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ABSTRACT

DNA G4-structures from human c-MYC promoter and
telomere are considered as important drug targets;
however, the developing of small-molecule-based
fluorescent binding ligands that are highly selec-
tive in targeting these G4-structures over other types
of nucleic acids is challenging. We herein report a
new approach of designhing small molecules based
on a non-selective thiazole orange scaffold to pro-
vide two-directional and multi-site interactions with
flanking residues and loops of the G4-motif for bet-
ter selectivity. The ligands are designed to estab-
lish multi-site interactions in the G4-binding pocket.
This structural feature may render the molecules
higher selectivity toward c-MYC G4s than other struc-
tures. The ligand—G4 interaction studied with '"H NMR
may suggest a stacking interaction with the terminal
G-tetrad. Moreover, the intracellular co-localization
study with BG4 and cellular competition experiments
with BRACO-19 may suggest that the binding tar-
gets of the ligands in cells are most probably G4-
structures. Furthermore, the ligands that either pref-
erentially bind to c-MYC promoter or telomeric G4s
are able to downregulate markedly the c-MYC and
hTERT gene expression in MCF-7 cells, and induce

senescence and DNA damage to cancer cells. The in
vivo antitumor activity of the ligands in MCF-7 tumor-
bearing mice is also demonstrated.

GRAPHICAL ABSTRACT
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INTRODUCTION

Nucleic acids such as deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) are important genetic substances
that play many vital roles in life activities (1,2). The struc-
ture of nucleic acids is complicated due to the formation
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of various higher-order structures through interactions be-
tween bases under different conditions. These structures
are generally believed to have certain unique function-
ality that regulates cellular activities but most biological
mechanisms related to the higher-order structures are not
fully understood. The study of higher-order structures of
DNA and RNA is thus a significant research topic, par-
ticularly in quantitative analysis, specific identification, ge-
nomics development, and functional gene research and ap-
plications (3—6). The real-time identification of any specific
types of DNA structures such as G-quadruplexes (G4) in
vivo to monitor their structural dynamics and to investi-
gate their biological activity in live cell is a challenging task
(7-9).

The number of possible G4—-DNA motifs in the human
genome could reach 700,000 or more (10). It is important
to establish a highly selective molecular tool for the dis-
crimination of the G4-DNA structures in cells so that the
probing of the existence of certain G4-DNA structures un-
der certain conditions in live cells or in vivo, and the under-
standing of the associated biofunctions could be achieved
(11). However, it is complicated to predict and recognize all
these unique molecules in high specificity because the G4-
structures mostly share the same core structure of guanine-
tetrads despite their loops and flanking sequences at both
3’- and 5-terminal are significantly different (12,13). Lig-
ands that are designed with functional groups that tar-
get the loops and/or flanking sequences and the guanine-
tetrad may achieve better interaction with or discrimina-
tion of G4-structures over other types of nucleic acids. In
recent years, G4-structures have been a hot research topic
in the discovery of in vivo functions in regulating telom-
ere maintenance, transcription, replication, and translation
(14). Many of these G4-structures are found to be evolu-
tionary conserved (15). The molecular recognition and sta-
bilization of G4-structures formed in c-MYC promoter and
telomere are considered as an important strategy for the
fundamental study of G4 biofunctions and novel anticancer
drug design (16). There is accumulating evidence demon-
strating that G4-structures of c-MYC promoter, such as
Pu27, are a very vital target for cancer research. Some recent
studies have identified that the expression of c-MYC onco-
gene is closely linked to the potentiation of cellular prolif-
eration and inhibition of cell differentiation (17-19). About
20% of human tumors are found to be associated with c-
MYC overexpression (20). A few lately reported molecular
binders that stabilize the c-MYC promoter G4-DNA are
found to be able to inhibit tumor growth in vivo (21-24),
which supports that c-M YC could be an important drug tar-
get. The nuclease hypersensitivity element I11; (NHE I11;) is
a 27-bp sequence (Pu27) located —142 to — 115 bp upstream
from the P1 promoter of c-MYC, and it controls 85-90%
of ¢-MYC transcription (25). The DNA sequence of Pu27
is guanine rich and is able to form thermodynamically sta-
ble G4-structures. It has been reported that a cationic por-
phyrin (TMPyP,) that stabilizes the G4-structure of Pu27
is able to lower c-MYC transcription and protein expres-
sion, and suppress the transcriptional activation of down-
stream genes that are involved in proliferation of cancer
cells, such as hTERT, ODC and CDC25A (25,26). These
biological effects could be interrupted through the inter-

action of G4-ligands with the G4-structure of Pu27 and
thus the helicase-mediated unwinding of G4-structures is
inhibited (295).

