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ABSTRACT: A series of bay-substituted perylene derivatives is
reported as a new class of G-quadruplex ligands. The synthesized
compounds have differing N-cyclic substituents on the bay area
and differing side chains on the perylene major axis. ESI-MS and
FRET measurements highlighted the strongest quadruplex bin-
ders in this series and those showing the highest quadruplex/
duplex selectivity. Several biological assays were performed on
these compounds, which showed that compound § (PPL3C)
triggered a DNA damage response in transformed cells with the
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formation of telomeric foci containing phosphorylated y-H2AX and 53BP1. This effect mainly occurred in replicating cells and was
consistent with Pot1 dissociation. Compound § does not induce telomere damage in normal cells, which are unaffected by treatment with
the compound, suggesting that this agent preferentially kills cancer cells. These results reinforce the notion that G-quadruplex binding
compounds can act as broad inhibitors of telomere-related processes and have potential as selective antineoplastic drugs.

B INTRODUCTION

In the expanding field of G-quadruplex nucleic acid structures,'
particular attention has been devoted to their role in key biological
processes,” especially for oncogene promoters and telomeres.” These
findings have prompted the search for small organic molecules as
specific ligands for these structures for development as potential
anticancer agents.* These G-quadruplex ligands are usually charac-
terized by an aromatic core that favors stacking interactions with the
G-tetrads and, in most cases, by basic side chains (positively charged
in physiological condltlons) which interact with the quadruplex
grooves and loops.” Some of these molecules have also been shown
to induce telomere shortening and/or telomere instability, triggering
apoptosis and/or senescence programs in various cell lines® and in
some cases perturbing the equilibrium of capped/uncapped telo-
meres.” Two drugs that either target a G-quadruplex (Quarfloxin)
or fold into a G-quadruplex structure (AS1411) are in phase II
clinical trials.® Intriguingly, both drugs seem to exert their effect
through nucleolin. G-quadruplex-interactive molecules acting on
telomeres are still in preclinical development. Therefore, identifica-
tion of new telomere-interactive molecules having antitumor effects
is still a major challenge.

Perylene derivatives possess several optimal features to inter-
act with G-quadruplexes, having a large hydrophobic moiety with
the possibility of readily varying the number and nature of the
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hydrophilic side chains.” They have been shown to be able to
induce different G- cIluadruplex structures and to inhibit human
telomerase in vitro,” depending on the side chain basicity and
length."" Other than simple perylene diimides with two basic side
chains, we have previously reported a series of highly hydro
soluble perylene derivatives with three or four side chains.'” Bay-
substituted perylene derivatives are very soluble in aqueous
media, and their tendency to self-aggregate is remarkably re-
duced compared to the previously reported two-chain perylene
diimides."*® They exhibit enhanced ability to interact with
G-quadruplex structures and to inhibit human telomerase com-
pared to the previously reported perylene derivatives.'*”
Different substitution on the bay area, using cyclic secondary
amines, led to the preparation of different bay-substituted pery-
lene diimides, such as 15 (PIP-PIPER(1,7))."* This compound is
very selective for G-quadruplex structures rather than duplex
DNA as shown by ESI mass spectrometry and is distinct from
three- and four-chained perylene derivatives, which are poorly
selective."** On the other hand, the absolute affinity of 15 for
G-quadruplex DNA 1s not very high, in particular for human
telomeric sequences.'*! We report here on a series of structurally
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Figure 1. Structures of the synthesized molecules and reference compound PIP-PIPER(1,7)."* All compounds used in the biophysical and biological

evaluations were prepared as hydrochlorides as described in the Experimental Section.

related perylene derivatives (Figure 1), with different N-cyclic sub-
stituents in the bay area and different side chains on the perylene
major axis, in order to obtain G-quadruplex ligands of enhanced
affinity with respect to the reference compound 15 but with selec-
tivity maintained. Specific biological assays have been performed on
the best compounds of the series, as found by ESI-MS and FRET

measurements, to determine their in vitro and in vivo effects, with
particular attention to their specificity.

B RESULTS AND DISCUSSION

Synthesis. Our design strategy starts from the general conclu-
sion that perylene diimides with longer, flexible, and hydrophilic side
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Scheme 1. Synthesis of Compounds 3, 4, and §
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chains are more active both as G-quadruplex ligands and telomerase
inhibitors' " compared to derivatives having shorter hydrocarbon
linkers in the side chains. The first modification we have made to the
structure of 15 has been the insertion of oxygen-containing side
chains on the major axis of perylene (compounds 3—5). We used 1
(PEOE-Br) as a starting point which has been previously prepared
by reaction of dibromo-perylene-tetracarboxylic dianhydride with
commercially available 2-(2-aminoethoxy)ethanol (data to be pub-
lished). We obtained a mixture of two isomers (1,6 and 1,7), and no
side product involving the reaction of hydroxyl groups with the
cyclic anhydride was detected.

Treatment of 1 with methanesulfonyl chloride in a 1:2 ratio
gave quantitative conversion to the intermediate compound 2,
which is readily available for subsequent nucleophilic substitution.

Both the methanesulfonyl groups and the bromine atoms on the
perylene bay area were substituted by reaction with a large excess of
piperidine (Scheme 1). This reaction gave three products that were
successfully separated by column chromatography: the two isomers
3 (PPL17) and 4 (PPL16), together with § (PPL3C), a derivative
obtained by partial dehalogenation of the dibromo diimide, a side
reaction that has also been described in the literature.'® The product
of dehalogenation increased with temperature; this reaction may
involve a free radical mechanism.

A different strategy was used in order to obtain perylene
derivatives with different end groups on the perylene major axes
(compounds 8—10), with the aim of modulating interaction with
quadruplex DNA grooves,'”'! in particular having a N—H group
able to form further hydrogen bonds and a piperazine containing
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Scheme 2. Synthesis of Compounds 8, 9, and 10
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two aminic groups (Scheme 2). The same starting compound 1
was initially treated with a large excess of piperidine, displacing
bromine atoms in the bay area and giving the intermediate
compound 6, while in these conditions the hydroxyl groups of
the side chains are unaffected. As previously reported," the
insertion of N-substituents in the bay area facilitated the isolation
of the main 1,7 isomer from the corresponding 1,6 isomer by
column chromatography. Analogously to what has been reported
above, treatment of the pure isomer 6 with methanesulfonyl
chloride in a 1:2 ratio gave quantitative conversion to the

intermediate compound 7. The terminal groups of the side
chains of this compound can be easily converted to the desired
amino group by reaction with the appropriate primary or
secondary amine, without affecting the perylene bay area, which
retains the piperidine group, cf. compound 15. Three different
amines were used to perform substitution of the mesylate groups:
1-methylpiperazine, dimethylamine, and methylamine. The re-
action conditions were different depending on the physical state
of the reactant: 1-methylpiperazine was used as a solvent, while
in the other cases the gaseous amine was added as a solution
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Scheme 3. Synthesis of Compounds 12, 13, and 14
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(in water or THF) and dioxane was used as a solvent. Reaction 40 °C, extending the reaction time to 10 days; in this way compound
times and temperature were optimized as described in the 12 (4CPPZ17) was synthesized (Scheme 3, left). Performing the
Experimental Section to obtain three new perylene derivatives: same reaction with an excess of 1-(3-dimethylaminopropyl)piper-
8 (PPLMPPZ), 9 (PPLDMA), and 10 (PPLMA) (Scheme 2). azine, established that side reactions also occurred at room tem-

The last group of perylene diimides synthesized has the same perature, distinct from what was observed in all other cases. In this
side chains as 15 on the perylene major axis but different N-cyclic instance, the addition of anhydrous dioxane as solvent enabled the
substituents on the minor axis (compounds 12—14). In particular, reaction to take place at a higher temperature and in a few hours,
piperazine building blocks were used on the basis of the finding giving only 13 (3CPPZS) (Scheme 3, right).
that more basic groups and a greater number of side chains on the When using 1-(3-dimethylaminopropyl)piperazine as a solvent
perylene core generally improves the activity of this class of com- and protracting the reaction for 7 days at room temperature, other
pounds.'®”** These molecules have been synthesized starting from than a minor amount of 13, compound 14 (4CPPZS) was isolated
11 (PIPER-Br), which we have previously described."> This com- and characterized (Scheme 3, center) but the low yield did not allow
pound has two bromine atoms in the bay area, while the two side us to convert it into its hydrochloride and to undertake chemical and
chains as in PIPER'® and 15 have been already inserted. So it was biological assays in aqueous solution. However, we decided not to
possible to replace the bromine atoms with different secondary persist in testing other reaction conditions because we noticed that
amines (Scheme 3). The chosen amines were 1-methyl-piperazine the fourth side chain does not significantly increase G-quadruplex
and 1-(3-dimethylaminopropyl) piperazine; both are cyclic, which in affinity because only three chains are able to insert into the DNA
our view is an important factor in order to optimize selectivity groovesub on account of the perylene core size.
between quadruplex and duplex structures and are characterized by All the other synthesized compounds were converted into the
the presence of more than one amine group, which could increase respective water-soluble hydrochlorides by precipitation with dieth-
electrostatic interactions between ligands and quadruplex DNA. In yl ether from an acidic (HCI) solution of methanol, as described in
general, these reactions presented several additional synthetic pro- the Experimental section.
blems compared to the other synthetic schemes. We noticed that the Ligand Binding to Quadruplex and Duplex DNA by Electro-
presence of an increasing number of amine groups had an influence spray lonization Mass Spectrometry (ESI-MS). ESI-MS can be
on reaction yields, favoring the dehalogenation side reactions. To used to study the binding to quadruplex and duplex DNA."*
avoid this problem in the case of the reaction with a large excess of We have previously reported'*® that 15 had very high selectivity for
1-methylpiperazine, it was necessary to reduce the temperature to the G-quadruplex structure formed by (TG,T),. This oligonucleotide
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Table 1. Values” of the Association Constants K, and K, and Percentage of Bound DNA as Derived by ESI-MS Experiments for

