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 G-quadruplexes formed in telomeric DNA sequences at human chromosome ends can be a novel

target for the development of therapeutics for the treatment of cancer patients. Herein, we

. examined the ability of six novel benzothioxanthene derivatives S1-56 to induce the formation of
and stabilize an antiparallel G-quadruplex by EMSA, UV-melting and CD techniques and the influence
of S1-56 on A549 and SGC7901 cells through real-time cell analysis, wound healing, trap assay

: methods. Results show that six compounds could differentially induce 26 nt G-rich oligonucleotides

. to form the G-quadruplex with high selectivity vs C-rich DNA, mutated DNA and double-stranded

: DNA, stabilize it with high affinity, promote apoptosis and inhibit mobility and telomerase activity

. of As4g cells and SGC7901 cells. Especially, S1, S3, Sy displayed stronger abilities, of which S3 was

. the most optimal with the maximum AT, value being up to 29.8°C for G-quadruplex, the minimum

: IC,, value being 0.53 M and the maximum cell inhibitory rate being up to 97.2%. This study suggests

© that this type of compounds that induce the formation of and stabilize the telomeric antiparallel

: G-quadruplex, and consequently inhibit telomerase activity, leading to cell apoptosis, can be
screened for the discovery of novel antitumor therapeutics.

: Human telomeres are composed of tandem repeats of the short DNA motif, TTAGGG, and an array of
. telomeric proteins, and are involved in the protection of chromosome from deterioration and end-to-end
. fusion"* Telomeres can be divided into two functional regions, the double-stranded telomeric DNA and

the single-stranded telomeric 3/-overhang®®. One of the telomeric proteins termed protection of tel-

omeres 1 (POT1) interacts with the telomeric 3’-overhang and modulates the activity of telomerase, the
. enzyme responsible for the extension of telomeres and the infinite proliferative capacity of tumor cells®®.
© When the telomeric 3’-overhang is folded into G-quadruplexes, which can be influenced by cations,
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DNA concentration, pH, temperature, and ligands, POT1 can no longer interact with the telomeres, lim-
iting the activity of telomerase. The formation and stabilization of G-quadruplexes are thus inextricably
linked with the development of anticancer therapeutics. In addition to telomeric G-rich tracts, DNA
and RNA sequences, such as proto-oncogenes, promoter regions, and immunoglobulin switch regions,
can form intramolecular and intermolecular G-quadruplex structures, further justifying the strategy for
developing anticancer therapeutics by screening inducers and/or stabilizers of G-quadruplexes®'2. It was
reported that formation and stabilization of G-quadruplex structures by binding molecules can indi-
rectly inhibit telomerase activity in vitro'>!*. For example, telomestatin, a natural product that potently
interacts with and stabilizes G-quadruplexes, induced apoptosis in cancer cells by uncapping POT1 from
telomeres'>~'6. Accordingly, interaction of small molecules with G-quadruplex structures has been con-
sidered as an approach to design and develop new anticancer drugs'*!7-18,

Our previous studies showed that benzoxanthene derivatives containing 1,8-naphthalimide ring can
interact with G-rich telomere sequences and inhibit human telomerase activity (unpublished data), and
also other groups have demonstrated that the 1,8-naphthalimides, as precursors of benzothioxanthenes,
and their derivatives and analogues can interact with double-stranded DNA and G-quadrplexes*"??
with high affinity through m-m stacking mode, showing strong anticancer activities. However, benzox-
anthenes with naphthalimido aromatic nucleus alone and 1,8-naphthalimides have poor water solubility
and selectivity between G-quadruplex and double-strands DNA. In order to address these issues, we
further optimized and modified the structure of this kind of compounds, and synthesized six novel ben-
zo[k,]]thioxanthene-3,4-dicarboximides (benzothioxanthene derivatives) S1-S6 (Fig. 1) with six kinds
of protonated side chains which are optimum three carbon atoms-containing lengths sufficient to bind
to G-quadruplex grooves* as G-quadruplex targeted ligands. Introduction of these side chains to the
benzothioxanthene mother structure is expected not only to increase hydropholicity, but also to effec-
tively stabilize the G-quadruplex structure through the cationic functional groups directing toward the
G-quadruplex grooves and then interacting with negatively charged phosphate groups®. Consequently
these benzothioxanthene derivatives should have huge potential to stabilize G-quadruplex with enhanced
specificity and anti-cancer activity by indirect inhibition of telomerase activity. Herein, we studied the
interaction of S1-S6 with 26 nt telomeric DNAs (Table 1), including guanine-rich DNA (G-rich DNA),
cytosine-rich DNA (C-rich DNA), double-stranded DNA (ds-DNA) and Mutated DNA (Mut-DNA), by
electrophoretic mobility shift assay (EMSA), UV thermal melting and circular dichroism (CD) techniques
to monitor the ability of the six compounds to induce the formation of and to stabilize G-quadruplexes
formed in the examined DNAs and assessed their biological activities through real-time cell analysis
(RTCA), trap assay and wound healing to two kinds of cancer cells, A549 and SGC7901 which both
express telomerase.

Results

Promotion of G-quadruplex formation by benzothioxanthene derivatives. Structures of newly
synthesized benzothioxanthene derivatives, S1-86, and their synthesis were shown in Fig. 1 and Fig. S1,
respectively, and the sequences of newly designed 26nt telomeric DNAs for G-quadruplex formation
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Oligomer Sequence
Tel26nt-G-rich-strand DNA (G-rich DNA) 5/-ttaGGGttaGGGttaGGGttaGGGtt-3
Tel26nt-C-rich-strand DNA (C-rich DNA) 5’-aaCCCtaaCCCtaaCCCtaaCCCtaa-3’
Tel26nt-Mutated-strand DNA (Mut-DNA) 5'-ttaGCGttaGCGttaGCGttaGCGtt-3’
Tel26nt-double-stranded DNA (ds-DNA) 5/-ttaGGGttaGGGttaGGGttaGGGtt-3'
3/-aatCCCaatCCCaatCCCaatCCCaa-5'

Table 1. The sequences of DNA oligomers used in this study.

assay were listed in Table 1. To measure the ability of S1-S6 to induce the formation of and stabilize
G-quadruplexes from the 26nt telomeric DNA sequences, including the G-rich DNA containing four
three-guanine repeats which has the potential to form G-quadruplexes, ds-DNA, C-rich DNA, and Mut-
DNA completely impossible to form G-quadruplex structures in Tris buffer (10mM Tris-HCl, 10 mM
KCl, 0.1mM EDTA, pH=7.4), we examined the oligonucleotides treated with a serial dilution of com-
pounds S$1-S6 for the formation of G-quadruplexes by means of EMSA using a Bio-Rad imaging detector.

As shown in Fig. 2a, there exist at least two species of G-quadruplex conformations formed in G-rich
DNA alone in gels, with one bright band migrating faster and the other very faint band migrating slower,
which both may be ascribed to intermolecular G-quadruplexes relative to a double-stranded Marker
on the left side in each gel***, but further determination of precise molecular structures are required
by high-resolution techniques such as nuclear magnetic resonance (NMR) and x-ray crystallography.
With increasing concentration of compounds, the slower-moving species distinctly gradually increased
in a compound concentration-dependent manner and its increased amount and rate displayed different
with addition of different compounds, suggesting that these compounds could differentially promote the
conversion of the faster-migrating structure to the slower-migrating one and the formation of a novel
compound-G-quadruplex complex, in particular, so very quickly and notably did S1, S3, and S4, of
which S§3 was the strongest inducer and stabilizer to the slower-migrating G-quadruplex, even at 4pM
the faster-migrating structure was almost completely converted to the slower-migrating one. In addition,
the band mobility for control oligonucleotides, including C-rich DNA, Mut-DNA, and ds-DNA was
also observed in the presence and absence of §3 in Fig. 2b, results showing that S3 had no effect on the
first two kinds of DNAs, even at a higher concentration of 16 M, while a little on ds-DNA. Of those
the 26 nt C-rich DNA as a complementary strand of G-rich DNA migrated a little slowly relative to a
double-stranded DNA Marker on the right side in the gel shown in Fig. 2b, suggesting that it possibly
adopted a freedom coil form, not a completely linear form; whereas Mut-DNA with a single G-to-C
mutation introduced in the middle of runs of three guanines, impossible to form any G-quadruplex, and
ds-DNA displayed normal mobility behaviors relative to the Marker. Other compounds presented similar
results having no effects on three control oligonucleotides (data not shown).