A variety of effective G4-binding ligands that target
telomeric G4-DNA has been reported in the past few
decades (27-30). On the other hand, reports on ligands
that target c-MYC G4s for fluorescent recognition, sensing,
and stabilization of G4-structures in live cell or in vivo are
relatively rare, which may imply current understanding on
the designing of c-MYC G4-selective ligands for molecu-
lar recognition and fundamental study of G4s in cells or in
vivo is still limited (31-35). Although a few probes that show
high selectivity in the recognition of the c-MYC G4 via the
fluorescent visualization approach have been reported (36—
39), the mechanism underlying the structural discrimina-
tion is still unclear. We herein report a rational design of
small molecule-based ligands for the recognition and visu-
alization of c-MYC G4-DNA structures in solution and in
cells via a fluorescence light-up mechanism. In the present
study, we systematically demonstrated how each substituent
group integrated in the thiazole orange scaffold taking ef-
fects in controlling the G4-structure selectivity in terms of
the fluorescent signal induced from ligand—G#4 interactions.
The ligands that possessed a two-directional and multi-
site interaction system were found to be able to achieve
highly selective toward c-MYC G4s. The possible interac-
tion modes of the ligands with c-MYC G4-DNA were stud-
ied with "H NMR and molecular modeling. In addition, the
intracellular co-localization study with BG4 demonstrated
that the ligands were selective to G4-structures. These new
G4-ligands also showed good cytotoxicity against a panel of
human cancer cells and exhibited potent in vivo antitumor
activity against MCF-7 breast cancer.

MATERIALS AND METHODS
Instruments

High-resolution mass spectra (HRMS) were obtained by
Agilent 1260-6230TOF. Using TMS as a reference, 'H
and *C NMR spectra were recorded at 400 MHz and
100 MHz in DMSO-ds with a Bruker BioSpin GmbH
spectrometer. The high performance liquid chromatogra-
phy (HPLC) analysis for examining the purity of the com-
pounds was performed on an SHIMADZU LC-16 system
using a Diamonsil C18 column (250 x 4.6 mm, 5 pm) at
room temperature with an elution using the mobile phase
(MeOH/H,0 = 50:50 v/v). Unless otherwise stated, all
chemicals were purchased from commercial sources. All sol-
vents were analytical reagent grade and could be used with-
out further purification. All oligonucleotides used in this
work were synthesized and purified by Shanghai Sangon
Biotechnology Co., Ltd. (Shanghai, China). Upon receipt,
the oligonucleotides were dissolved in Tris—HCI buffer (10
mM, pH 7.4, containing 60 mM KClI or without ion) and
stored at —20°C until use. Folding was achieved by diluting
the oligonucleotides into their respective buffers and heat-
ing in a water bath to 95°C for 20 min, then slowly cooled
overnight and stored at 4°C. Their sequences were listed in
Supplementary Table S1 and the structures were character-
ized with circular dichroism (CD) spectroscopy with respect
to literature (40-42).
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General procedures for the synthesis of compounds 14

Compound 1 was obtained by the reaction us-
ing a  bromopropyl substituted thiazole or-
ange (1,2-dimethyl-4-[(3-bromopropyl-2(3H)-
benzothiazolylidene)methyl]quinolinium  iodide, 1.103
g, 2.0 mmol) and pyrrolidine (0.8 mL), potassium iodide
(0.332 g, 2.0 mmol) in 40°C for 24 h. Further reaction of
1(1.103 g, 2.0 mmol) with an aromatic aldehyde including
4-(diphenylamino)benzaldehyde (1.092 g, 4.0 mmol) or
4-(dimethylamino)benzaldehyde (0.596 g, 4.0 mmol) and
4-methylpiperidine (200 pl) in n-butanol (10 mL) was
conducted under reflux conditions (about 135°C) for 3 h
to afford target compound 2 and 3 in good yields. For the
synthesis of compound 4, an intermediate was prepared
by the reaction using 4-chloro-1,2-dimethylquinolin-1-ium
(0.638 g, 2.0 mmol) and 3-butyl-2-methylbenzo[d]thiazol-
3-ium bromide (0.572 g, 2.0 mmol) in 40°C for 3 h.
After that, the reaction was further reacted with 4-
(diphenylamino)benzaldehyde (1.092 g, 4.0 mmol) and
4-methylpiperidine (200 wl), n-butanol (10 mL), potassium
iodide (0.332 g, 2.0 mmol) in 135°C refluxed for 3 h to
afford 4 in good yields. (Supplementary Figure S1) All
these compounds were purified by flash silica gel column
chromatography and were confirmed with 'H NMR,
13C NMR, HRMS and HPLC. The purity of all these
compounds determined by HPLC is higher than 95%.
(Supplementary Figure S26-S29)