G-Quadruplex (21-TT Oligo) and Duplex DNA (DK66 Oligo)

21-TT DK66
bound bound bound bound bound bound
compd  LogK; LogK, DNA(5:5)" DNA(5:10)° DNA (520)° LogK,  LogK, DNA(5:5)° DNA(5:10)° DNA (5:20)°

3 4.7+0.1 4.8+0.1 23+3 34+2 42402 20£35
4 4.81+0.2 4.8 +0.1 20+ 4 302 3.8+£02 11+4
S 58+02 5.0+ 0.1 S6+7 75+6 39+02 42+0.1 21+1
8 39+02 15+£5 3.8+0.1 10+2
9 46+02 49+£02 22.5+ 04 30+6 40+£02 16 £5
10 4.6 +£0.2 48402 13+4 37+3 3.7£02 9+3
12 54402 5.6+0.1 4543 77E£2 49403 42403 27+£2 44+7
13 5.5+02 5.0£02 48+35 76 £7 54402 49402 43+8 66+ 6
15 48+0.1 4.6+£0.1 22+ 3 33+3 3.8+ 0.1 12+2

“ Standard deviations are reported over at least three independent experiments. * Percentage (%) of bound DNA for experiments performed at the

indicated DNA/drug ratios.

forms a simple tetramolecular G-quadruplex DNA, with no loops
and having fully exposed terminal G-tetrads. This sequence was used
for preliminary screening but is not biologically relevant to human
telomeres. On the other hand, we found that 15 binds weakly to the
21-mer human telomeric sequence with also lower selectivity as
there is only a small difference between duplex and quadruplex
binding constants. This suggests that the presence of the cyclic
substituents on the bay area of this molecule resulted in reduced
capability to insert itself in the duplex grooves compared to binding
to quadruplex DNA probably for steric reasons. The structural
modifications of the new compounds, as discussed above, were
aimed at increasing affinity for the intramolecular human telomeric
quadruplex structure while maintaining the high degree of selectivity
shown by 15 for (TG,T),.

For these reasons, the new compounds have been tested with
21-TT and DKG66 oligos, the former being a 21-mer human
telomeric sequence and the latter a duplex-forming self-complemen-
tary dodecamer. The logarithms of the binding constants for the two
association steps and the percentage of bound DNA are reported in
Table 1. The latter parameter represents the percentage of DNA
bound to ligand and enables one to readily compare ligands with
differing behavior in terms of mode and stoichiometry of binding to
DNA. As previously shown for other G-quadruplex ligands,M‘1 the
compounds studied are able to form both 1:1 and 2:1 drug—DNA
complexes, in agreement with the general model of G-quadruplex-
ligand interaction characterized by the presence of two binding sites
on the external G-tetrad surfaces of the G-quadruplex structures.®
The data show that almost all the tested molecules have comparable
or significantly higher binding constants values for the G-quadruplex
compared to 15, with the exception of 8. This compound showed
weaker interaction and, at the concentrations used in these experi-
ments, did not form 2:1 complexes.

In particular, it was found that by contrast with the simple
perylene diimides having two side chains,'"" length modification of
the major axis side chains (3 and 4) did not result in major changes in
affinity to the human telomeric intramolecular quadruplex structure.
Also, changing the end groups (8, 9, and 10) did not result in im-
proved affinity for this quadruplex. By contrast, modifying the group
directly bound to the bay area, by the insertion of cyclic substituents
having more than one amine group, has a major influence on the
activity of the perylene derivatives as G-quadruplex ligands. Both
compounds with bay area piperazinyl substituents (12 and 13) have

significantly higher affinity toward 21-TT compared to 15, having
greater than 2-fold more compound bound to the quadruplex DNA.
However, the amount of duplex oligonucleotide bound for these two
compounds was also high, in particular for 13, suggesting poor
quadruplex selectivity. Nevertheless, we have demonstrated that
interactions with duplex oligonucleotides can occur so that before
drawing conclusions about the biological selectivity of a compound it
is necessary to obtain more information on its behavior in the
presence of genomic DNA. tad

The most surprising results were those obtained for 5. Despite
its structural similarity with 3 and 4, the lack of a piperidinyl group on
the bay area has a noticeable effect on its quadruplex binding
capability. Both binding constants for 5, K; and K, are >10-fold
greater compared to the two isomers 3 and 4. This is probably due to
reduced steric hindrance that enables improved overlap on the
terminal G-tetrad to occur. On the other hand, 5 selectively binds
quadruplex DNA and shows, as does 18, poor affinity toward DK66,
and a binding constant for the 1:1 complex 2 orders of magnitude
lower compared to the quadruplex. These data enables us to deduce
further structure—activity relationship data: only one piperidinyl
group is necessary to enable the perylene core to become inserted in
duplex grooves, while the second piperidinyl group only hinders
interaction with the terminal quadruplex G-tetrad.

A more reliable analysis of quadruplex vs duplex selectivity has
been undertaken on a selection of the new molecules in the
simultaneous presence of G-quadruplex-forming oligonucleo-
tides and fragments of double-stranded genomic (calf thymus)
DNA'* using competition experiments. We chose only one
compound (3) from the disubstituted piperidinyl derivatives,
while § and the two piperazinyl substituted molecules (12 and
13) were selected because they are the strongest quadruplex
binders in this series. In particular, we wanted to obtain more
information on these last two compounds as a consequence of
the poor selectivity with DK66 as a duplex model. The results of
these experiments are reported in Table 2. The choice of
calculating the percentage of bound DNA has been made because
this parameter is relevant to the specific biological activity of
these compounds because, when referred to G-quadruplex DNA,
it can be considered a measure of their capability to stabilize
telomeric DNA in a G-quadruplex structure. This can prevent
recognition and binding by telomerase, ultimately inhibiting
telomerase activity.
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Table 2. Competition Experiments on 21-TT Oligo”

21-TT/CT
compd CT=0 1:1 N% 1:5 N%
3 23+£3 19+£3 0.83 14£5S 0.61
S S6+7 47+£3 0.84 39+1 0.70
12 45+3 40£1 0.89 22+£1 0.49
13 48%S 46E1 0.96 32+£1 0.67
15 2243 13+1 0.59 9+1 0.41

“Values of percentage of bound 21-TT and normalized percentage of
bound quadruplex (N%), as previously defined,"** for samples con-
taining a fixed amount of both drug and G-quadruplex DNA (5 uM,
1:1 ratio) and different amounts of calf thymus DNA (CT), at the
indicated quadruplex/duplex ratios (in phosphate ions) with standard
deviations reported over at least three independent experiments.

All the studied compounds have high quadruplex selectivity,
significantly better than 15. In particular, 3, although having the
same affinity of 15 for 21-TT, has greater selectivity because at
1:1 duplex/quadruplex ratio the normalized percentage of bound
quadruplex (N%) increased from 0.59 to 0.83 and at a S:1 ratio
from 0.41 to 0.61. The most impressive results are for 12 and 13:
both these compounds have N% values close to 1 at a 1:1 duplex/
quadruplex ratio, in particular, 13, despite their poor selectivity with
duplex DK66. These results indicate that data obtained with a short
duplex oligonucleotide may be misleading and are possibly physio-
logically irrelevant. This is not surprising, and we have already
reported similar behavior for other compounds.'*! We demonstrated
that while those ligands showing a high level of selectivity between
quadruplex and duplex oligonucleotides, confirming their selectivity
in the competition experiment, the contrary was not always true:
some ligands showing poor selectivity with the self-complementary
dodecamer yet were selective in the presence of genomic DNA
fragments. Undesired interactions between ligands and a short
duplex DNA can include those with the terminal base pairs or with
wider than usual grooves in proximity to the oligonucleotide ends or
with a specific sequence of bases. On the contrary, genomic DNA is
an uninterrupted long duplex structure and its sequence is not limited
to a few base pairs but can be considered random over a large number
of bases. The significant selectivity of $ was confirmed, and because it
also shows the highest percentage of bound DNA, it is the optimal
compound of this series.