Taken together, these data demonstrate that benzothioxanthene derivatives, especially S1, $3, $4,
could specifically recognize the telomeric G-rich DNA sequence and promote the formation of and
stabilize a species of G-quadruplex structure.

Specific binding of benzothioxanthene derivatives to G-quadruplex structures. Melting
curves are widely used to determine thermodynamic properties of folded nucleic acid structures includ-
ing their stability and interaction with ligands**?’. The melting curve of duplex nucleic acids is generally
closely related to a hyperchromic shift at 260 nm?3, while the melting of G-quadruplex is associated with
a hypochromic shift at 295nm?. Herein, in order to assess binding affinity of benzothioxanthene deriv-
atives with 26 nt telomeric DNAs, we monitored the UV absorbance of the nucleic acids as a function of
temperature and then obtained the melting temperature (Tim, °C) that is the mid-point of a melting curve
at which the complex is 50% dissociated for quadruplex-forming oligonucleotides in the presence and
absence of compounds S1-86. As shown in Figs S2A—F and Table 2, the absorbance of the G-rich DNA
decreased with increasing the temperature, with a standard inverted “S” curve presented, characteristic
of a G-quadruplex structure, and the AT, values, relative to the Tin (38.5°C) of the G-quadruplex alone,
increased with increasing the concentration of S1-S6, demonstrating that S1-S6 stabilized G-quadruplex
structures. More it is worth noting that AT_s for all compounds a little increased at more than 2:1 rate
of compound/DNA, but S3 showing a little increase in AT, at more than 4:1 rate, indicating that there
exists 2:1 and 4:1 stoichiometry of S1-, §2-, $4-, S5-, S6-, and S3-DNA complexes, respectively; in addi-
tion, compounds S1, S3, $4 produced more increases in AT, s of compound-G-quadruplex complexes,
especially $3 with maximum AT, being up to 27°C at the 4:1 rate, which supports the observations
by EMSA. In contrast, essentially no effect of S1-S6 was observed in the absorbance of control DNAs
at the 8:1 ratio of compound/DNA as shown in Figs S3A—C, showing the specific binding of S1-86 to
G-quadruplexes. To sum up, the EMSA and UV-melting studies both suggest that benzothioxanthene
derivatives possess high selectivity and excellent inducing and stabilizing capability to the G-quadruplex
structure rather than ds-DNA, and single-stranded DNAs that can not form G-quadruplexes.
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Figure 2. The ability of six benzothioxanthene derivatives to promote the formation of G-quadruplex
structure in 26 nt telomeric DNA sequences. (a) EMSA images of Tel26nt-G-rich DNA in the presence
and absence of S1-S6 at the concentration of 0, 2, 4 and 8uM, increasing from left to right. (b) Negative
control. Tel26nt-C-rich DNA, Tel26nt-double-stranded DNA and Tel26nt-mutated-strand DNA were used as
a negative control and the S3 concentration was 0 and 16 uM. All experiments were performed in a buffer
(pH 7.4) containing 10 mM Tris-HCl, 10mM KCl, 0.1 mM EDTA, and samples of 2uM DNA dissolved in
the buffer in the presence and absence of compounds were incubated for 24 h after annealing at 95°C. The
reaction mixtures were resolved by electrophoresis (20% native polyacrylamide gel, 150V, 4h) and visualized
by means of SYBR GOLD staining. Base pairs for used Marker are marked on the left side (a) and on the
right side (b). Pre-preparation for all samples were shown in Methods section.

Benzothioxanthene derivatives promote the formation of antiparallel G-quadruplexes from
the Tel26nt oligonucleotides. To in details study most properties of nucleic acids structures, apart
from X-ray diffraction or NMR spectroscopy, circular dichroism (CD) spectroscopy is regard as the third
regularly used method®-*. In particular, recently, CD spectroscopy, often as a pioneering approach,
has extensively been applied in research on G-quadruplexes formed in DNA and RNA sequences,
which can reveal the formation of G-quadruplex structures, the conditions stabilizing the structures,
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AT, (°C)*
G-rich-DNA/compound S1 S2 S3 S4 S5 S6
1:2 15.14+0.3 14.54+0.2 154404 20.5+0.3 132402 9.2+0.1
1:4 17.4£0.2 17.1+£0.3 27.0£0.3 234£03 153+0.3 11.5+0.2
1:8 19.8+0.4 19.04+0.3 29.84+0.5 25.61+0.6 15.7+0.2 12.14+0.2

Table 2. AT, (°C) values for G-rich DNA interaction with benzothioxanthene derivatives S1-S6.
*Standard deviation is given.

the transitions between various structural states, kinetics of their appearance, and features of ligand
binding G-quadruplex**®. In this study, we employed the CD technique to make attempt to further
illuminate some interaction characteristics of benzothioxanthene derivatives with 26 nt telomeric DNAs
(G-rich DNA, C-rich DNA and ds-DNA) and Mut-DNA (Table 1), including the G-quadruplex struc-
tures formed by 26 nt telomeric DNAs, their interaction modes, stoichiometry of compound-DNA com-
plexes and so on?***-*. Of six novel benzothioxanthene derivatives, S1, $3 and $4 producing stronger
affinity to 26 nt telomeric G-rich DNA in EMSA and UV-melting experiments are representatives used
in this study (Fig. 1).