Compound 1 (43): 92.6% yield. '"H NMR (400 MHz,
DMSO-dy) § 8.62 (d, J = 8.4 Hz, 1H), 8.15 (d, J = 8.4 Hz,
1H), 7.98 (m, 2H), 7.72 (m, 2H), 7.56 (t, J = 7.6 Hz, 1H),
7.37 (t, J = 7.6 Hz, 1H), 7.29 (s, 1H), 6.94 (s, 1H), 4.61 (t,
J = 6.5 Hz, 2H), 4.05 (s, 3H), 2.86 (s, 3H), 2.46 (m, 2H),
2.36 (m, 4H), 2.01-1.94 (m, 2H), 1.63 (m, 4H). 3*C NMR
(101 MHz, DMSO-ds) § 159.28, 154.54, 148.33, 140.62,
139.51, 133.55, 128.47, 126.72, 125.50, 124.69, 124.29,
123.90, 123.21, 118.83, 113.24, 110.97, 100.00, 87.08, 53.89,
52.45, 44.18, 37.63, 26.45, 23.63, 23.35. HRMS m/z: calcd
for CogH30N3S™ [M-1]" 416.2155; found 416.2158 [M-I]*.
HPLC analysis: retention time at 3.212 min eluted with
MeOH/H,0 = 50:50 (v/v), purity = 96%.

Compound 2: 88.7% yield. '"H NMR (400 MHz, DMSO-
ds) 6 8.58 (d, J = 8.4 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H),
8.05 (d, J = 7.6 Hz, 1H), 7.96 (t, J = 7.6 Hz, 1H), 7.80
(d, J = 8.8 Hz, 2H), 7.69 (m, 4H), 7.59 (t, J = 7.6 Hz,
1H), 7.47 (d, J = 7.6 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H),
6.96 (s, 1H), 6.81 (d, J = 8.8 Hz, 2H), 4.61 (t, J = 6.4
Hz, 2H), 4.15 (s, 3H), 3.05 (s, 6H), 2.49-2.32 (m, 4H), 1.99
(s, 2H), 1.78-1.62 (m, 4H), 1.18 (t, J = 6.4 Hz, 2H). 13C
NMR (101 MHz, DMSO) § 158.40, 153.16, 152.30, 140.74,
139.60, 130.96, 126.52, 125.19, 124.25, 123.39, 123.14,
119.00, 115.11, 112.82, 112.17, 108.05, 87.24, 53.93, 52.46,
38.29, 23.63. HRMS m/z: calcd for C3sH3gNy4S* [M—I]*
547.2890; found 547.2937 [M—I]*. HPLC analysis: reten-
tion time at 2.777 min eluted with MeOH/H,O = 50:50
(v/v), purity = 98%.

Compound 3: 86.1% yield. '"H NMR (400 MHz, DMSO-
ds) 6 8.58 (d, J = 8.4 Hz, 1H), 8.14 (d, J = 8.8 Hz, 1H),
8.03 (d, /= 7.6 Hz, 1H), 7.97 (t, J = 7.6 Hz, 1H),7.81 (d,
J = 8.8 Hz, 2H), 7.71 (d, J = 8.0 Hz, 2H), 7.63-7.54 (m,
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4H), 7.43-7.36 (m, SH), 7.17 (t, J = 7.6 Hz, 2H), 7.12 (d,
J=7.6 Hz, 4H), 7.00 (d, J = 8.8 Hz, 3H), 4.62 (t, / = 6.4
Hz, 2H), 4.12 (s, 3H), 2.50-2.47 (m, 2H), 2.39 (s, 4H), 2.05—
1.95 (m, 2H), 1.67 (s, 4H). '*C NMR (101 MHz, DMSO-
ds) 8 159.22,152.69, 149.75, 147.94, 146.84, 141.12, 140.70,
139.57, 133.61, 130.37, 128.94, 128.49, 125.54, 125.27,
124.69, 124.34, 123.99, 121.69, 119.42, 119.07, 108.39,
87.79, 53.93, 52.49, 44.20, 38.44, 26.52, 23.67. HRMS m//z:
caled for CysHy3NgST [M—I]* 671.3203; found 671.3237
[M—I]*. HPLC analysis: retention time at 2.789 min eluted
with MeOH/H,0 = 50:50 (v/v), purity >99.5%.