Thermal Stabilization of Quadruplex and Duplex DNA
Using FRET Assays. The new perylene derivatives were also
studied by fluorescence resonance energy transfer (FRET) assays
because this technique is useful for evaluating their capability to
stabilize quadruplex and duplex DNA structure against thermal
denaturation.'® Two fluorescent probes forming a donor—acceptor
system have been linked to the ends of two oligonucleotides: the
21-mer human telomeric sequence F21T, as a G-quadruplex model,
and a duplex forming a self-complementary decamer (T-loop, see
Experimental Section for details). In this way, it is possible to rapidly
obtain the difference between the melting temperature of DNA
alone and in the presence of the compounds (AT,,), which is a
measure of the thermal stabilization of the preformed DNA
structures by them. AT, values for the compounds studied at
1 uM concentration are reported in Table 3. At this concentration, all
the molecules are able to stabilize the G-quadruplex structure, but to
a different extent, while there are only negligible changes produced in
the melting temperature of duplex DNA. These data are in good
agreement with the binding study by ESI-MS. In particular, three

Table 3. Values of the Difference between the Melting
Temperature of DNA Alone and in the Presence of the Drugs
at 1 uM Concentration (AT,,)

AT, (°C)
compd F21T T-loop
3 9.3+0.5 —02+03
4 13.1+£0.8 0.1+£02
N 23.0+£06 —02£03
8 52+£01 —0.1£02
9 16.6£0.7 0.9+04
10 129+ 04 —0.4+0.3
12 274+03 29+03
13 35.5+0.6 23+02
15 18.7£0.8 02402

compounds show a higher AT,,, than 15: §, 12, and 13. They are the
same compounds found to be the best quadruplex binders by ESI-
MS experiments. The weakest binder of this series 8 shows the
lowest AT,,, value. It is concluded that even ithough the two methods
investigate different features of drug—DNA interactions, there is a
good correlation in this series of compounds between binding
affinity for the G-quadruplex and thermal stabilization.

Effects on Telomere-Related Processes. The ability of the
most promising perylene derivatives (S, 12, and 13) to inhibit
human telomerase activity in comparison with 15, was investi-
gated in a cell-free system by means of a telomerase repeat
amplification protocol (TRAP) assay (Figure 2). The TRAP
assay used here is two-step: in the first, telomerase is allowed to
elongate an oligonucleotide substrate, and in the second, PCR is
used to amplify the elongation products. Because most quadruplex
ligands can interfere with the PCR amplification of a sequence able
to form a G-quadruplex, the TRAP assay has been performed by
removing the inhibitor after telomerase extension. Figure 2A shows
that, except for 18, all the ligands are telomerase inhibitors but are
effective at different concentrations. The ICs values ranged from ca.
10—15 uM for 12 and §, while 13 was the most potent inhibitor
with an ICs, of ca. 3 uM (Figure 2B). It is difficult to compare the
ICs values of our perylene derivatives with those of other G-quad-
ruplex ligands available in the literature because, as already noted by
various authors, the ICs, derived from this type of assay depends on
the assay conditions and primer concentration."”*”'® More im-
portantly, many studies have used the TRAP assay without remov-
ing the inhibitor prior to the PCR step. As a consequence, the
inhibitory effect of many quadruplex ligands has been overesti-
mated. The limitations of the classic TRAP assay for the determina-
tion of telomerase inhibition by quadruplex ligands have been
clearly demonstrated.””®'® For instance, telomestatin, one of the
most potent G-quadruplex ligands, has an ICso of 0.7 nM in classical
TRAP conditions, whereas inhibition of telomerase obtained using
the direct assay (without requiring the PCR step) occurs at a 1500-
fold higher concentration.'® These observations reinforce the
notion that quadruplex ligands are more that simple telomerase
inhibitors. Consistent with this hypothesis, G-quadruplex ligands
have been found to show activity in telomerase-negative (ALT)
tumor cell lines."

Consequently, the ability of these ligands to directly uncap
telomeres has been investigated. Human transformed fibroblasts
(BJ-EHLT) were exposed to different concentrations of perylene
derivatives for 24 h, and activation of damage response was
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Figure 2. Inhibition of telomerase by perylene derivatives. Telomerase activity was evaluated by the telomerase repeat amplification protocol (TRAP)
assay as reported in the Experimental Section. The compounds 185, 12, 13, and § were added at different concentrations ranging from 1 to 50 #M. Before
PCR, the samples were purified by phenol/chloroform extraction. Products were resolved on 12% PAGE and visualized with SYBR Green staining. (A)
Representative TRAP assay. (B) Quantitative analysis was undertaken as reported in the Experimental Section and represents the mean of three
independent experiments. The intensities of TRAP products were normalized to the intensities of the corresponding bands in the untreated sample. The
percentage of telomerase inhibition was plotted against the concentrations used for each compound. ICs values are reported inside each graph.

measured by immunofluorescence (Figure 3). We found that all
the ligands induced strong phosphorylation of y-H2AX, a hall-
mark of DNA double-strand break response (Figure 3A). More-
over, 53PB1, another DNA-damage response factor, was also
activated upon exposure (Figure 3A), confirming that these
compounds are DNA damage inducers. Strikingly, while for 15
activation of damage response in transformed cells occurred at a
high concentration (3 uM), for 12, 5, and 13, a dose of 0.25 uM
was sufficient to induce y-H2AX phosphorylation (Figure 3A).
Moreover, while activation of y-H2AX by 5 showed a well-
defined signal, the y-H2AX staining induced by 12 and 13 was
diffuse, suggesting that these two ligands can induce nonspecific
DNA damage (Figure 3B). Consistent with these observations,
y-H2AX and 53BPI were not significantly activated (P > 0.05) in
normal telomerized fibroblasts (BJ-hTERT) upon treatment
with §, even at the highest ligand concentration (Figure 3A).
On the contrary, a dose-dependent increase (P < 0.05) in the
percentage of y-H2AX and 53BP1-positive cells was found in
samples treated with either 12, 13, or 15 (Figure 3A).

On the basis of these results, we used B]-EHLT cells treated with §
(the most promising compound) to verify whether y-H2AX was
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phosphorylated in response to dysfunctional telomeres. Deconvolu-
tion microscopy revealed that some of the damaged foci (both y-
H2AX and 53BP1) induced by § colocahzed with TRF1, an effective
marker for interphase telomeres,” forming so-called telomere-
dysfunction induced foci (TIFs*") (Figure 3C). Quantitative analysis
revealed that treatment with $ significantly increased the percentage
of cells (p < 0.01) with more than four y-H2AX/TRF1 colocaliza-
tions (the percentage of TIFs-positive cells reached about 50% upon
treatment with 1 4#M concentration), with a mean of ca. five TIFs per
nucleus (Figure 3D,E). Notably, an important fraction of the damage
response is not colocalized at telomeres. Analysis of human genome
composition has 1dent1ﬁed many G-quadruplex-forming sequences
outside telomeres.”> Therefore, it is possible then that 5 can also
interact with additional G-quadruplex targets.

Notably, phosphorylation of y-H2AX was restricted to a fraction
of 5-treated cells (ca. 50% at 0.5 M concentration; see Figure 3A),
suggesting that compound $ can induce replication-dependent
induction of DNA damage. To verify this hypothesis and determine
which fraction of the cells formed ¢ = H2AX foci, we performed
coimmunostaining to y-H2AX and the proliferating cell nuclear
antigen PCNA, which accumulates in the nucleus during S-phase.

dx.doi.org/10.1021/jm1013665 |J. Med. Chem. 2011, 54, 1140-1156
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Figure 3. Activation of DNA damage response at telomeres by perylene derivatives. Transformed (BJ-EHLT) and normal telomerized (BJ-hTERT)
human fibroblasts were treated with different concentrations of 15, 12, 13, and § for 24 h, fixed, and processed for IF by using antibodies against y-H2AX
and S3PB1. (A) Quantitative analysis showing the percentage of y-H2AX- and S3PB1-positive cells. Three independent experiments were evaluated,
and error bars indicate the standard deviation. (B) Representative images of IF against y-H2AX were acquired with a Leica Deconvolution microscope
(magnification 100 ). Untreated and 5-treated BJ-EHLT cells were stained with TRF1 and y-H2AX or 53BP1 and processed for IF. (C) Representative
images of IF were acquired with a Leica Deconvolution microscope (magnification 100 ). Enlarged views are reported below the merged images from
5-treated groups. Percentage of TIFs-positive cells (D) and average number of TIFs per nucleus (E) in untreated and S-treated cells. Cells with four
or more Y-H2AX/TRF1 foci were scored as TIF positive. The mean of three independent experiments is reported. Error bars indicate SD.

The results demonstrated that y-H2AX foci formation was res-
tricted to cells in S-phase; ca. 80% of cells positive for y-H2AX being
also positive for PCNA (Figure 4A,B). Moreover, to determine the
cause of telomere uncapping, we investigated the effect of 5 on the
localization of TRF1, TRF2, and POT], three telomeric proteins
that induce telomere dysfunction and evoke DNA damage signaling
when their levels are reduced at telomeres. ChIP assay showed that 5
rapidly (24 h) delocalized POT1 from telomeres, and this effect was
maintained after 72 h of treatment (Figure 4C,D). On the contrary,

TRF1 and TRF2 remained associated with the telomeres upon
treatment with ligand 5 (Figure 4C,D).