As shown in Fig. 3a—c, CD spectra of the G-rich DNA alone (dashed line) presented a strong positive
band at 292.5nm, a shoulder band around 275nm and a relatively shallow negative band at 243 nm,
which is characteristic of a hybrid type of G-quadruplex, also named a 3+ 1 G-quadruplex structure®,
possibly including a small amount of antiparallel one which is in good agreement with EMSA showing in
Fig 1; whereas three compounds alone all are non optically active there existing not any CD bands (dot-
ted line). More importantly, CD spectrum of the G-rich DNA exhibited great difference in peak intensity,
the feature of induced CD (ICD) and stoichiometry of compound-DNA interaction in the presence of
S1, S3 and $4, respectively. In Fig. 3a, with gradual titration of S1 into the G-rich DNA at the ratios of
compound/DNA, 0.25:1, 0.5:1, 1:1, 1.5:1, 2.0:1, 2.5:1, 3.0:1 and 4.0:1, the 292.5 nm positive peak intensity
of the G-rich DNA CD spectrum progressively increased up to saturation at 2:1, and gradually increas-
ing and shifting to 260 nm negative bands and 240nm positive bands, characteristic of an antiparallel
G-quadruplex structure®, appeared, with induced CD (ICD) spectra ranging from 560nm to 425nm
and from 410nm to 335nm. Furthermore, The CD profiles have two isoelliptic points at 275nm and
244 nm, indicating the two-state nature of the structural transition between the quadruplexes upon S1
binding. In addition, in the inset of Fig. 3a, that the positive CD signals at 292.5 nm were plotted against
compound-DNA ratio indicates stoichiometry of a 2:1 S1-DNA complex, presumably their interaction
mode being by stacking of S1 on two terminal G-tetrads of the G-quadruplex®. These results suggest that
the G-quadruplex structures formed by the G-rich DNA alone gradually convert to ones dominatingly
including an antiparallel one in the presence of S1, consistent with gel electrophoresis results shown in
Fig. 1, and there exists stronger binding of S1 to the antiparallel G-quadruplex at the ratio of 2:1 than
to the 3+ 1 one. Likewise, the CD spectra of G-rich DNA in the presence of S4 were obtained (Fig. 3c),
showing that there was almost the same characteristics of the CD spectra as ones observed in the pres-
ence of S1, with exception of slightly strong ICD signals ranging from 555nm to 425nm and from
410nm to 335nm. However, very striking, as shown in Fig. 3b, were several quite differences in binding
affinity, ICD, binding ratio of S3 to the G-rich DNA in comparison with S1 and S4. With increasing
concentration of §3, the positive peak intensity at 292.5nm much increase up to saturation at the ratio
of §3 to DNA 4:1 and a 240 nm distinct band and stronger ICD spectrum bands ranging from 500 nm
to 435nm appeared; the inset in Fig. 3B of the CD signal intensity at 292.5nm as a function of S3/DNA
(r=0,0.25,0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0, 8.0, 10) indicated that there were two binding modes of S3
to the antiparallel G-quadruplex formed through inducing the 3+ 1 structure at the ratios of 2:1 and 4:1,
respectively. In contrast, S1, $3 and S4 have no influence on C-rich DNA as a reference, a complementary
strand of 26 nt telomeric G-rich DNA, at tested compound concentrations of 4, 20, 40 .M, which can be
assigned to a single strand DNA structure with a positive maximum at 271 nm and a negative minimum
at 248nm (Fig. S4A, B and C)*%,

To investigate the selectivity of benzothioxanthene derivatives binding G-quadruplex vs double
stranded DNA, we have measured CD spectra of the 26 nt telomeric double-stranded DNA (ds-DNA,
Table 1), in the presence and absence of representative S1, S3 and $4. As seen in Fig. 3d, the CD spec-
trum of the ds-DNA alone was characteristic of double stranded DNA structure with strong positive
and negative bands at 270 nm and at 243 nm, respectively*®*!. Whereas gradual titration of $3 into the
ds-DNA at increasing concentrations of 2, 4, 8, 16, 32pM resulted in more dramatic spectral changes in
shape, ICD feature, that an original positive peak at 270 progressively decreased, meanwhile red-shifted,
and then increased to give rise to a clear positive band at 292 nm, and that a original negative band at
243 nm progressively increased, meanwhile red-shifted to produce a more pronounced negative bands at
254nm, accompanied by a new strong positive peak at 236 nm presenting, which were characteristic of
the antiparallel G-quadruplex, consistent with the conversion results of the G-rich DNA CD spectra in
Fig. 3a—c. Meanwhile, two isoelliptic points near 286 nm, 245nm and ICD spectra enlarged in the inset
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Figure 3. CD spectra for the interaction between benzothioxanthene derivatives S1, S3, S4 and 26 nt
telomeric G-rich DNA sequences of human chromosome in 10mM K™ by titration of S1, S3 and S4

into DNA. All experiments were performed in a buffer (pH 7.4) containing 10 mM Tris-HCI, 10mM KCI,
0.1mM EDTA, and samples of 4uM G-rich DNA (in single strand) and 2puM double-stranded DNA (in
double strand) dissolved in the buffer were incubated for 24 h after annealing at 95°C. (a) The CD spectrum
for G-rich-DNA in the presence/absence of S1 at the ratio of S1 to DNA (r), 0.0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5, 4.0, of which the inset is the change of CD with the r ([compounnd]/[DNA]) at 292.5nm. (b) The
CD spectrum for G-rich-DNA in the presence/absence of S3 at the ratio of S3 to DNA (r), 0.0, 0.25, 0.5, 1.0,
1.5, 2.0, 2.5, 3.0, 4.0, 6.0, 8.0, 10, of which the inset is the change of CD with the r at 292.5nm. (c) The CD
spectrum for G-rich-DNA in the presence/absence of S4 at the ratio of S4 to DNA (r), 0.0, 0.25, 0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5, 4.0, of which the inset is the change of CD with the r at 292.5nm. (d) The CD spectrum
for ds-DNA in the presence/absence of S3 at the ratio of S3 to DNA (r), 0.0, 1.0, 2.0, 4.0, 8.0, 16, of which
the inset is the enlarged view of ICD in the range from 355 to 455nm. Arrows denote the increase of the
compound concentration. Dashed line: DNA alone; dotted line: compound alone.

of Fig. 4d ranging from 445nm to 345nm in line with the ICD showing in Fig. 4b were observed. These
observations hint that ds-DNA gradually converts to a mixture of several conformers mainly including
an antiparallel G-quadruplex in agreement with one shown in the G-rich DNA CD spectra in Fig. 4b,
in the presence of S3. In contrast, S1 and $4 had relatively a little effect on ds-DNA CD spectra (Figs
$4G and H).

In addition, we obtained CD spectra of Mut-DNA (Figs $4D, E and F) as a negative control in the
presence and absence of S1, S3 and $4, respectively, under the same experimental conditions as above
used ones, which can not form any G-quadruplex structure due to the substitution of cytosine base for
the middle guanine base of each of four three-Guanine-runs in G-rich DNA (Table 1), showing that
Mut-DNA alone was typical of a freedom single-stranded DNA structure with a positive band at 275nm
and a negative band at 249 nm, and no influence was observed in the presence of compounds.

To sum up, CD results suggest that examined compounds S1, $3 and $4 can induce the formation of
and stabilize an antiparallel G-quadruplex structure formed in 26 nt telomeric G-rich and double-stranded
DNAs, and possess stronger affinity and higher specificity for the antiparallel G-quadruplex over C-rich
DNA, Mut-DNA and ds-DNA, of which §3 is a strongest inducer and stabilizer for such an antiparallel
G-quadruplex.
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Figure 4. Effect of benzothioxanthene derivatives on the telomerase activity in A549 cells. Cell extracts
containing telomerase and TRAP assay reagents were mixed and the activity of telomerase was determined
in the presence of 0, 1, 2, or 4uM S1-S6 (a-f). The arrow indicates the 36bp internal control.

Real-time monitoring apoptosis of cancer cell lines induced by S1-S6. To evaluate the cyto-
toxicity and kinetics of cytotoxicity of six benzothioxanthene derivatives S1-S6 to two types of cancer
cell lines, a real-time cell analysis (RTCA) technique was used to dynamically monitor changes of cells,
including cell number, kinetics behavior of cell apoptosis and so on, exposed to 0, 0.25, 0.5, 1.0, 2.0 or
4.0pM examined compounds. The RTCA technique measures changes in the impedance of individual
microelectronic wells that is correlated linearly with changes in cell numbers in log phase of cell growth,
thus allowing determination of cytotoxicity. These impedance measurements are expressed as a cell index
(CI) value, which corresponds to cell number, shape, and degree of substrate attachment*. A chemically
induced decrease in the CI indicates that fewer cells are interacting with the microelectrodes due to
diminished viability or disruption of the cellular footprint; while an increased CI can reflect higher cell
numbers, increased cell adhesion or changes in cell morphology (e.g. increased cell/electrode contact
area due to cell spreading)****. Also, based on experimental curves (CI vs time), ICs, of drugs inhibiting
cell lines can be calculated by RTCA system software. Therefore, this methodology can provide some
useful analyses for various viable cell activities, drug-induced cellular apoptosis, and kinetics of cytotox-
icity responses for drugs.

