studies were carried out using freshly
prepared solutions of metal complexes. Lyophilized calf
thymus (ctDNA) was purchased from Sigma Aldrich and resus-
pended in 1.0 M Tris-HCI pH 7.5 to be used as a model of the
double-stranded B conformation of DNA. The final DNA con-
centration was assessed by measuring the absorbance at
260 nm by UV spectrophotometry and using 6600 M™' cm™" as
the molar extinction coefficient. G4 oligonucleotide sequences
were purchased from Sigma-Aldrich and IDT (Integrated DNA
Technologies) in HPLC purity grade and are reported in
Table S1.1 Oligonucleotides were resuspended in 50 mM Tris-
HCI and 100 mM KCl, pH 7.5 to give 100 uM stock solutions.
G4 sequences were allowed to fold into G4 structures by
heating the solutions up to 90 °C for 5 min prior to slowly
cooling down to room temperature overnight. All experiments
were carried out in 50 mM Tris-HCl and 100 mM KCl at pH
7.5.
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UV-visible absorption. UV-vis spectra were recorded at room
temperature on a double-beam Cary 100 Scan spectrophoto-
meter (Varian Inc.), from 200 nm to 700 nm. Titrations were
carried out by increasing the addition of DNA to a constant
concentration of the metal complex (previously determined to
reach an absorbance of 0.4 at the characteristic wavelength
peak). To avoid the dilution of the metal complex during titra-
tion, for each addition of DNA solution, the same volume of
double concentrated metal complex solution was added to the
experimental beam. Measurements were made 2 min after
each addition to the reaction mixture, to ensure the complete
formation of the intermolecular complex. Binding constants
Kb of the double-stranded and quadruplexes DNA with the
complex were determined by non-linear fitting of the titration
results, thanks to the equation described in the literature, on
the supramolecular.org website.*"

Circular dichroism. CD experiments were performed on a
Jasco J-715 spectropolarimeter at room temperature, with the
following parameters: range 600-220 nm; step resolution
1.0 nm; speed 200 nm min~'; response 0.5 s; accumulation 4.
Fifty uM ctDNA or 1 pM of each quadruplex sequence was
titrated with increasing amounts of the metal complex. To
ensure that DNA concentration remained unaltered over the
experiment, for each addition of the metal complex solution,
the same volume of double concentrated DNA solution was
added. Measurements were performed 2 min after each
addition to the reaction mixture, to ensure the complete for-
mation of intermolecular complexes.

FRET melting assay. FRET experiments were conducted on
an Applied Biosystems™ QuantStudio 6 PCR cycler equipped
with a FAM filter. For the FRET experiments, the same
sequences as those for the UV-vis and CD assays were used, as
reported in Table S1,f with FAM and TAMRA probes. The B
conformation of DNA was mimicked by the sequence 5 -
TATAGCTA/iSp18/TATAGCTATA - 3' (where iSp18 = [(<CH,~CH,~
0-)]), named dsDNA. Lyophilized oligonucleotides were resus-
pended in 1 mM Tris-HCI and diluted in 60 mM (dsDNA, hTelo,
cKIT-1, cKIT-2, cKIT-SP, kRAS, BCL2) or 10 mM (cMYC, RET)
potassium cacodylate buffer, pH 7.2, before their folding into
G4 or double-stranded structures through the same procedure
as described previously. All fluoro-labelled oligonucleotides
were used at a final concentration of 0.2 uM. Metal complexes
were freshly resuspended in DMSO and used at a final concen-
tration of 1 uM, to reach a DNA: drug ratio equal to 1: 5. DMSO
never exceeded 0.1% of the final volume. Finally, FAM emission
was acquired from 25 °C to 95 °C, with a stepwise increase of
1 °C every 30 s. Data were normalized from 0 to 1, and measure-
ments were made in duplicate. The melting temperature of the
G4 oligonucleotides in the presence of the metal complex was
compared to the melting temperature of the G4 oligonucleotide
alone, to give ATy, Also, the evolution of the stabilizer behav-
iour of 1, 6 or 10 towards G4 oligonucleotides (0.2 uM) was also
monitored in a FRET melting competitive assay, with increasing
amounts of non-fluorescent ctDNA.