The ability of G-quadruplex hgands to uncap telomeres has been
already described for other agents’***, reinforcing the notion that
these agents can act as broad inhibitors of telomere-related process
and therefore the rationale for the development of this class of
inhibitors as anticancer agents must be found elsewhere other than
solely in the inhibition of telomerase expression. The shelter in
complex may also be involved in the response of cells to this class of
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Figure 4. Replication-dependent damage induced by $ is associated with POT1 dissociation from telomeres. BJ-EHLT fibroblasts treated with
compound § and processed for IF and ChIP. (A) Representative images of IF against y-H2AX and PCNA, acquired with a Leica Deconvolution
microscope (magnification 63% ), are reported. Hoechst staining was used to mark nuclei. (B) Percentage of y-H2AX+/PCNA— or y-H2AX+/
PCNA-+ nuclei in the indicated samples. The mean of three independent experiments with comparable results is shown. (C) Protein extracts from the
indicated samples were subjected to ChIP analysis using antibodies against TRF1, TRF2, and POT1. $-actin antibody was used as negative control. The
total DNA (input) represents 10% and 1% of genomic DNA. Southern blot analysis was performed by using telomeric or ALU repeat-specific probes.
(D) The signals obtained were quantified by densitometry, and the percentage of precipitated DNA was calculated as a ratio of input signals and plotted.
Four independent experiments were evaluated and error bars indicate the standard deviation.

agent. Indeed, we have previously reported that overexpression of
either TRF2 or POT1 results in cells becoming resistant to the
G-quadruplex ligand RHPS4 both in vitro and in nude mice.”
Therefore, analysis of the expression of these telomeric proteins may
be predictive of the cellular response to G4-interactive compounds.

Effect on Cellular Proliferation and Tumor Survival. An
important question concerns the selectivity of these ligands
toward cancer cells. To answer this, we analyzed the antiproli-
ferative effect of perylene derivatives on transformed and normal
telomerized fibroblasts. Cells were exposed to the different
compounds at the dose causing significant DNA damage when
cells were exposed for 24 h: 0.5 M concentration, for 12, 13, and
S and 3 uM for 15 (Figure S). A time-dependent decrease of cell
proliferation was observed in transformed BJ-EHLT cells treated
with all the ligands, reaching ca. 50% of growth inhibition at day 8
(Figure SA,B). Inhibition of proliferation has been also found in
the normal telomerized BJ-hTERT cells exposed to 12, 13, and
15 (Figure SA and B). Interestingly, 5 did not have antiproli-
ferative effect in normal fibroblasts, which were unaffected by the
treatment, suggesting that this agent would preferentially limit
the growth of cancer cells (Figure SA,B). The selectivity of § for
transformed cells has been also observed by comparing normal
prostate versus PC3 prostate carcinoma cells (Figure SC,D). In
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agreement with these results, cell cycle analysis of untreated and
treated BJ-hTERT cells showed that 12 and 13 induced potent
perturbation of the cell cycle, blocking the cells in G,/M phase
(Figure 6). On the contrary, 5 did not induce alteration of cells in
the different phases of the cell cycle and DNA content was similar
in untreated and drug-treated cells (Figure 6).

The selectivity of G-quadruplex ligands for cancer cells
remains an intriguing issue in the telomere field. It may be that
telomeres and their associated proteins (notably TRF2 and/or
POT1) differ in protein expression levels between normal and
cancer cells, and therefore the latter could be more or less acces-
sible to these agents. Alternatively, the cellular response to these
molecules could be different. Moreover, the selective effect of
G-quadruplex ligands on transformed and cancer cells could
result from a checkpoint failure that would allow the accumula-
tion of deleterious DNA damage. The very early appearance of
telomere damage and the subsequent detrimental effects on cell
viability suggest that cells have to be chronically exposed to the
drug to accumulate enough lethal damage. Whatever the precise
reason, this differential response is intriguing and may open new
avenues of investigation.

All the experiments performed on the different perylene
derivatives identify compound 5 as the most promising selective

dx.doi.org/10.1021/jm1013665 |J. Med. Chem. 2011, 54, 1140-1156
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Figure S. Antiproliferative effect of perylene derivatives on normal and transformed cells. Transformed (BJ-EHLT) and normal telomerized (B]J-
hTERT) human fibroblasts were treated with 15, 12, 13, and S perylene derivatives. (A) In vitro growth curves of the indicated lines untreated (M) and
treated (OJ) with 0.5 4M (for 12, 13,and §) or 3 uM for 15. (B) Percentage of growth inhibition of drug-treated vs untreated cells calculated at day 2, 4, 6,
and 8 of culture. In vitro growth curves (C) and percentage of growth inhibition (D) of normal prostate epithelial cells and PC3 prostate carcinoma cell
line treated with 0.5 #M of S. The figure shows representative experiments performed in quintuplicate with standard deviations (SD).

G4-interactive agent in this series, warranting further studies. We
therefore decided to test the effect of § on tumor cell survival.
The clonogenic assay is the most valid test to measure in vitro the
fraction of cells that can survive after drug treatment and can be
capable of repopulating a tumor after subcurative therapy. The
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analysis, performed on two cancer cell lines of different histotype,
HT?29 coloncarcinoma and M14 melanoma, revealed that com-
pound S was able to inhibit cell survival in a dose-dependent
manner (Figure 7). The ICs, values were similar in the two
cancer lines, being ca. 1.1 and 0.8 uM for HT29 and M14 cells.
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Figure 7. Effect of the G4 ligand S on tumor cell survival. Survival
curves of HT29 coloncarcinoma (A) and M14 melanoma cell lines (B)
exposed for 4 days to different doses of S ranging from 0.5 to 2 uM.
Surviving fractions were calculated as the ratio of absolute survival of the
treated sample/absolute survival of the control sample. The data
represent the mean of four independent experiments with standard
deviations (SD).

These interesting results need to be validated in in vivo experi-
mental models of human cancers. In particular, the evaluation of
toxicological profile and anticancer activity of this promising
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perylene derivative will permit us to assess its therapeutic index
and to proceed along the development process to future clinical
applications.

B CONCLUSIONS

All the reported compounds are efficient G-quadruplex ligands
as shown by ESI-MS measurements, with one major exception. They
are also able to stabilize the human monomeric G-quadruplex struc-
ture formed in the presence of physiologically relevant K ions, as
found by FRET assay. In contrast to what we have previously found
for simple perylene diimides with two side chains,">"" the modifica-
tion of the ending groups or the length of the major axis side chains
did not result in major changes in the affinity for the intramolecular
quadruplex structure formed by the human telomeric sequence. On
the contrary, the modification of the number or the nature of the
groups directly bound to the bay area has a large influence on the
activity of the perylene derivatives as G-quadruplex ligands. In
particular, molecules with piperazinyl substituents or having only
one piperidinyl group on the bay area showed significantly higher
affinity for this G-quadruplex compared to the other compounds of

this series. Even more interestingly, the last group of compounds also
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showed high selectivity for G-quadruplex with respect to duplex
DNA in competition experiments with genomic DNA. Various
biological assays have been performed on these compounds. The
results demonstrated that compound $ (the most interesting ligand
with only one piperidinyl group in the bay area) triggered telomere
damage in replicating cells, dissociated POT1 from telomeres, and
appeared to preferentially kill transformed and cancer cells. Even
though no mechanism has been described to fully explain the
selectivity of these G-quadruplex ligands toward cancer cells, it
appears to be a general phenomenon that characterizes this class
of compounds. If future experiments will prove that only telomeres
from cancer cells are affected and thus only cancer cells die, telomere-
dependent strategies may provide a promising future anticancer
treatment.

B EXPERIMENTAL SECTION

1. Chemistry: General. All commercial reagents and solvents
were purchased from Fluka and Sigma-Aldrich and used without further
purification. TLC glass plates (silica gel 60 F,s4) and silica gel 60
(0.040—0.063 mm) were purchased from Merck. 'H and '*C NMR
spectra were performed with Varian Gemini 200 and Varian Mercury 300
instruments. ESI-MS spectra were recorded on a Micromass Q-TOF
MICRO spectrometer. Elemental analyses (C, H, N) were carried out on
EA1110 CHNS-O (CE instruments). Starting compounds 1 and 11" were
prepared as elsewhere described. All compounds used in the biophysical and
biological evaluations were >95% pure as determined by HPLC (instru-
ment, HPLC-Waters 2487; column, SUPELCO LC-Diol HPLC column,
S um particle size, L X LD., 25 cm X 4.6 mm).