As shown in Figs S5 and S6, cell culture medium alone as a negative control and 0.5% DMSO-only as
a reference almost had no effect on viability of tested cancer cells. Fig. S5 and Fig. S6 showed cell indexes
of A549 and SGC7901 with time, respectively, in the presence and absence of different concentrations of
$1-S6, with IC;, values of drugs inhibiting two cancer cell lines derived from CI curves (Table 3). We
found the fact that viability of both cells remarkably lowered and the time required to induce the cell
apoptosis decreased with increasing concentrations of compounds, but, very interestingly, those slightly
did with increasing S6 amount in spite of great similarity in structure to other used compounds S1-S5
(Figs S5 and S6); in any case, however, the apoptosis of cells was dose-dependent. As seen in Figs S5 and
S6, exposure to S1, S3 and $4 produced quickly decreases in the CI of both cells, of which S3 decreased
most quickly the CI values at selected concentrations, even though it almost induced the apoptosis of all
cancer cells at a lower concentration of 2 M (Table 3). Those findings are in good agreement with above
experimental outcomes by EMSA, UV melting and CD assays.
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Cell S1 S2 S3 S4 S5 S6
A549 0.78 £0.07* 1.544+0.12 0.60 £ 0.04 1.13+0.08 3.21+0.12 >>4
SGC7901 | 0.7040.09 1.10£0.10 0.531+0.05 0.87 4 0.06 1.624+0.11 >4

Table 3. IC, of S1-S6 inhibiting two tumor cell lines (uM). *Standard deviation is given. ICs, value:
Drug concentration producing 50% cancer cell death.

In addition, it is noteworthy that different cytotoxicity response patterns were also seen between two
cell types and among compounds. The time-course of CI changes in A549-seeded microwells was grad-
ual with the increasing S3 concentrations; whereas the time-course of CI changes in SGC7901-seeded
microwells rapid at the first three concentrations of 0.25, 0.5, 1.0 uM. In the case of S5, the time-course
of CI changes in SGC7901-seeded microwells was similar to those in A549-seeded microwells; whereas
the time-course of CI changes in A549-seeded microwells rapid at the final one concentration of 4.0 uM.
Furthermore, for an identical type of cell line there were different cytotoxicity response patterns among
compounds in RTCA profiles shown in Figs S5 and S6. These observations may be because there exist
different kinetics mechanisms of apoptosis of two cancer cell lines in the presence of different com-
pounds. In all, RTCA profiling reveals that S1, S3 and S4 possess stronger in vitro cytotoxicity for both
of tested cancer cells and for SGC7901 cells than that for A549 cells, in particular, S3 with ICs, values
of 0.53uM for the former cells and 0.60 M for the latter, and their differentiated apoptosis responses
possibly originate from different kinetics modes of exposed cells to compounds.

In-vitro inhibition of telomerase activity by benzothioxanthene derivatives S1-S6. The effect
of benzothioxanthene derivatives on telomerase activity in A549 cells and SGC7901 cells, both of which
express telomerase, was examined using telomerase repeat amplification protocol (TRAP) assay. As shown
in Figs 4 and 5, a telomeric DNA ladder was observed in the absence of the compounds, whereas S1, S3,
and $4 significantly inhibited the formation of the ladder in a compound concentration-dependent man-
ner, ranging from 1pM to 4pM. By contrast, the effect of compounds S2, §5, and S6 on the telomerase
activity was marginal. In addition, it seems that compounds presented stronger telomerase activity to
SGC7901 than to A549. These data are consistent with the above experimental results.

Effect of benzothioxanthene derivatives on the mobility of tumor cells. Cell mobility plays
an essential role in tumor metastasis and prognosis of cancer. We thus assessed the effect of S1-S6
on the migration of two species of cancer cells in an in-vitro wound healing model. When tumor cell
culture was streaked with a pipet tip, an empty space was created, which was filled by the tumor cells
by a combination of proliferation and cell migration as shown in Fig. 6 and Fig. S7. The addition of
benzothioxanthene derivatives to the cell culture, however, significantly reduced the number of cells in
the empty space. As shown in Fig. 6¢,d, cell inhibitory rates for two types of cancer cells are greater than
60% after 24 h treatment with all compounds, in particular, S1, $3 and $4, at the concentration of 0.2 pM;
furthermore, all compounds gave rise to higher cell inhibitory rates for SGC7901 than those for A549 at
the concentration of 0.4 M, but §5. Meanwhile, we observed that compound S$3 was strongest inhibitor
to the cell migration with inhibitory rates of 94.1% (£1.8) for A549 cells and 97.2% (+£1.6) for SGC-7901
cells. These data are in good agreement with foregoing experimental results and clearly demonstrate that
compounds S1-S6 suppressed the mobility of tumor cells.

Discussion

Telomeres are located at the ends of human chromosomes and play an important role in the protection
of chromosomes from degradation and unwanted recombination and end-to-end fusion, as well as the
determination of the number of cell division?®. It is well established that telomeres in somatic cells are
gradually shortened as a consequence of the end-replication effect due to the lack of Okazaki frag-
ments, leading to chromosome instability and subsequent cell apoptosis or senescence***. The terminal
100-250 nucleotides at the 3’ end of telomeric nucleotides are single-stranded, but protected by POT1,
a single-stranded DNA binding protein, which regulates the activity of telomerase. Telomerase elongates
the telomere and maintains the telomere-length homeostasis in cells that need to divide regularly, such
as male germ cells, activated lymphocytes, and certain adult stem cells, whereas other somatic cells do
not express it>”. It is worthy of note that more than 85% of cancer cells and primary tumors express
telomerase, which confers tumor cells infinite proliferation capacity. Telomerase is, therefore, a promis-
ing target to develop therapeutics for various types of cancer”'*'*%’. Because the activity of telomerase
is modulated by POT1 and because the recruitment of hPOT1 to the single-stranded telomeric DNA is
hampered by the formation of G-quadruplex structure at the single-stranded nucleotides, it is reasonable
to hypothesize that the inducer or stabilizer of G-quadruplex complexes can be a promising candidate
for therapeutics for cancer. In addition, G-quadruplex sequence is widely prevalent in the genome of a
eukaryotic telomere, especially gene promoter and 5'-UTR sequences involved in cellular proliferation.
More recently, more encouraging is that the existence and persistence of G-quadruplex structures has
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Figure 5. Effect of benzothioxanthene derivatives on the telomerase activity in SGC7901 cells. Cell
extracts containing telomerase and TRAP assay reagents were mixed and the activity of telomerase was
determined in the presence of 0, 1, 2, or 4pM S1-S6 (a-f). The arrow indicates the 36bp internal control.

been confirmed existing in the genomic DNAs of human cells*®*. It is thus likely that small compounds
which promote or stabilize the formation of G-quadruplexes inhibit the telomerase activity as well as the
proliferation of tumor cells.

It has been reported that certain small molecules could stabilize G-quadruplex complexes and inhibit
maintenance, transcription, and translation of telomere!®**%!. Based on the findings, many laboratories
have explored small compounds that could promote the formation and stabilization of G-quadruplex
complexes and exhibit beneficial effects in the treatment of cancer. In 1997, Hurley and his colleagues
for the first time discovered and demonstrated that a small molecule, 2,6-diamidoanthraquinone deriva-
tive could stabilize the G-quadruplex structure and inhibit the activity of telomerase®?. Quarfloxin is the
first therapeutic agent designed to target G-quadruplex, and was evaluated clinically in the treatment of
carcinoid or neuroendocrine tumors in early phase II trials®.