Compound 4: 81.4% yield. '"H NMR (400 MHz, DMSO-
ds) § 8.71 (s, 1H), 8.17 (s, 1H), 8.01 (d, J = 8.6 Hz, 2H),
7.91-7.69 (m, 4H), 7.67-7.53 (m, 3H), 7.41 (t, J = 6.5 Hz,
3H), 7.15 (m, 5H), 7.00 (m, 2H), 6.89 (s, 2H), 6.71 (s,2H),
4.57 (s, 2H), 4.15 (s, 3H), 1.84 (s, 2H), 1.24 (s, 2H), 1.05 (t,
J=16.5Hz, 3H). ®C NMR (101 MHz, DMSO-dy) § 159.06,
152.80, 149.75, 148.24, 146.85, 140.75, 133.60, 130.29,
128.98, 128.56, 126.97, 125.54, 124.77, 124.62, 124.20,
124.16, 124.02, 123.89, 123.27, 121.70, 119.41, 87.77, 87.04,
47.25, 38.50, 37.60, 26.81, 23.25, 20.82, 11.51. HRMS m/z:
caled for C4H3sN3S™ [M—I]*" 616.2781; found 616.2778
[M—I]*. HPLC analysis: retention time at 2.800 min eluted
with MeOH/H,0 = 50:50 (v/v), purity = 99%.

Water solubility analysis for the ligands

The determination of water solubility of ligands was
performed by modifying the reported methodology (44).
Briefly, ligands 1-4 were prepared into 10, 20, 30, 40,
50 pg standard solutions in ultra-pure water. A Dia-
monsil C18 column (250 x 4.6 mm, 5 wm) was used at
room temperature with an elution using the mobile phase
(MeOH/H,0 = 50:50 v/v) and the detection wavelength
was 225 nm. Under these chromatographic conditions, the
standard solution was determined with HPLC and the peak
area corresponding to each concentration was recorded.
The linear regression equation was obtained as follows:
Y= AX+ B(Supplementary Table S7). The saturated aque-
ous solution of ligand (1-4) was put into an oscillator for 24
h, and then centrifuged for 15 min. The supernatant was di-
luted and then was determined with HPLC. The solubility
was calculated with the regression equation established.

UV —visible and fluorescence assays

The UV—vis spectrum was obtained by using Lambda 25
Spectrophotometer (Perkin Elmer) in Tris buffer (10 mM
Tris—HCI buffer containing 60 mM KCl). The fluorescence
spectrum was recorded on a LS-45 fluorescence spectrom-
eter (Perkin Elmer) in Tris buffer (10 mM Tris—HCI buffer
containing 60 mM KCI). The colorimetric dish has a slit
width of 1 mm and an optical diameter of 10 mm. The
detection limit (LOD) was estimated by the fluorescence
titration according to the formula: LOD = K (Sy/m). Ac-
cording to the International Union of Pure and Applied
Chemistry (IUPAC), K value is generally taken as 3. S, rep-
resents the standard deviation of blank multiple measure-
ments (n = 20), and m is the slope of calibration curve, in-
dicating the sensitivity of the method.
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Determination of equilibrium binding constant with fluores-
cence titration

Fluorescence signal was measured at 25°C for the ligand (5
wM) and nucleic acid at different concentrations (0—-18 wM)
in a Tris—HCI buffer (10 mM, pH 7.4) containing 60 mM
KCI. With the data obtained through fluorimetric titrations,
the binding constants were analyzed according to the inde-
pendent site model (45) by nonlinear fitting to the equation
(46): F/Fy =1+ (0 — D/2{N+ 1+ X — [(X + | + N)?
4X]'/2}. In this equation, Q = Finax/Fo, N = (K, Caye) !, and
X = nCpna/(Caye), Ka = K, . The parameters P and M,
Q and N were found via the Levenberg-Marquardt fitting
routine in the Origin 9.0 software, whereas n was varied to
obtain a better fit.