1.2. Preparation of Compounds 3—5 (Scheme 1)

1.2.1. N,N'-Bis(5-methanesulfonyl-3-oxapentyl)-1,7-dibromopery-
lene-3,4,9,10-tetracarboxylic Diimide (2). 1 (mixture of the two 1,6
and 1,7 isomers, 1.46 g) was dissolved in anhydrous dichloromethane
(60 mL) and triethylamine (1.6 mL). Methanesulfonyl chloride (0.6
mL) was added dropwise at room temperature. The reaction mixture
was then refluxed stirring under argon for 3 h. Successively, the organic
layer was washed with water, HCI 0.5 M, saturated NaHCO3 solution,
and saturated NaCl solution. After treatment with anhydrous Na,SO,,
the solvents were evaporated under vacuum to give 1.78 g (99% yield) of
the product 2.

"H NMR (200 MHz, CDCl;): 6 9.49 (d, ] = 8 Hz, 2H, aromatic H),
8.91 (s, 2H, aromatic H), 8.70 (d, ] = 8 Hz, 2H, aromatic H), 4.49 (broad,
4H, N-CH,), 4.35 (broad, 4H, CH,-O-S), 3.90 (broad, 4H, O-CH,),
3.81 (broad, 4H, O-CH,), 3.03 (s, 6H, S-CH;) ppm. *C NMR
(CDCly): 0 163.0 (C=0), 162.5 (C=0), 138.2 (aromatic), 133.1
(aromatic), 133.0 (aromatic), 130.2 (aromatic), 129.3 (aromatic), 128.7
(aromatic), 127.1 (aromatic), 123.2 (aromatic), 122.7 (aromatic), 121.0
(aromatic), 69.3, 68.8, 68.3, 39.7, 37.8 ppm.

1.2.2. Synthesis of 3, 4, and 5. One gram of compound 2, actually a
mixture of the two possible isomers, was stirred in piperidine (25 mL) at
95 °C under argon for 4 h. After cooling, water was added and the crude
product was extracted with chloroform. The organic layer was extracted
with water until the aqueous layer was neutral. After drying over Na,SO,
and evaporation in vacuum, the crude product was purified by column
chromatography on silica gel (CHCl; saturated with aq NH3) to give S00
mg (51% yield) of 3, 180 mg (18% yield) of 4, and 210 mg (24% yield) of 5.
The products were then crystallized by dissolving in a mixture of MeOH
and 37% aqueous HCI solution 95:5 and precipitating the respective
hydrochlorides with diethyl ether; 380 mg of hydrochloride were obtained
starting from 430 mg of basic compound 3 (76% yield), 120 mg starting
from 150 mg of basic compound 4 (68% yield), and 150 mg starting from
180 mg of basic compound § (70% yield).N,N'-Bis(S-(1-piperidino)-3-
oxapentyl)-1,7-bis(1-piperidinyl)-perylene-3,4,9,10-tetracarboxylic Diimide

Hydrochloride (3, PPL17). "HNMR (200 MHz, CDCl;): 6 9.35 (d, ] =8
Hz, 2H, aromatic H), 8.26 (d, J = 8 Hz, 2H, aromatic H), 8.17 (s, 2H,
aromatic H), 4.48 (broad, 4H, N;ac-CH,), 3.79 (broad, 4H, O-CH,),
3.64 (broad, 4H, O-CH,), 3.35 (m, 4H, C,-NyiperidineCH,), 2.75 (m, 4H,
Car-Npipericine"CHa), 2.51 (broad, 4H, Npiperidgine-CH,), 2.35 (broad, 8H,
Npipen'dine'CHZPiperidine)! 17-13 (broad! 24H, CHZpiperidine) ppm. 13C
NMR (CDCL): 6 1637 (C=0), 1637 (C=0), 151.0 (aromatic),
135.3 (aromatic), 129.6 (aromatic), 128.2 (aromatic), 124.1 (aromatic),
123.7 (aromatic), 123.3 (aromatic), 122.7 (aromatic), 122.4 (aromatic),
120.9 (aromatic), 69.0, 68.1, 58.8, 54.9, 52.9, 39.8, 26.1, 25.9, 24.5, 24.0
ppm. MS (ESI) m/z: 8674789 [(M + H)™] (caled for Cs,HgNgOg
M = 867.4809). Anal. found C 61.8%, H 7.2%, N 82% (Calcd for
[Cs,HeNgOg - 2HCI-4H,0]: C 61.7%, H 7.2%, N 8.3%).N,N'-Bis(5-
(1-piperidino)-3-oxapentyl)-1,6-bis( 1-piperidinyl)-perylene-3,4,9,10-tetra-
carboxylic Diimide Hydrochloride (4, PPL16). '"H NMR (200 MHz,
CDCl,): 0 9.70 (d, J = 8 Hz, 2H, aromatic H), 8.60 (d, ] = 8 Hz,
2H, aromatic H), 8.36 (s, 2H, aromatic H), 4.48 (broad, 4H, N;;.q:.-CH,),
3.82 (broad, 4H, O-CH,), 3.67 (broad, 4H, O-CH,), 3.35 (m, 4H,
CaNpiperidine-CHz), 2.87 (m, 4H, Cy-Nyjperigine-CHz), 2.52 (broad,
4H, Npjperidine-CH,), 2.37 (broad, 8H, NyjperidineCHapiperidine)y 1.8—1.3
(broad, 24H, CH,pjperidine) ppm. °C NMR (CDCly): 6 164.0 (C=0),
163.9 (C=0), 153.5 (aromatic), 136.3 (aromatic), 132.0 (aromatic), 131.0
(aromatic), 129.1 (aromatic), 128.2 (aromatic), 124.0 (aromatic), 123.4
(aromatic), 122.7 (aromatic), 121.0 (aromatic), 120.4 (aromatic), 69.0,
68.1,68.0, 58.8, 55.1, 53.4, 39.6, 39.3, 26.1, 24.5, 24.0 ppm. MS (ESI) m/z:
867.4828 [(M + H)1] (caled for C5;Hg3NgOg M = 867.4809). Anal.
found C 62.7%, H 7.1%, N 8.3% (Calcd for [ Cs,Hg,NOg - 2HCI- 3H,0]:
C 62.8%, H 7.1%, N 8.5%).N,N'-Bis(5-(1-piperidino)-3-oxapentyl)-1,6-
bis(1-piperidinyl)-perylene-3,4,9,10-tetracarboxylic Diimide Hydrochloride
(5, PPL3C). '"H NMR (200 MHz, CDCL;): 6 9.80 (d, ] = 8 Hz, 1H,
aromatic H), 3.2 (m, 2H, aromatic H), 8.51 (m, 3H, aromatic H), 4.48
(broad, 4H, N;4i-CH,), 3.83 (broad, 4H, O-CH,), 3.67 (broad, 4H,
O'CHZ); 3.45 (m; 2H, Ca\"Npiperidine'CHZ)’ 291 (m; 2H, Car'Npipen'dine'
CH,), 2.52 (broad, 4H, NpjeriaineCH,), 237 (broad, 8H, Nyjperidine
CH,piperidine), 1.8—13 (broad, 18H, CHjpperdne) ppm. °C NMR
(CDCLy): 0 1634 (C=0), 1632 (C=0), 1524 (aromatic), 135.6
(aromatic), 134.4 (aromatic), 133.5 (aromatic), 131.0 (aromatic), 130.5
(aromatic), 128.8 (aromatic), 128.6 (aromatic), 128.2 (aromatic), 126.6
(aromatic), 125.0 (aromatic), 124.6 (aromatic), 124.3 (aromatic), 123.4
(aromatic), 123.2 (aromatic), 122.5 (aromatic), 122.1 (aromatic), 122.0
(aromatic), 121.3 (aromatic), 121.0 (aromatic), 68.7, 67.7, 58.5, 54.9, 52.9,
394, 39.3, 25.8, 25.7, 242, 23.6 ppm. MS (ESI) m/z: 784.4036 [(M +
H) 1] (caled for C4yHsyNsOg M = 784.4074). Anal. found C 60.7%, H
7.1%, N 7.5% (Caled for [C47Hs3NsOg+ 2HCL- 4H,0]: C 60.8%, H 6.8%,
N 7.5%).