We previously synthesized benzoxanthene derivatives with 1,8-naphthalimide backbone structure that
could bind to G-rich telomere nucleotides, inhibit human telomerase, and exhibit potent tumoricidal
activity. The compounds, however, present poor hydrophilicity and almost failed to show substrate spec-
ificity and interacted with both G-quadruplexes and double-stranded nucleotides, possibly leading to
unexpected adverse reactions via binding to critical promoters and/or enhancers. In the present study,
we designed and reported six novel benzothioxnathene derivatives S1-S6 with protonated side chains,
which exhibited increased solubility in water and anti-tumor activity, and promoted the antiparallel
G-quadruplex formation. Our work has confirmed that the benzothioxanthene derivatives, especially
S1, S3 and S4, possessed the high selectivity and excellently inducing the formation and stabilizing
capability for the G-quadruplex DNA rather than for double-stranded DNA, C-rich single-stranded
DNA and Mutated single-stranded DNA based on EMSA, UV-melting and CD studies, but S3 also can
interact with 26 nt telomeric double-stranded DNA which was induced to partly form the antiparallel
G-quadruplex (Fig. 3d), and also displayed cumulative cytotoxic, anti-proliferative and cell migrating
inhibition effects in A549 cells and SGC7901 cells based on RTCA, trap assay and wound healing studies.
Maybe such selectively binding feature was because the side chains with positive charges and the overall
large steric space of the compounds can help bind to the antiparallel G-quadruplex by an end-stacking
mode and prevent the interaction with other tested DNAs, but more details should be further explored.

| 5:13693 | DOI: 10.1038/srep13693



www.nature.com/scientificreports/

a.A549 + 83 b. SGC7901 + 83

control 0.1 uM 0.2 uM 0.4 uM control 0.1 uM 0.2 yM 0.4 uM

0h

24 h

c. A549 + S51-6 d. SGC7901 + S1-6
1004 EEER0.1 uM 100+ a EE0.1uM
0.2 M RJo.2uM
| |
80 - 80
g g
ﬁ 60 % s0 - FEC I A o
H g
b= =
E 40 = 40
= £
s 3
[¥] (&}
20 20
0 0
$1 s2 s3 s4 S5 S6 81 s2 s3 sS4 S5 S6

Figure 6. Effect of benzothioxanthene derivatives on the mobility of tumor cells. Cell wound healing
assay was conducted in A549 (a) and SGC7901 (b) cells which were grown in culture dish and streaked
with a pipet chip. After the addition of S3 to the culture at the indicated concentrations for 24 h, mobility
of the cells was recorded under a microscope. In the bar charts, cell inhibitory rate (%) for suppression of
the migration in A549 (c) cells and SGC7901 (d) cells as a function of concentrations of compounds S1-S6
showed mean results of three independent experiments in triplicates, where the width of the streaked line
was measured at four to six reference points along the originally streaked line. The % cell inhibitory rate
was calculated by the equation: cell inhibitory rate (%) = (1-Dyye/Deonrol) X 100%, where Dy, is mean
distance of cell migration in drug group, D oy, is mean distance of cell migration in control group; The %
cell inhibitory rate for control is zero. Values are the means+ S.D. (P < 0.05). Other would healing assays are
presented in Figure S7.

The observation indicates that the novel benzothioxanthene derivatives specifically bound to the telomeric
G-rich DNA and might interfere with the recruitment of POT1, resulting in the failure in the recruitment
and/or activation of telomerase. The present TRAP assays clearly demonstrated that the derivatives, espe-
cially S1, 3, and S4, inhibited the catalytic activity of telomerase in a concentration-dependent manner.
The findings strongly suggest that newly synthesized benzothioxanthene derivatives with protonated side
chains inhibit tumor growth and exhibit anti-tumor activity through specifically binding to the telomeric
antiparallel G-quadruplex structure and subsequent down-modulation of telomerase. Also, this is greatly
possibly a molecular mechanism for biological activities found of examined compounds interacting with
two species of cancer cells. But further studies will investigate precise mechanisms for the differential
kinectic response in cytotoxicity for an identical species of cancer cells exposed to different compounds
and for different species of cancer cells exposed to an identical compound, for telomerase inhibition and
for the migration of tumor cells observed.

Anti-tumor effects include the inhibition of tumor growth and metastasis. The present assay using
wound healing model showed that the benzothioxanthene derivatives inhibited the wound healing in
vitro. Because wound healing is achieved by active proliferation and migration of cells, the results indi-
cate that the compounds inhibited proliferation and/or migration of tumor cells. Although the present
compounds exhibit anti-tumor activity only at relatively moderate concentrations ranging from 0.1 pM
to 4pM, further optimization structure of this group of compounds would provide more preferable and
clinically beneficial therapeutics in the treatment of cancer.

In addition, more noteworthy are that, based on our experiments in vitro and in a DNA molecular
level, S3 exhibited the most excellent effects in affinity, specificity, cytotoxicity, inhibition of telomerase
and migration for tested targets including DNAs and cancer cells among examined compounds, and that
$3 binding to the G-quadruplex possibly finally adopted a 4:1 interaction mode, in which two molecules
are by end-stacking at a 2:1 ratio on both of the terminal G-tetrads of the G-quadruplex, and the other
two molecules by binding to the grooves of the G-quadruplex (Fig. 3b). The two hydroxyl groups in the
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side chain of S3 that can form additional hydrogen bonds with DNA bases may sufficiently account for
the more efficient targets binding results for §3 2%, in addition to the basic interaction natures of this
type of compounds and their targets, including the side-chain directing to DNA grooves followed by pos-
itively charged nitrogen binding to the negative phosphorate backbone and two molecules end-stacking
at a 2:1 ratio on both of the terminal G-tetrads of the G-quadruplex, but this is possibly not conclusive.

In conclusion, the newly synthesized benzothioxanthene derivatives containing protonated side
chains, especially S1, S3, and S4, specifically promoted the formation and stabilization of the antiparallel
G-quadruplex formed by 26 nt telomeric G-rich nucleotides. Furthermore, the compounds could inhibit
telomerase activity, interfere with cell proliferation and migration, and induce tumor cell apoptosis. Of
those 83 is more worthy of attention due to giving rise to the strongest interacting effects on targets. Our
results indicate that the novel derivatives exert anti-tumor activity through the specific interaction with
telomeric G-quadruplex structures and the subsequent inhibition of telomerase. Although much needs
to be done including systematic structure optimization of novel benzothioxanthene derivatives, this work
encourages us to further investigate the precise mechanism underlying the small molecule-mediated
inhibition of telomerase and the differential cytotoxicities, and to explore new telomerase inhibitors
including benzothioxanthene derivatives.

Methods

Materials. Target compounds S1-S6 were synthesized according to the established method by our Lab
in Figure S1 (see detailed synthetic procedure and characterization of compounds in Supplementary Fig.
S1 and synthetic section). In brief, firstly, ortho-aminobenzenethiol (1.13 equiv) was added dropwise into
a solution of 4-bromo-1,8-naphthalic anhydride S7 in DMF (3.33 mL/mmol) in the presence of K,CO;
(0.5 equiv) and the resulting mixture was stirred under N, atomsphere at reflux for 2h till starting mate-
rial S7 was reacted completely by TLC. Then the mixture was cooled, put into water and filtered to give
4-(2-aminobenzenethio)-1,8-naphthalic anhydride S8 as dark green solid without by-product formation,
yield 94.0% (mp 199-201 °C, lit.>* 200-201 °C). Secondly, a solution of sodium nitrate (10 equiv) in water
was added dropwise slowly to a solution of the above intermediate in acetic acid (3.21 mL/mmol) during
20min at 0-5°C and stirred for additional 8h. Then, the reaction mixture was added to a solution of
CuSO, (4.43 equiv) in water and stirred at boiling temperature for 2h. After solvent was removed, the
residual was separated by silica gel chromatography to give benzothioxanthene-3,4-dicarboxylic anhy-
dride S9 as pure orange solid, yield 73.0% (mp >300°C, lit.>> 321-324°C). Thirdly, an excess of diamine
(1.5 equiv) was added into a suspension of S§9 in ethanol and the resulting solution stirred at reflux
for 4h. After removal of solvent, the residual was isolated by silica column chromatography (CH,Cl,:
MeOH = 8:1, v/v) to afford benzo[k, []thioxanthene-3,4-dicarboximide derivatives S1a-Sé6a, as a yellow
red solid, yield over 92%. Finally, S1a-S6a were dissolved in methylene chloride and through the solu-
tion dry hydrogen chloride passed at room temperature for 1.5h. After removal of solvent, the residual
was purified on silica gel chromatography (CH,Cl,: MeOH = 12:1, v/v) to give final desired compounds
S1-S6 as a yellow solid, yield 90-93%.