Molecular dynamics simulations. Equilibrium molecular
dynamics simulation was performed considering the Ni-
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salphen 1 and Ni-salnaphen 10 complexes interacting with
either the human kRAS or BCL2 promoters. The starting struc-
tures of the two G4 have been retrieved from the protein data
bank pdb codes 6T51°° and 6ZX7,°° respectively. To assess the
formation of stable aggregates the two metal complexes have
been placed in a water box together with the chosen G4 and
the formation of the interaction has been spontaneously
observed through equilibrium MD simulations. CI™ ions have
been added to the water box to ensure electroneutrality. The
amber force field including the bsc1 correction®® was used to
model DNA, while water has been described by the TIP3P
model.®> The force fields of the two metal complexes have
been parameterized following the generalized amber force
field (GAFF) approach. The point charges have been obtained
by fitting the restrained electrostatic potential (RESP) following
the gaff protocol. To assist the parameterization of the force
field the MCPB.py®® utility has been used. All the MD simu-
lations have been performed in the isothermal and isobaric
ensemble, with temperature and pressure conservation being
enforced using a Langevin thermostat and barostat. A time
step of 4 fs has been used to numerically solve the Newton
equation of motion thanks to the simultaneous use of Rattle
and Shake and Hydrogen Mass Repartition (HMR) approach.®*
All the simulations have been performed using NAMD®>°® and
analysed and visualized by VMD.®”

Biological activity

Cell culture. Malignant pancreatic T3M4, hormone-depen-
dent breast T47D and triple-negative MDA-MB-231 breast
cancer cell lines were obtained from the American Type
Culture Collection (ATCC) (Rockville, MD, USA). Cell lines were
maintained as monolayers in red phenol-free RPMI-1640
culture medium, supplemented with 10% heat inactivated
fetal bovine serum (FBS), 2 mM r-glutamine, and 0.1% penicil-
lin/streptomycin. Estradiol (10 nM) was also added to the
T47D cell culture medium. When reaching an 80-90% conflu-
ence, the cells were sub-cultured using trypsin 0.1% - EDTA.
The cells were grown under a humidified atmosphere, with 5%
CO,, at 37 °C. FBS was purchased from Biowest, while
RPMI-1640 medium, r-glutamine, penicillin/streptomycin and
trypsin-EDTA were purchased from Sigma Aldrich.

Immunocytofluorescence. T3M4 cells (4.0 x 10*) were grown
on glass coverslips in 35 mm culture plates, and allowed to
attach for 24 hours, before treatment with 5, 10 or 50 pM of
the considered compound for 24 hours. Cells were fixed with
cold methanol/acid acetic (3:1) for 10 min, at —20 °C. After
PBS 1x washes, blocking was performed using 3% BSA in PBS
1x at RT for 1 h, before incubation with a mouse anti DNA/
RNA G-quadruplex antibody BG4 (Absolute Antibody, Ab00174-
1.1) diluted 1:300 in the blocking solution, for 2 hours at RT.
Cells were incubated with an anti-mouse Alexa Fluor™
594-conjugated antibody (Invitrogen, A11032), diluted 1:2500
in PBS 1x, for 1 hour at RT. Nuclei were stained with Hoechst
33342 (Invitrogen) 1:10000 in PBS 1x for 5 min at RT.
Coverslips were mounted with the FluorSave™ reagent
(Millipore). After each step, cells were washed 3 times with PBS
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1x, for 5 min each. Images were recorded on a hybrid fluo-
rescence microscope (Revolve, ECHO). Nuclear focus quantifi-
cation was established through biologically independent tripli-
cate tests, where BG4-nuclear foci were detected and counted
by automated focus detection/quantification from 100 nuclei
under each condition using FiJI software macro FindFoci.®®