1.3. Preparation of Compounds 8—10 (Scheme 2)

1.3.1. N,N'-Bis(5-hydroxy-3-oxapentyl)-1,7-bis( 1-piperidinyl)pery-
lene-3,4,9,10-tetracarboxylic Diimide (6). One gram of 1, actually a
mixture of the two possible isomers, was stirred in piperidine (15 mL) at
80 °C under argon for 4 h. After cooling, water was added and the crude
product was extracted with chloroform. The organic layer was extracted
with water until the aqueous layer was neutral. After drying over Na,SO, and
evaporation in vacuo, the crude product was purified by column chroma-
tography on silica gel (CHCl3:(CHj;),CO:MeOH 88:10:2) to give 718 mg
(71% vyield) of 6, together with 80 mg (18%) of the corresponding 1,6
isomer.N,N'-Bis(5-hydroxy-3-oxapentyl)-1,7-bis(1-piperidinyl) perylene-3,
4,9,10-tetracarboxylic Diimide (6). "H NMR (200 MHz, CDCl;): 0 9.34
(d, J = 8 Hz, 2H, aromatic H), 8.28 (d, J = 8 Hz, 2H, aromatic H), 8.18 (s,
2H, aromatic H), 448 (t, ] = 5.5 Hz, 4H, N-CH,), 3.90 (t, ] = 5.5 Hz, 4H,
0-CH,), 3.70 (m, 8H, O-CH,) 3.33 (m, 4H, Nyiperidine-CH), 2.75 (m, 4H,
NpiperidineCH), 1,72 (broad, 8H, Nijperidine-CH,-CH,), 1.38 (broad, 4H,
N, jperidine- CHy-CH,-CH,) ppm. *C NMR (CDCL): 8 163.7 (C=0),
163.7 (C=0), 150.5 (aromatic), 135.0 (aromatic), 129.5 (aromatic), 127.8
(aromatic), 123.8 (aromatic), 123.5 (aromatic), 123.0 (aromatic), 122.3
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(aromatic), 121.9 (aromatic), 120.4 (aromatic), 72.4, 68.6, 61.8, 52.6, 39.9,
25.7, 23.7 ppm. MS (ESI) m/z: 733.3205 [(M + H)*"] (caled for
C4oHysN,Og M = 733.3237).N,N -Bis(S-hydroxy-3-oxapentyl)-1,6-bis-
(1-piperidinyl)perylene-3,4,9,10-tetracarboxylic Diimide. '"H NMR (200
MHz, CDCLy): 6 971 (d, ] = 8 Hz, 2H, aromatic H), 8.62 (d, ] = 8 Hz,
2H, aromatic H), 8.62 (s, 2H, aromatic H), 4.49 (broad, 4H, N-CH,), 3.90
(broad, 4H, 0—CH,), 3.73 (m, 8H, O—CH,) 3.38 (m, 4H, Niperidine-CH),
2.88 (m, 4H, Nyperdine-CH), 1,86 (broad, 8H, Npperdine-CH-CHy), 1.46
(broad, 4H, Npjperdine CH,-CH,-CH,) ppm. *C NMR (CDCL): 6 163.6
(C=0), 1526 (C=0), 135.8 (aromatic), 131.0 (aromatic), 130.3
(aromatic), 129.0 (aromatic), 128.7 (aromatic), 128.2 (aromatic), 127.2
(aromatic), 123.7 (aromatic), 123.1 (aromatic), 122.4 (aromatic), 121.8
(aromatic), 119.3 (aromatic), 71.7, 67.9, 67.7, 61.2, 52.5, 39.1, 38.8, 25.1,
23.1 ppm.

1.3.2. N,N’-Bis(5-methanesulfonyl-3-oxapentyl)-1,7-bis( 1-piperi-
dinyl)-perylene-3,4,9,10-tetracarboxylic Diimide (7). First, 500 mg
of 6 were dissolved in anhydrous dichloromethane (20 mL) and
triethylamine (195 uL). Methanesulfonyl chloride (130 #L) was added
dropwise at 0 °C. The reaction mixture was then stirred for 2 h at room
temperature. Successively, the organic layer was washed with water, HCI
0.5 M, saturated NaHCQj solution, and saturated NaCl solution. After
treatment with anhydrous Na,SO,, the solvents were evaporated under
vacuum to give 586 mg (95% yield) of the product 7.

"H NMR (200 MHz, CDCl;): 6 9.50 (d, ] = 8 Hz, 2H, aromatic H),
8.34 (d, J= 8 Hz, 2H, aromatic H), 8.30 (s, 2H, aromatic H), 4.48 (broad,
4H, N-CH,), 4.35 (broad, 4H, CH,-O-S), 3.85 (m, 8H, O-CH,), 3.43 (m,
4H, Nyjperigine-CH), 3.02 (s, 6H, S-CH3), 2.88 (m, 4H, Npjperidine-CH), 1.79
(broad, 8H, Npiperidm-CHz-CHz), 145 (broad, 4H, Npiperidine-CHo-CHa-
CH,) ppm.

1.3.3. Synthesis of 8, 9, and 10—general Procedure. A mixture of
compound 7 and the suitable amine, together with the specified solvents
when appropriate, was stirred in the reported conditions. After cooling,
dichloromethane was added and the organic layer was extracted with water
until the aqueous layer was neutral. The crude product was purified by
column chromatography on silica gel (CHCl;:MeOH:aqueous NHj solu-
tion 98:2:0.2) and then crystallized by dissolving in a mixture of MeOH and
37% aqueous HCI solution 95:5 and precipitating the respective hydro-
chloride with diethyl ether.1.3.3.1. N,N'-Bis(S-(4-methyl-1-piperazino)-3-
oxapentyl)-1,7-bis(1-piperidinyl)-perylene-3,4,9,10-tetracarboxylic Diimide
Hydrochloride (8, PPLMPPZ). First, 100 mg of compound 7 were reacted
with 4 mL of 1-methylpiperazine for 1 h at 60 °C under argon. The reaction
workup as described above gave 88 mg (87% yield) of 8, from which the
respective hydrochloride (30 mg, 29% yield) was obtained.

'H NMR (300 MHz, CDCL,): 6 9.53 (d, ] = 8 Hz, 2H, aromatic H),
8.35 (m, 4H, aromatic H), 4.45 (t, ] = 5§ Hz, 4H, Nipniai-CH,), 3.78 (m,
8H, O-CH,), 3.44 (broad, 4H, Nyiperigine-CH), 2.96 (m, 20H, Ny erazine-
CH,), 2.76 (broad, 4H, Nyjperidine-CH), 2.59 (s, 6H, Npjperagine-CHs)
1,78 (broad, 8H, NyiperidineCHo-CH,), 144 (broad, 4H, Npjperidine-CHa-
CH,-CH,) ppm. *C NMR (CDCl): 6 163.6 (C=0), 163.5 (C=0),
150.7 (aromatic), 135.4 (aromatic), 129.77 (aromatic), 127.9 (aromatic),
124.0 (aromatic), 123.6 (aromatic), 123.1 (aromatic), 122.7 (aromatic),
122.1 (aromatic), 120.6 (aromatic), 68.1, 67.9, 57.1, 53.7, 52.7, 51.4, 44.5,
3922, 25.7, 23.7 ppm. MS (ESI) m/z: 897.5016 [(M + H)*] (calcd for
Ce;HesNgOg M = 897.5027). Anal. found C 50.6%, H 6.5%, N 9.8% (Calcd
for [Cs,HgsNgOg - 6HCI- 6H,0]: C 51.0%, H 6.8%, N 9.2%).1.3.3.2. N,N'-
Bis(S-dimethylamino-3-oxapentyl)-1,7-bis( 1-piperidinyl)-perylene-3,4,9,10-
tetracarboxylic Diimide Hydrochloride (9, PPLDMA). Compound 7 (100
mg) was dissolved in anhydrous dioxane (S mL), and then a 33% THF
solution of dimethylamine (S mL) was added. The reaction mixture was then
stirred for 18 h at 70 °C under argon. The reaction workup as described
above gave 44 mg (45% yield) of 9, from which the respective hydrochloride
(44 mg, 82% yield) was obtained.

'"H NMR (300 MHz, CDCLy): 8 9.44 (d, ] = 8 Hz, 2H, aromatic H), 8.32
(2,2H, ] = 8 Hz, aromatic H), 8.26 (s, 2H, aromatic H), 4.46 (t, J = 5.1 Hz,

4H, Ny gi-CH,), 392 (t, ] = 5.1 Hz, 4H, O—CH,), 3.85 (t, J = 5.1 Hz, 4H,
O-CH,), 341 (broad, 4H, Njperigine-CH), 3.05 (¢, J = 5.1 Hz, 4H, Ny
CH,), 2.83 (broad, 4H, Npjperigine-CH), 2.67 (s, 12H, N-CH,) 1,75
(broad, 8H, Npipen-dme-CHz-CHz) , 1.43 (broad, 4H, Npiperidine-CH-CHa-
CH,) ppm. *C NMR (CDCly): 6 163.4 (C=0), 163.3 (C=0), 150.6
(aromatic), 135.0 (aromatic), 129.5 (aromatic), 127.7 (aromatic), 123.8
(aromatic), 123.4 (aromatic), 123.0 (aromatic), 122.4 (aromatic), 122.0
(aromatic), 120.6 (aromatic), 68.1, 68.0, 58.4, 52.7, 45.3, 39.4, 25.7, 23.7
ppm. MS (ESI) m/z: 7874178 [(M + H)™] (caled for Cy6HssNgOg
M = 787.4183). Anal. found C 58.1%, H 6.8%, N 8.8% (Calcd for
[CaeHosNgOg - 2HCI- SH,0]: C 58.1%, H 7.0%, N 8.8%).1.333. N,N'-
Bis(S-methylamino-3-oxapentyl)-1,7-bis(1-piperidinyl)-perylene-3,4,9,10-
tetracarboxylic Diimide Hydrochloride (10, PPLMA). Compound 7 (89 mg)
was dissolved in dioxane (S mL), and then a 33% aqueous solution of
methylamine (S mL) was added. The reaction mixture was then stirred for
90 min at 60 °C under argon. The reaction workup as described above gave
53 mg (73% yield) of 10, from which the respective hydrochloride (35 mg,
55% yield) was obtained.