All compounds were dissolved in DMSO to give a concentration of 10 mM and stored as stock solu-
tion. DNA oligomers/primers were purchased from Sangon (Shanghai, China), and used without fur-
ther purification. These oligomers were purified by HPLC, identified by HPLC-CE and TOF Mass, and
exhibited single-band electrophoretic mobilities in denaturing polyacrylamide gel electrophoresis with
stated purities of >95%. The sequences of DNA oligomers used are listed in Table 1. Single-stranded
DNA concentrations were determined by measuring the absorbance at 260 nm at high temperature. The
different DNA strands were mixed in equimolar amounts and the total species concentrations were esti-
mated by averaging the extinction coeflicients of the single strands®. Solutions of the DNA oligomers
were prepared as follows: an oligonucleotide sample dissolved in a buffer containing 10 mM Tris—-HCI,
10mM KCl, 1mM EDTA (pH=7.4) was heated at 95°C for 5min and allowed to slowly cool to room
temperature at 1°C/1 min over a period of several hours and then incubated at 4°C overnight. A549
(Human lung adenocarcinoma cell line) and SGC7901 (Human stomach cancer cell line) were supplied
by China General Microbiological Culture Collection Center (CGMCC, Beijing, China). All other com-
mercially available reagents and solvents were purchased and used without further purification unless
otherwise stated. MilliQ water was used to prepare buffer solutions.

Electrophoretic mobility shift assay. The electrophoretic mobility shift assay (EMSA) was con-
ducted using 20% native polyacrylamide gel electrophoresis and 1x TBE (Tris base-boric acid-EDTA)
buffer solution. The gels were run at 150V for 4h in 4°C circulating cooling water. The gels were then
immersed in 1x SYBR Gold and in 1x TE solution for 30 min, respectively, rinsed with ultrapure water,
and then photographed using a Bio-Rad gel imaging analyzer.

UV melting assay. Temperature-dependent absorption was measured using a UV-2550 spectropho-
tometer (Shimadzu) equipped with a thermoelectrically controlled cell holder and quartz cells with a
path length of 10 mm. The absorbance at 295nm for 2 uM single-stranded DNAs, including G-rich DNA,
C-rich DNA and Mut-DNA, and at 260 nm for 2uM double-stranded DNA (ds-DNA) in a buffer (pH 7.4)
containing 10mM Tris-HCI, 10mM KCl, 0.1 mM EDTA, in the presence and absence of compounds
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and the buffer as a reference was monitored with the temperature being ramped between 1°C and 95°C
at 1.0°C/min and the samples being allowed to equilibrate for 10min at each temperature setting. The
increasing concentrations of compounds were used at 0, 4, 8, 16 M for absorbance measurements of
G-rich DNA and at 0, 16 pM for those of C-rich DNA, Mut-DNA and ds-DNA. Dry nitrogen was passed
through the sample chamber to prevent condensation.

Circular dichroism (CD) assay. The CD experiments were performed using a Jasco-815 CD spec-
tropolarimeter. Spectra were baseline-corrected and the signal contributions of the buffer were sub-
tracted. Each titration data was obtained from 560 to 220nm with a 5mm path length quartz cuvette
at 25°C, averaged from at least three successive accumulations at a scan rate of 100nm/min using a
bandwidth of 5.0nm at a standard sensitivity. At first, DNA solutions and compound solutions alone,
respectively, were scanned under the determined conditions. And each compound was then titrated into
the same cuvette at the selected increasing concentration ratios, and the obtained complexes equilibrated
after each titration for 15min prior to scan, and finally scanned under the equal conditions.

Cell culture. Cells were routinely maintained in RPMI 1640 (Invitrogen Gibco) supplemented with
10% FBS (Invitrogen Gibco) and penicillin-streptomycine (Sigma-Aldrich, 100 U/mL) at 37.0°C in a
humidified atmosphere containing 5% CO,.

Cytotoxicity assay. Cytotoxicity assay was performed by using a real time cell analyzer (RTCA)
system comprising modified 96-well plates with each well consisting of a top chamber and a bottom
chamber separated by a microporous membrane. Initially, 95pL of cell culture medium was added to
the lower and upper chambers and the 96 E-plate was locked in the RTCA DP device at 37°C with 5%
CO, for 30 min to equilibrate temperature according to the manufacturer’s instructions. Then, 100 uL of
each tumor cell suspensions were dispensed into 96-well E-plates at a final concentration of 8000 cells
per well. The growth status of the tumor cells was recorded through an RTCA system until the cells
reached to logarithmic growth phase (approximately 24 h after seeding). Plates were then removed from
the incubator. Each well was treated with a 5pL of compound solution according to the designed concen-
tration, DMSO solution in RPMI 1640 at a final concentration of 0.5% as a reference and RPMI 1640 as a
negative control. The treatment layout was randomized for each replicate to avoid layout-related artifacts.
After treatment, plates were returned to the RTCA unit in the incubator and monitored hourly until a
growth plateau had been reached, usually ~60h post-treatment. Three independent replicate experiments
were performed by seeding triplicate microwells per treatment group.

Telomerase activity assay. Telomerase activity of A549 cells and SGC7901 cells was detected by
TRAPEZE® Telomerase Detection Kit (57700-KIT; Millipore Company, Purchase, NY) according to the
manufacturer’s instructions and the literature®. In brief, cell pellet was resuspended in 200pL of 1x
CHAPS lysis buffer/10°-10° cells. Next, positive control cell pellet provided in the kit was resuspended
with 200pL of 1x CHAPS lysis buffer, and the suspension was incubated on ice for 30 minutes. Then,
160 L of the supernatant was transferred into a fresh tube, and protein concentration was determined.
The remaining extract was aliquoted, quick-frozen on dry ice, and stored at —85°C to —75°C. After
determination of protein concentration, 10-750 ng/pL protein in cell extract was incubated with TRAP
buffer (20mM Tris-HCI, pH 8.3, containing 1.5mM MgCl,, 63mM KCl, 0.05% (v/v) Tween 20, 1 mM
EDTA, and 0.01% BSA; TRAPeze telomerase detection kit), supplemented with dNTP mix, TS primer,
TRAP primer mix, dH,0, Taq polymerase and compounds at indicated concentrations at 30°C for
30min, 94°C for 4min and PCR was performed at 94°C for 30s, 59°C for 30s, 72°C for 1 min for 30
cycles and 72°C for 7min in a thermocycler (Applied Biosystems Verity Thermal Cycler; ABI ). PCR
samples were run on a 10% (w/v) native-PAGE gel in 0.5x TBE for 4h at 100 V. After electrophoresis,
the gel was stained with SYBR GOLD and was destained for 30 min at room temperature.