Job plot experiment

The total concentration of ligand and nucleic acid was fixed
at 18 wM and the fluorescence signal intensity was mea-
sured for the concentration of ligand from 0, 1.8, 3.6, 5.4,
7.2,9.0, 10.8, 12.6, 14.4, 16.2 and 18 uM (the nucleic acid
concentration added was in the order from 18 to 0 wM). The
well-mixed solution was then incubated at 4°C for 12 h be-
fore taking measurements. The fluorescence signal of each
measurement was plotted as the vertical coordinate and the
ratio of ligand concentration to the total concentration as
the horizontal coordinate. The Gaussian fitting formula is
used for data processing on Origin 9.0 software.

Measurement of fluorescent quantum yields of the new com-
pounds

The fluorescence quantum yields of various compounds in-
teracted with DNA were calculated according to the stan-
dard of fluorescein (@ = 0.95) in the condition of 1% NaOH
ethanol (47). Five gradient increasing solutions were added
to the fixed concentration of DNA solution, and the UV ab-
sorption value and fluorescence intensity value of each gra-
dient concentration compound and DNA were recorded.
The fluorescence quantum yield was calculated according
to the following equation (48): @, = &gt (Grad,/Gradsr)
(n%./n*st), where the subscript ST is the standard, the sub-
script x is the test sample; represents the fluorescence quan-
tum yield; Grad is the slope of the curve with the inte-
grated fluorescence intensity as the ordinate, the ultraviolet
absorbance as the abscissa, and 7 is the refractive index of
the solvent.

Circular dichroism (CD)

The CD spectrum was measured by Chirascan spectropho-
tometer (Applied photophysics). Tris—HCI buffer (10 mM,
containing 60 mM KCI, pH 7.4) was used to prepare G4—
DNA solution as 5 wM. The ligand concentration was 10
wM. A quartz cuvette with a path length of 1 mm was used
to record the spectral data in the wavelength range of 225—
700 nm with a bandwidth of 2 nm, a step of 1 nm and a point
of 0.1 s/point. The CD spectral data obtained were the av-
erage value of three scans. In addition, for the CD melting
assays, the G4-DNA solution of Pu27 and Telo21 at 5 pM

were prepared with Tris—HCI buffer (10 mM, containing
60 mM KCI, pH 7.4). The ligand (5 wM) was added to the
mixture for CD melting. The data were recorded at an in-
terval of 1°C in the range of 25-95°C with a heating rate of
1.0°C/min. Use Origin 9.0 for final analysis of data.

Isothermal titration calorimetry (ITC) measurements of
ligand—DNA interactions

ITC experiments were carried out in MicroCal PEAQ-ITC
(Malvern, USA) microcalorimeter. The solutions of differ-
ent DNA sequences were pre-annealed in 25 mM KH;POy,
60 mM KCl buffer (pH 7.4, containing 2% (v/v) DMSO) by
heated to 95°C in water bath for 5 min. Then, it was cooled
to 25°C and placed at 4°C overnight. The pre-annealed
DNA sequence (20 wM) in buffer was kept in the sample
cell and the ligand (400 wM) was filled in the syringe of a
volume 40 w1 with the same buffer. The ligand was mixed
with the sample by stirring the syringe at 750 rpm at 25°C.
There were 30 injections with a duration of 4 s and an in-
terval of 150 s. Under the same conditions, the ligand was
injected into the cells containing only buffer solution for a
blank titration. The heat generated by the interaction was
determined by subtracting the blank heat from the heat of
ligand DNA titration. The binding enthalpy and other fit-
ting parameters were determined by applying the built-in
curve fitting model: One Set of Sites (MicroCal PEAQ-ITC
(Malvern, USA)).

Fluorescence microscopy imaging study and staining effects

Fluorescence microscopy images obtained in MCF-7 cells
(human prostate cancer cells, ATCC® CRL-1435) were
recorded on confocal laser scanning microscopy (ZEISS
LSM 800 with Airscan). The nucleus localization reference
dyes used was Hoechst 33342 (1.0 wM). The concentration
of ligand 2 or 3 used was 5 wM. The ligand was able to en-
ter the cell quickly. The excitation wavelength of Hoechst
33342 was 405 nm and that of 2 or 3 was 488 nm.