"H NMR (300 MHz, CDCl;): 8 9.31 (d, ] = 8 Hz, 2H, aromatic H),
8.27 (2,2H, ] = 8 Hz, aromatic H), 8.17 (s, 2H, aromatic H), 4.46 (broad,
4H, Nypnigi-CH,), 3.88 (m, 8H, O-CH,), 3.33 (broad, 4H, Niperidgine-
CH), 3.03 (broad, 4H, Nyyinic-CH,), 2.89 (broad, 4H, Ny jperidine-CHz),
2.88 (s, 6H, N-CH;) 1,72 (broad, 8H, Npiperidine-CH,-CH,), 1.38
(broad, 4H, N,perigine-CH,-CH,-CH,) ppm. “C NMR (CDCly): 6
163.7 (C=0), 163.5 (C=0), 150.6 (aromatic), 135.2 (aromatic), 129.6
(aromatic), 128.0 (aromatic), 124.0 (aromatic), 123.6 (aromatic), 123.0
(aromatic), 122.6 (aromatic), 122.0 (aromatic), 120.5 (aromatic), 68.6,
68.4,52.7,50.5,39.6,29.7,25.7,23.7 ppm. MS (ESI) m/z: 759.3861 [(M
+ H) "] (caled. for C44Hg;NgOg M = 759.3870). Anal. found C 58.4%,
H 6.7%, N 9.1% (Caled for [C4yHsoNgOg-2HCI-4H,0]: C 58.5%,
H 6.7%, N 9.3%).

1.4. Preparation of Compounds 12—14 (Scheme 3)

1.4.1. N,N'-Bis[2-(1-piperidino)-ethyl]-1,7-[4-methyl-1-piperazi-
nyl]-perylene-3,4,9,10-tetracarboxylic Diimide Hydrochloride (12,
4CPPZ17). 50 mg of 11," actually a mixture of the two possible isomers,
was stirred in 1-methyl piperazine (2.5 mL) at 40 °C under argon for 10
days. Then, water was added and the crude product was extracted with
chloroform. The organic layer was extracted with water until the aqueous
layer was neutral. After drying over Na,SO,4 and evaporation in vacuum, the
crude product was purified by column chromatography on silica gel (CHCl,:
MeOH 9:1) to give 39 mg (74% yield) of 12. The product was then
crystallized by dissolving in a mixture of MeOH and 37% aqueous HCI
solution 95:5 and precipitating the respective hydrochloride (33 mg) with
diethyl ether (85% yield).

"H NMR (200 MHz, CDCl,): 8 9.44 (d, ] = 8 Hz, 2H, aromatic H),
8.32 (d, J = 8 Hz, 2H, aromatic H), 8.21 (s, 2H, aromatic H), 4.44 (t, ] =
6 Hz, 4H, Nypi-CH,), 3.37 (broad, 4H, Co-Npjperasine-CH,), 2.96
(broad, 4H, Car—NPipemine—CHz), 2.78 (broad, 12H, Npiperidine'CHZ)J
2.40 (broad, 14H, Nyjperasine-CH), 1.72 (broad, 8H, Nyiperigine CHa-
CH,), 1.52 (broad, 24H, Nyiperigine CHo-CH,-CH,) ppm. *C NMR
(CDCly): 0 1632 (C=0), 163.2 (C=0), 149.6 (aromatic), 134.5
(aromatic), 129.5 (aromatic), 127.8 (aromatic), 123.9 (aromatic), 123.3
(aromatic), 122.8 (aromatic), 122.4 (aromatic), 122.2 (aromatic), 120.8
(aromatic), 56.1, 54.7, 54.6, 51.0, 46.0, 37.4, 30.0, 25.6, 24.1 ppm. MS
(ESI) m/z: 809.4485 [(M + H)"] (caled for C,4Hs,NgO, M =
809.4503). Anal. found C 51.5%, H 6.8%, N 9.7% (Calcd for [C,sHss-
NgO, - 6HCl- SH,0]: C 51.6%, H 6.5%, N 10.0%).

1.4.2. N,N'-Bis[2-(1-piperidino)-ethyl]-1-[4-(3-dimethylaminopro-
pyl)-1-piperazinyl]-perylene-3,4,9,10-tetracarboxylic Diimide Hydro-
chloride (13, 3CPPZS). First, 100 mg of 11,2 actually a mixture of the
two possible isomers, was stirred in 1-(3-dimethylaminopropyl)pipera-
zine (650 mg) and anhydrous dioxane at 80 °C under argon for 7 h. After
cooling, water was added and the crude product was extracted with
chloroform. The organic layer was extracted with water until the aqueous
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layer was neutral. After drying over Na,SO, and evaporation in vacuo, the
crude product was purified by column chromatography on silica gel
(CHCl;:MeOH:aqueous NHj solution 9:1:0.2) to give 33 mg (32%
yield) of 13. The product was then crystallized by dissolving in a mixture
of MeOH and 37% aqueous HCI solution 95:5 and precipitating the
respective hydrochloride (33 mg) with diethyl ether (85% yield).

'"H NMR (200 MHz, CDCl3): 6 9.45 (d, ] = 8 Hz, 1H, aromatic H),
8.5—8.2 (m, 6H, aromatic H), 4.38 (m, 4H, N;,;.si.-CH>), 3.23 (broad,
ZH) Car'Npiperazine'CHZ)l 2.82 (m) 20H} Car'Npiperazine'CHZ, Npiperidine'
CH,, NpiperazineCHapiperazine); 2-57 (m, 8H, Nyiperazine-CHy, N-CHg),
1.71 (broad, 8H N-CH,-CHopiperidine), 1.50 (broad, 8H, N-CH,-CH,-
CH,) ppm. *C NMR (CDCl3): § 163.2 (C=0), 163.0 (C=0), 162.9
(C=0), 151.2 (aromatic), 135.0 (aromatic), 134.0 (aromatic), 133.3
(aromatic), 130.9 (aromatic), 130.3 (aromatic), 128.5 (aromatic), 128.3
(aromatic), 126.3 (aromatic), 124.6 (aromatic), 124.5 (aromatic), 124.2
(aromatic), 123.6 (aromatic), 123.1 (aromatic), 122.3 (aromatic), 122.0
(aromatic), 121.9 (aromatic), 121.5 (aromatic), 120.9 (aromatic), 56.8,
55.7, 54.5, 54.4, 52.7, 51.1, 44.1, 25.3, 25.2, 23.8, 23.2 ppm. MS (ESI)
m/z: 7824368 [(M + H) "] (caled for CyrHsgN,O4 M = 782.4394).
Anal. found C 53.2%, H 6.7%, N 8.7% (Calcd for [C,;HssN,O,- SHCI-
SH,0]: C 53.5%, H 6.7%, N 9.3%).

1.4.3. N,N'-Bis[2-(1-piperidino)-ethyl]-1,7-[4-(3-dimethylamino-
propyl)-1-piperazinyl]-perylene-3,4,9,10-tetracarboxylic Diimide
(14,4CPPZS). 50 mgof1 1,3 actually a mixture of the two possible isomers,
was stirred in 1-(3-dimethylaminopropyl)piperazine (S mL) at room
temperature under argon for 7 days. Then, water was added and the crude
product was extracted with chloroform. The organic layer was extracted with
water until the aqueous layer was neutral. After drying over Na,SO, and
evaporation in vacuum, the crude product was purified by column chroma-
tography on silica gel (CHCl;:MeOH 9:1) to give 17 mg (28% yield) of 14,
together with 10 mg (20% yield) of 13.

"H NMR (300 MHz, CDCl;): 6 9.45 (d, ] = 8 Hz, 2H, aromatic H),
8.30 (d, ] = 8 Hz, 2H, aromatic H), 8.24 (s, 2H, aromatic H), 4.37 (t,] = 8.8
Hz, 4H, Npigi- CH,), 3.23 (broad, 2H, Cy-NyiperazineCH,), 2.82 (m, 20H,
Car'Npiperazine'CHZ, Npiperidine'CHZ) Npiperazme'CHlpiperazine)) 257 (m) 8H}
NpiperazineCHz, N-CH3), 171 (broad, 8H N-CH,-CHjpiperidine); 1.50
(broad, 8H, N-CH,-CH,-CH,) ppm. “C NMR (CDCly): 6 163.5
(C=0), 163.5 (C=0), 1499 (aromatic), 135.0 (aromatic), 129.9
(aromatic), 128.2 (aromatic), 124.4 (aromatic), 123.7 (aromatic), 123.2
(aromatic), 122.8 (aromatic), 122.7 (aromatic), 121.2 (aromatic), 57.8,
567, 56.6, 549, 532, 53.1, 514, 469, 454, 453, 37.9 ppm.