Wound healing assay. A549 and SGC7901 cells were grown in DMEM medium containing growth
factors at the cell density of 1 x 10° cells/mL for 24h. A disposable 200pL plastic pipette tip was used to
scratch the monolayer of cells in a streaking motion. Compounds were added to the streaked cell culture
at the indicated concentrations. The streaked cells were then cultured in serum-free medium for an addi-
tional 24 h and photographed. To quantify the experimental results, the % cell inhibitory rate was calcu-
lated by the equation: cell inhibitory rate (%) = (1-Dyryg/Deonro) X 100%7, where Dy, is mean distance
of cell migration in drug group, D0 is mean distance of cell migration in control group, with pictures
of the initial wounded monolayers being compared with the corresponding pictures of cells at the end
of the incubation, and data are presented as mean +SD. Artificial lines fitting the cutting edges were
drawn on pictures of the original wounds and on the pictures of cultures after incubation. Three different
points were marked on each plate. Representative images of three independent experiments were shown.

Statistical analysis. The statistical significance of experimental results was evaluated using unpaired
Student’s t-tests or one-way ANOVA analysis. Data were expressed as means + standard deviations (S.D.)
of three independent experiments and the difference (P < 0.05) was considered significant.

SCIENTIFIC REPORTS | 5:13693 | DOI: 10.1038/srep13693 12



www.nature.com/scientificreports/

References

1.
2.
3.

10.

11

13.
14.
15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34,
35.

36.
37.
38.

39.
40.

41.
42.

43.

44,
45.

46.
47.

48.

Blackburn, E. H. Structure and function of telomeres. Nature 350, 569-573 (1991).

Zlotorynski, E. DNA damage response: Mitosis: don’t ‘repair’ the telomere! Nat. Rev. Mol. Cell Biol. 15, 300 (2014).

Moyzis, R. K. et al. A highly conserved repetitive DNA sequence, (TTAGGG)n, present at the telomeres of human chromosomes.
Proc. Natl. Acad. Sci. USA. 85, 6622-6626 (1988).

. Wright, W. E., Tesmer, V. M., Huffman, K. E., Levene, S. D. & Shay, J]. W. Normal human chromosomes have long G-rich

telomeric overhangs at one end. Genes Dev. 11, 2801-2809 (1997).

. Gomez, D. E. et al. Telomere structure and telomerase in health and disease. Int. J. Oncol. 41, 1561-1569 (2012).
. Baumann, P. & Price, C. Potl and telomere maintenance. FEBS Lett. 584, 3779-3784 (2010).
. Zvereva, M. I, Shcherbakova, D. M. & Dontsova, O. A. Telomerase: structure, functions, and activity regulation. Biochemistry

(Mosc) 75, 1563-1583 (2010).

. Brézda, V., Héronikova, L., Liao Jack, C. C. & Fojta, M. DNA and RNA quadruplex-binding proteins. Int. J. Mol. Sci. 15,

17493-17517 (2014).

. Da Ros, S. et al. Sequencing and G-quadruplex folding of the canine proto-oncogene KIT promoter region: might dog be used

as a model for human disease? PloS one 9, 103876 (2014).
Chen, B. J., Wu, Y. L, Tanaka, Y. & Zhang, W. Small molecules targeting c-Myc oncogene: promising anti-cancer therapeutics.
Int. J. Biol. Sci. 10, 084-1096 (2014).

. Shalaby, T. et al. G-Quadruplexes as potential therapeutic targets for embryonal tumors. Molecules 18, 12500-12537 (2013).
. Bidzinska, J., Cimino-Reale, G., Zaffaroni, N. & Folini, M. G-quadruplex structures in the human genome as novel therapeutic

targets. Molecules 18, 12368-12395 (2013).

Harley, C. B. Telomerase and cancer therapeutics. Nat. Rev. Cancer 8, 167-179 (2008).

Ruden, M. & Puri, N. Novel anticancer therapeutics targeting telomerase. Cancer Treat. Rev. 39, 444-456 (2013).

Shin-ya, K. et al. Telomestatin, a novel telomerase inhibitor from Streptomyces anulatus. J. Am. Chem. Soc. 123, 1262-1263
(2001).

Kim, M. Y., Vankayalapati, H., Shin-ya, K., Wierzba, K. & Hurley, L. H. Telomestatin, a potent telomerase inhibitor that interacts
quite specifically with the human telomeric intramolecular G-quadruplex. J. Am. Chem. Soc. 124, 2098-2099 (2002).

Diichler, M. G-quadruplexes: targets and tools in anticancer drug design. J. Drug Target. 20, 389-400 (2012).

Zhang, S. L., Wu, Y. L. & Zhang, W. G-quadruplex structures and interaction diversity with ligands. Chem Med Chem 9, 899-911
(2014).

Yang, Q.,, Yang, P, Qian, X. H.,, Yang, P. & Tong, L. P. Naphthalimide intercalators with chiral amino side chains: Effects of
chirality on DNA binding, photodamage and antitumor cytotoxicity. Bioorg. Med. Chem. Lett. 18, 6210-6213 (2008).

Li, Z., Yang, Q. & Qian, X. H. Synthesis, antitumor evaluation and DNA photocleaving activity of novel methylthiazonaphthalimides
with aminoalkyl side chains. Bioorg. Med. Chem. Lett. 15, 3143-3146 (2005).

Sissi, C. et al. Tri-, Tetra- and heptacyclic perrylene analogues as new potential antineoplastic agents based on DNA telomerase
inhibition. Bioorg. Med. Chem. 15, 555-562 (2007).

Cuenca, F. et al. Tri and tetra-substituted naphthalene diimides as potent G-quadruplex ligands. Bioorg. Med. Chem. Lett. 18,
1668-1673 (2008).

Campbell, N. H., Parkinson, G. N., Reszka, A. P. & Neidle, S. Structural basis of DNA quadruplex recognition by an acridine
drug. J. Am. Chem. Soc. 130, 6722-6724 (2008).

De Armond, R, Wood, S., Sun, D., Hurley, L. H. & Ebbinghaus, S. W. Evidence for the presence of a guanine quadruplex forming
region within a polypurine tract of the hypoxia inducible factor lalpha promoter. Biochemistry 44, 16341-16350 (2005).
Pedroso, 1. M., Duarte, L. E, Yanez, G., Burkewitz, K. & Fletcher, T. M. Sequence specificity of inter- and intramolecular
G-quadruplex formation by huan telomeric DNA. Biopolymers 87, 74-84 (2007).

Mergny, J. L. Phan A. T. & Lacroix, L. Following G-quartet formation by UV-spectroscopy. FEBS Lett. 435, 74-78 (1998).
Rachwal, P. A. & Fox, K. R. Quadruplex melting. Methods 43, 291-301 (2007).

Ying, L., Green, J. J., Li, H., Klenerman, D. & Balasubramanian, S. Studies on the structure and dynamics of the human telomeric
G-quadruplex by single-molecule fluorescence resonance energy transfer. Proc. Natl. Acad. Sci. USA. 100, 14629-14634 (2003).
Phan, A. T. & Mergny, J. L. Human telomeric DNA: G-quadruplex, i-motif and Watson-Crick double helix. Nucleic acids Res. 30,
4618-4625 (2002).

Paramasivan, S., Rujan, I. & Bolton, P. H. Circular dichroism of quadruplex DNAs: applications to structure, cation effects and
ligand binding. Methods 43, 324-331 (2007).

Kypr, J., Kejnovskd, I, Renciuk, D. & Vorli¢ckova, M. Circular dichroism and conformational polymorphism of DNA. Nucleic
Acids Res. 37, 1713-1725 (2009).

Vorlickova, M. et al. Circular dichroism and guanine quadruplexes. Methods 57, 64-75 (2012).