RNA preparation. 1.2 x 10° T3M4 cells and 2.0 x 10° T47D
cells were seeded in 60 mm culture plates. After 48 hours, the
cells were incubated with either the vehicle (0.2% DMSO) or
50 uM of the metal complex for 6 and 24 hours. Total RNAs
were extracted and purified using the ReliaPrep™ RNA Cell
Miniprep System (Promega), following the manufacturer’s
instructions. Concentration of isolated nucleic acids were
determined by measuring the absorbance at 260 nm, and
purity was assessed by measuring the absorbance at 230 nm
and 280 nm on a Nanodrop 2000c spectrophotometer. Total
RNA (1 pg) was reverse transcribed into c¢cDNA using the
OneScript Plus ¢cDNA Synthesis kit (ABM), according to the
manufacturer’s instructions.

Primer design. qPCR primers were designed using the
Human - Ensembl website, and IDT Oligo Analyzer. All
primers were tested, and parameters were optimized before
utilization. Primer sequences and the corresponding con-
ditions are listed in Table S4.}

RT-qPCR. Quantitative real time polymerase chain reaction
assays were performed using 1x Takyon™ No Rox SYBR®
MasterMix dTTP Blue kit (Eurogentec), and 300 nM of each
forward and reverse primers. Reaction mixtures were incu-
bated in a C1000 Touch Real Time PCR Detection System ther-
mocycler (Bio-Rad) with the following cycle conditions: 95 °C
for 3 min, followed by 39 cycles of 95 °C for 15 s, primer
hybridization temperature for 20 s, 72 °C for 30 s. A final step
of 5 s at 55 °C was performed. Relative level of each transcript
calculated  using the equation:®®  (E*“)urged/
(EACt)housekeeping, where the PCR reaction efficiency E =
10Y751°P¢ and ACt = Ctienicte — Ctieated. Normalization was
made with the UBB, RPL13A and TBP housekeeping genes.

IC5o determination. Cells were seeded in a 96-well plate
(T3M4 1.3 x 10° cells per well; MDA-MB-231 4 x 10° cells per
well; T47D 2.15 x 10> cells per well) and allowed to attach for
24 hours. Cells were treated with increasing concentrations of
the metal complex, or DMSO for control during 48 h. To evalu-
ate the effect of the G4 stabilizers on viability, cells were
stained with crystal violet. Absorbance was measured at
595 nm, and the viability of treated cells, relatively to the
control group, was calculated by the following equation:
sample absorbance

control absorbance
obtained relative viability was plotted against the decimal log-

arithm of the molecule concentration log([molecule]). The ICs,
was determined using a non-linear regression on GraphPad
Prism 8 software.

Proliferation assays. Cells were seeded in a 24-well plate
(T3M4 8 x 10> cells per well; MDA-MB-231 2.5 x 10* cells per
well; T47D 1.35 x 10* cells per well), and allowed to attach for
24 hours, prior to treatment. The cells were treated with 1, 10

was

Relative Viability (%) = 100. The
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or 50 uM of the metal complex. A control condition with 0.2%
DMSO has always been included. To evaluate the effect of the
G4 stabilizers on the proliferation, cell density was measured
using a real-time cell imaging system Cytonote (CytonoteScan,
Iprasense®). Data were acquired every 24 hours, over 72 hours
of treatment.

Statistical analysis. All experiments were performed in at
least three biologically independent replicates. Statistical ana-
lyses are specified in the legend of each figure and were per-
formed using the GraphPad Prism 8 software. Values with a
p-value lower than 0.05 were considered as statistically signifi-
cant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Conclusions

The designed and synthesized transition metal complexes are
strong G4 stabilizers. CD and optical spectroscopy measure-
ments in solution highlight their stabilization of specific G4
present in relevant oncogene promoters. Stabilization is con-
siderably more pronounced for G4 than for double-stranded
DNA. Moreover, the metal centre plays a pivotal role in modu-
lating the affinity and stabilization of the nucleic acid folding.
In particular, the stabilizing effect of Ni(u) compounds 1, 6
and 10 is on the average larger than that of the other con-
sidered metal complexes. In parallel, the size increase of the
n-conjugated moiety on the N-N bridge enhances the stabiliz-
ation of the G4 tetrads. In fact, the G4 stabilization strength is
always in the order salnaphen > salphen > salen complexes.
These results, confirmed by molecular modelling, highlight
the establishment of a persistent binding between G4 and the
considered metal complexes, in particular 1 and 10. Both com-
putational simulations and experimental measurements, in
particular the CD spectra, show that the G4-binding of the
metal complexes does not induce noticeable structural defor-
mations of the nucleic acid conformation, while it involves an
interplay between binding with tetrads and loops.