2. Determination of the Complexes between Ligands and
Quadruplex/Duplex DNA by Electrospray lonization Mass
Spectrometry (ESI-MS). Single-stranded oligonucleotides were pur-
chased from Eurofins MWG Operon (Ebersberg, Germany). Their
sequences are: S-GGGTTAGGGTTAGGGTTAGGGTT-3' (21-TT)
and §-CGTAAATTTACG-3' (DK66). ESI-MS spectra were recorded
on a Micromass Q-TOF MICRO spectrometer (now Waters) in the
negative ionization mode. The rate of sample infusion into the mass spectrom-
eter was S #L/min, and the capillary voltage was set to —2.6 kV. The
source temperature was adjusted to 70 °C, the cone voltage to 30 V, and the
collision energy to 5 V. Data were analyzed using the MassLynx software
developed by Waters. Samples were prepared by mixing appropriate volumes
of 150 mM ammonium acetate buffer, S0 #M annealed oligonucleotide
stock solution, 100 #4M stock solutions of perylene or coronene derivatives,
and methanol. The final concentration of DNA in each sample was S M (in
duplex or quadruplex unit), and the final volume of the sample was SO xL.
Drugs were added at different drug/DNA ratios, ranging between 0.5 and 4.
Methanol was added to the mixture just before injection (as 15% w/vol) after
the binding equilibrium in ammonium acetate was established, in order to
obtain a stable electrospray signal. As a reference, samples containing only
S uM DNA with no drug were prepared in each series. Samples for
competition experiments were prepared following the procedure described
above, adding an appropriate volume of CT solution. Final concentrations of

quadruplex DNA and drug solutions were always 5 uM, and CT was
added at two different duplex/quadruplex ratios (1 and 5), calculated on the
basis of phosphate group concentrations. To minimize random errors, each
experiment has been repeated at least three times under the same experi-
mental conditions. Data were processed and averaged with the SIGMA-
PLOT software.

For drug—DNA complexes with 1:1 and 2:1 stoichiometry, which
have been shown to be the main species present in solution in all the
experiments, the formation of such complexes can be represented by two
distinct equilibria, which are described by the following two equations:
K, = [1:1]/([DNA] [drug]) and K, = [2:1]/([1:1] [drug]), where
[DNA], [drug], [1:1], and [2:1] represent respectively the concentra-
tions of the different species in solution:DNA (duplex or quadruplex
depending on the oligonucleotide used), the ligand, and the 1:1 and 2:1
drug—DNA complexes at equilibrium. The association constants K; and
K, can be calculated directly from the relative intensities of the
corresponding peaks found in the mass spectra, with the assumption
that the response factors of the oligonucleotides alone and of the
drug—DNA complexes are the same, so that the relative intensities in
the spectrum are supposed to be proportional to the relative concentra-
tions in the injected solution.'*® The percentage of bound DNA was
calculated according to an equation developed by Brodbelt and co-
workers,'* which represents the percentage of DNA bound ligand:

%bound DNA =
100 x ([1 : 1]4[2 : 1])/([DNA]+[1 = 1]+[2 : 1])

3. FRET Assays on Quadruplex and Duplex DNA. Fluores-
cent conjugated oligonucleotides were purchased from Oswel Ltd.
(Southampton, UK). Their sequences are: $'-FAM-d(GGG[TTAGGG]5)-
TAMRA-3, for the telomeric G-quadruplex (F21T) and S'-FAM-dTA-
TAGCTATA-HEG-TATAGCTATA-TAMRA-3 (HEG linker: [(—CH,-
CH,-O—)g]), for the duplex model (T-loop). Oligonucleotides were initially
diluted in SO mM potassium cacodylate buffer (pH 74) to the 2x
concentration (400 nM) and then annealed by heating to 85 °C for S min,
followed by cooling to room temperature in the heating block. Ninety-six-well
plates (M] Research, Waltham, MA) were prepared by aliquoting SO uL of
the annealed DNA to each well, followed by SO uL of the compound
solutions. Measurements were made on a DNA Opticon Engine (M]
Research) with excitation at 450—495 nm and detection at 515—54S5 nm.
Fluorescence readings were taken at intervals of 0.5 °C over the range
30—100 °C, with a constant temperature being maintained for 30 s prior
to each reading to ensure a stable value. Final analysis of the data was carried
out using a script written in the program Origin 7.0 (OriginLab Corp.,,
Northampton, MA).

4. Cells and Culture Conditions. BJ fibroblasts expressing
hTERT (BJ-hTERT) or hTERT and SV40 early region (BJ-HELT),
M14 melanoma, and HT29 coloncarcinoma were obtained and main-
tained as previously reported.” Primary postate epithelial cells and PC3
prostate carcinoma were purchased from ATCC and maintained as
reported in the manufacture’s instructions.

5. TRAP Assay. Telomerase enzyme activity was measured with
the PCR-based TRAP kit (Chemicon International, MA, USA), as
previously reported.”* To define the sensitivity of the method and the
semiquantitative relationship between protein concentration and ladder
band intensity, different amounts of protein extract (from 0.01 to 2 ug)
were used. Before the PCR step, to purify the elongated products and
remove the bound ligands, extraction with phenol/chloroform/isoamyl-
alcohol (50:49:1) was performed and DNA was precipitated overnight
at —20 °C. Reaction products were amplified in the presence of a 36 bp
ITAS, and each set of TRAP assay included a control reaction without
extract (negative control). Samples were separated on 12% PAGE
and visualized with SYBR Green staining (Sigma Aldrich, Milan, Italy).
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Gels were acquired using a gel scanner and intensity data were obtained
by ImageQuant software. Quantitative analysis was performed by
integrating the total intensity of each PCR product ladder. The values
obtained were corrected for background by subtracting the signal
intensity of negative controls. Data for all ligands were collected at a
range of concentrations to obtain dose—response curves from which the
ICy values (the concentration required for 50% enzyme inhibition)
were calculated by Calcusyn software.

6. Immunofluorescence. Immunofluorescence was performed
as previously reported.”® Cells were fixed in 2% formaldehyde and permea-
bilized in 0.25% Triton X100 in PBS for 5 min at room temperature. For
immunolabeling, cells were incubated with primary antibody and then
washed in PBS and incubated with the fluorophore-conjugated secondary
antibodies. The following primary antibodies were used: pAb and mAb anti-
TRF1 (Abcam Ltd; Cambridge UK), mAb anti-y-H2AX (Upstate, Lake
Placid, NY), pAb anti-S3BP1 (Novus Biologicals Inc,, Littleton, CO), and
mAb anti-PCNA (Sigma). The following secondary antibodies were used:
Texas Red conjugated goat anti-rabbit, fluorescein conjugated goat anti-
mouse (Jackson Laboratory). Fluorescence signals were captured by using a
Leica DMIRE2 microscope equipped with a Leica DFC 350FX camera and
analyzed by Leica FW4000 deconvolution software (Leica, Solms, Germany).

7. Chromatin Immunoprecipitation (ChIP). ChIP assay was
performed as previously described.” Briefly, formaldehyde cross-linked
chromatin fragments were immunoprecipitated with pAb anti-TR1 (Santa
Cruz Biotechnology, Santa Cruz, CA), mAb anti-TRF2 (Imgenex, San
Diego, CA), and pAb anti POT1 (Abcam). mAb anti-3-actin (Sigma) was
used as a negative control for the ChIP assay. After precipitation with each
antibody, the precipitants were blotted onto Hybond-N membrane
(Amersham International, Buckinghamshire, UK) and telomeric repeat
sequences were detected with TeloTAGGG probe. A nonspecific probe
(ALU) was also used. The filter was exposed to a phosphoimager screen, and
the signals were measured using ImageQuant software.

8. Proliferation Assays. Cells (5 x10") were seeded in 60 mm
Petri plates (Nunc, Mascia Brunelli, Milano, Italy), and 24 h after plating,
freshly dissolved perylene derivatives were added to the culture medium.
Cell counts (Coulter Counter, Kontron Instruments, Milano, Italy) and
viability (trypan blue dye exclusion) were determined daily from day 1 to
day 8 of culture.

9. Flow Cytometric Analysis. Cell cycle analysis was performed
by flow cytometry (Becton-Dickinson, Heidelberg, Germany). Adherent
cells (2 x10°) were fixed and resuspended in a solution containing
propidium iodide (PI) at the concentration of 50 pg/mL. Cell percentages
in the different phases of the cell cycle were measured using CELLQuest
software (Becton Dickinson).

10. Clonogenic Assay. Cells were seeded in 60 mm Petri dishes
(Nunc, Mascia Brunelli, Milan, Italy) at a density of 2 x 10° cells per dish and
exposed to S for 4 days. Cell colony-forming ability was determined as pre-
viously described.”* All the experiments were repeated four times in triplicate.

11. Statistical Analysis. The experiments have been repeated
from three to five times, and the results obtained are presented as means
=+ SD. Significant changes were assessed by using Student’s ¢ test for
unpaired data, and P values <0.05 were considered significant.
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