Ambrus, A. et al. Human telomeric sequence forms a hybrid-type intramolecular G-quadruplex structure with mixed parallel/
antiparallel strands in potassium solution. Nucleic Acids Res. 34, 2723-2735 (2006).

Dai, J. X., Carver, M. & Yang, D. Z. Ploymorphism of human telomeric quadruplex structures. Biochimie 90, 1172-1183 (2008).
Rujan, I. N., Meleney, J. C. & Bolton, P. H. Vertebrate telomere repeat DNAs favor external loop propeller quadruplex structures
in the presence of high concentrations of potassium. Nucleic Acids Res. 33, 2022-2031 (2005).

Williamson, J. R. G-quartet structures in telomeric DNA. Annu. Rev. Biophys. Biomol. Struct. 23, 703-730 (1994).

Hurley, L. H. et al. G-quadruplexes as targets for drug design. Pharmacol. Therapeut. 85, 141-158 (2000).

Choi, J., Kim, S., Tachikawa, T., Fujitsuka, M. & Majima, T. pH-Induced intramolecular folding dynamics of i-motif DNA. J. Am.
Chem. Soc. 133, 16146-16153 (2011).

Zhou, J. et al. Formation of i-motif structure at neutral and slightly alkaline pH. Mol. Biosyst. 6, 580-586 (2010).

Li, W., Wu, P, Ohmichi, T. & Sugimoto, N. Characterization and thermodynamic properties of quadruplex/duplex competition.
FEBS Lett. 526, 77-81 (2002).

Liu, D. S. & Balasubramanian S. A proton-fuelled DNA nanomachine. Angew. Chem. Int. Edn. 42, 5734-5736 (2003).

OMNI Life Science. xCELLigence® System Applications. (2014). http://www.ols-bio.de/media/pdf/Application_Book_09082014_
OLS_xs.pdf. (Accessed: 10th Feb 2015).

Boyd, J. M. et al. A cell-microelectronic sensing technique for profiling cytotoxicity of chemicals. Anal. Chim. Acta. 615, 80-87
(2008).

Xing, J. Z. et al. Dynamic monitoring of cytotoxicity on microelectronic sensors. Chem. Res. Toxicol. 18, 154-161 (2005).
Campisi, J. & d’Adda di Fagagna, F. Cellular senescence: when bad things happen to good cells. Nat. Rev. Mol. Cell Biol. 8,
729-740 (2007).

Sharpless, N. E. & Depinho, R. A. Telomeres, stem cells, senescence, and cancer. J Clin. Invest. 113, 160-168 (2004).

Wang, W. et al. Telomerase activity is more significant for predicting the outcome of IVF treatment than telomere length in
granulosa cells. Reproduction 147, 649-657 (2014).

Lam, E. Y. N,, Beraldi, D., Tannahill, D. & Balasubramanian, S. G-quadruplex structures are stable and detectable in human
genomic DNA. Nat. Commun. 4, 1796 (2013).

SCIENTIFIC REPORTS | 5:13693 | DOI: 10.1038/srep13693 13


http://www.ols-bio.de/media/pdf/Application_Book_09082014_OLS_xs.pdf.
http://www.ols-bio.de/media/pdf/Application_Book_09082014_OLS_xs.pdf.

www.nature.com/scientificreports/

49. Biffi, G., Tannahill, D., McCafferty, J. & Balasubramanian, S. Quantitative visualization of DNA G-quadruplex structures in
human cells. Nat. Chem. 5, 182-186 (2013).

50. Crees, Z. et al. Oligonucleotides and G-quadruplex stabilizers: targeting telomeres and telomerase in cancer therapy. Curr. Pharm.
Des. 20, 6422-6437 (2014).

51. Liao, G. L. et al. Novel ruthenium (ii) polypyridyl complexes as G-quadruplex stabilisers and telomerase inhibitors. Dalton Trans
43, 7811-7819 (2014).

52. Sun, D. et al. Inhibition of human telomerase by a G-quadruplex-interactive compound. . Med. Chem. 40, 2113-2116 (1997).

53. Balasubramanian, S. & Neidle, S. G-quadruplex nucleic acids as therapeutic targets. Curr. Opin. Chem. Biol. 13, 345-353 (2009).

54. Grayshan, P. H., Kadhim, A. M. & Perters, A. T. Heterocyclic derivalives of naphthalene-1,8-dicar boxylie anhydride. Part III.
Benzo[kI] thioxanthene-3,4-dicarboximides. J. Heterocyclic Chem. 11, 33-38 (1974).

55. Richards, E. G. in: Handbook of Biochemistry and Molecular Biology: Nucleic Acids (Fasman, G. D., Ed.) 3rd Edn. 1, pp 589,
CRC Press, Cleveland, OH (1975).

56. Tanaka, H., Beam, M. J. & Caruana, K. The presence of telomere fusion in sporadic colon cancer independently of disease stage,
TP53/KRAS mutation status, mean telomere length, and telomerase activity. Neoplasia. 16, 814-823 (2014).

57. Thompson, C. C. et al. Pancreatic cancer cells overexpress gelsolin family-capping proteins, which contribute to their cell motility.
Gut. 56, 95-106 (2007).

Acknowledgments

This work was supported by the Natural Science Foundation of China (21442008), International S &
T Cooperation Program of China (2015DFG32530), and the Program for Zhejiang Leading Team of
Science and Technology Innovation (2011R50021).

Author Contributions

W.Z. and Y.L.W. contributed to the overall study design and supervised all research. M.C. carried out
molecular biological experiments, organised the data, completed initial analysis of data, and drafted
the first version of the manuscript. Y.T. revised the first version of the manuscript. Y.J.J. and S.L.Z.
synthesized compounds and initially screened them by molecular simulation. C.H.W. provided part data
of real-time cell analysis. Y.X. advised some experiments on G-quadruplex. W.Z. contributed in partly
writing and finally revising the manuscript and data analysis, and also was responsible for the final
editing of the manuscript. All authors reviewed and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhang, W. et al. Formation and stabilization of the telomeric antiparallel
G-quadruplex and inhibition of telomerase by novel benzothioxanthene derivatives with anti-tumor
activity. Sci. Rep. 5, 13693; doi: 10.1038/srep13693 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:13693 | DOI: 10.1038/srep13693 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Formation and stabilization of the telomeric antiparallel G-quadruplex and inhibition of telomerase by novel benzothioxanthene derivatives with anti-tumor activity
	Introduction
	Results
	Promotion of G-quadruplex formation by benzothioxanthene derivatives
	Specific binding of benzothioxanthene derivatives to G-quadruplex structures
	Benzothioxanthene derivatives promote the formation of antiparallel G-quadruplexes from the Tel26nt oligonucleotides
	Real-time monitoring apoptosis of cancer cell lines induced by S1–S6
	In-vitro inhibition of telomerase activity by benzothioxanthene derivatives S1–S6
	Effect of benzothioxanthene derivatives on the mobility of tumor cells

	Discussion
	Methods
	Materials
	Electrophoretic mobility shift assay
	UV melting assay
	Circular dichroism (CD) assay
	Cell culture
	Cytotoxicity assay
	Telomerase activity assay
	Wound healing assay
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Formation and stabilization of the telomeric antiparallel G-quadruplex and inhibition of telomerase by novel benzothioxanthene derivatives with anti-tumor activity
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13693
            
         
          
             
                Wen Zhang
                Min Chen
                Yan Ling Wu
                Yoshimasa Tanaka
                Yan Juan Ji
                Su Lin Zhang
                Chuan He Wei
                Yan Xu
            
         
          doi:10.1038/srep13693
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13693
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13693
            
         
      
       
          
          
          
             
                doi:10.1038/srep13693
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13693
            
         
          
          
      
       
       
          True
      
   