Tested on different cell lines, all metal complexes show
rather limited cytotoxicity, witnessed by the high ICs, values,
although partial inhibition of cell proliferation has been evi-
denced. On the other hand, Ni(u) compounds 1, 6 and 10
induce an increase in the number of nuclear G4s in the
treated cell lines. This effect is dose-dependent and may be
associated with their capacity to modulate the G4 landscape at
the cellular level. Going a step further, the modulation of such
structures can be associated with the downregulation of the
tested oncogenes. However, despite G4 stabilization by the
considered metal compounds, which has been proven in solu-
tion and in cells, we cannot exclude other targets that exist in
the complex intracellular system. Moreover, the synthesized
metal compounds may also play roles unrelated to oncogene
downregulation. Considering that G4 can influence several cel-
lular processes, including DNA replication, the induction of
G4 structure stabilization by our molecules could also lead to a
decrease in cell proliferation, without direct influence on onco-
gene regulation. Although in the absence of an absolute one-
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to-one correspondence between differential G4 stabilization
and downregulation of oncogenes, our results prove that the
use of metal complexes is beneficial for modulating gene
expression. Furthermore, some specific selectivity can be
achieved by targeting some genes of interest, e.g. the Pt(u)
salphen compound 5 with BCL2 and Pd(u) salen compound 9
with RET. Such properties, accompanied by the low observed
cytotoxicity, are important in reducing secondary effects of the
possible treatments. Overall, our results suggest that the
modulation of the equilibrium between the interaction with
the loops and/or with the tetrad could be a factor to be
exploited for a rational drug design aimed at increasing G4
selectivity.

Author contributions

Aurane Froux: Investigation, methodology, formal analysis,
visualization, writing - original draft, and review & editing.
Luisa D’Anna: in silico investigation and formal analysis.
Aurianne Rainot: in silico investigation and formal analysis.
Camille Neybecker: in cellulo investigation and methodology.
Angelo Spinello: methodology and review & editing. Riccardo
Bonsignore: Methodology and review & editing. Raphaél
Rouget: Investigation and methodology. Guillaume Harlé:
Methodology and review & editing. Alessio Terenzi:
Conceptualization, methodology, formal analysis, writing -
original draft, and review & editing. Antonio Monari:
Conceptualization, methodology, formal analysis, writing -
original draft, and review & editing. Stéphanie Grandemange:
Conceptualization; methodology, formal analysis, writing -
original draft, review & editing, and supervision. Giampaolo
Barone: Conceptualization; methodology, formal analysis,
writing - original draft, review & editing, and supervision.

Data availability

- Fitting of the UV-visible spectroscopic data has been per-
formed using the freely available software provided at the fol-
lowing link: https:/app.supramolecular.org/bindfit/.

- Molecular dynamics simulations have been performed
using the NAMD free software (https:/www.ks.uiuc.edu/
Research/namd/) and the data were analysed and visualized
using VMD free software (https:/www.ks.uiuc.edu/Research/
vmd/).

- Immunocytofluorescence analysis has been carried out
using the freely available Fiji software (https:/imagej.net/soft-

ware/fiji/).

- Chemical structures have been drawn using the
ChemDraw  software  (https:/revvitysignals.com/products/
research/chemdraw).

- Plots of spectral measurements have been produced using
the GraphPad Prism software (https:/www.graphpad.com/
features).
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- NMR spectra have been analyzed using TopSpin Bruker
NMR software (https:/www.bruker.com/it/products-and-solu-
tions/mr/nmr-software/topspin.html).
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