Cell imaging of MCF-7 cells treated with RNase and DNase

MCEF-7 cells were cultured on a confocal dish for 24 h.
Before dyeing experiment, it was precooled with methanol
(—4°C, 2 min), and then washed twice with PBS. In order
to make the cell membrane permeable, cells were cultured
with 1% Triton X-100 for 15 min and then washed with
PBS thrice. The pretreated MCF-7 cells were stained with
ligand 2 or 3 at 5 uM (25°C, 20 min). After washing with
PBS for three times, one culture dish was treated with 100
pg/ml RNase (37°C, 2 h) and the other was treated with
100 wg/ml DNase (37°C, 2 h). Imaging experiments were
carried out with a Zeiss LSM800 confocal laser scanning
microscope.

Immunofluorescence experiments in MCF-7 cells

Confocal images of MCF-7 cells stained with ligand 2 (or
3) and BG4: MCF-7 cells grown on a glass dish were
fixed in 4% paraformaldehyde/PBS for 15 min, then infil-
trated with 0.1% Triton-X 100/PBS at 37°C for 30 min,
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and then blocked with 5% goat serum/PBS at 37°C for
3 h. Immunofluorescence tests were performed with stan-
dard methods. The glass dish was incubated with Anti-
DNA/RNA G-quadruplex [BG4] (Ab00174-1.1, Absolute)
for 3 h at 37°C. The glass dish was washed six times with
blocking buffer and then incubated with DyLight™ 405
AffiniPure Goat Anti-Mouse IgG (H + L) (115-475-062,
Jackson) for 3 h at 37°C. The glass dish was washed again
with blocking buffer six times and then incubated with lig-
and 2 or 3 (2.5 wM) for 30 min. Finally, digital images were
recorded using a ZEISS LSM 800 microscope and analyzed
using ZEN software.

TH NMR titration study

The oligomeric DNA solution at 300 wM was prepared with
phosphate buffer (25 mM KH, POy, 10% D,0, 70 mM KClI,
pH 7.4), heated to 95°C, annealed to room temperature, and
incubated for 24 h. During the measurement, the ligand (2
or 3) with a concentration range of 300-600 wM were grad-
ually added to the DNA solution for NMR analysis. The
experiments were carried out at 25°C on a 600 MHz spec-
trometer (Bruker).

Molecular docking study

The NMR structure of a mutated c-MYC G-quadruplex
(PDB 2MGN) was used to perform docking study on lig-
ands 2 and 3. The three-dimensional structure of small
molecules was sketched with DS viewer 3.5. Autodock
Tools (version 1.5.6) was used for converting structure files
to pdbqt format (49). The docking study was carried out by
using AutoDock Vina program (50). The dimensions of the
active site box were chosen to be large enough to encompass
the entire G4 structures. An exhaustiveness of 100 was used
and other parameters were left as default.

RNA isolation and qRT-PCR

MCEF-7 cells (ATCC® HTB-22) were cultured in six-well
plates and then treated with different concentrations of lig-
ands. After that, MCF-7 cells were continued to be cultured
for 36 h. The medium was discarded and washed three times
with PBS, 0.5 ml of triazole (Sigma-Aldrich) was added to
lyse the cells for 3 min, and then 0.2 ml of chloroform was
added. The mixture was stirred thoroughly and then cen-
trifuged at 13 500 rpm for 15 min at 4°C to separate the
aqueous phase containing RNA. Total RNA was precipi-
tated from the aqueous phase with anhydrous isopropanol.
The RNA precipitate was washed with 75% ethanol (con-
taining 25% DEPC water) and then dissolved in 20 pl of re-
distilled distilled water without RNase. In order to remove
the genomic DNA contamination in the isolated RNA, the
samples were treated with DNase I and identified by poly-
merase chain reaction. The prepared RNA was therefore
contained no genomic DNA. Then, the HiScript® II One
Step qRT-PCR SYBR Green Kit was used for reverse tran-
scription of RNA and quantitative analysis of transcribed
cDNA. The concentration of RNA was 0.5-2 pg per reac-
tion. The forward and reverse primer sequences for amplifi-
cation were listed in Supplementary Table S2. The RNA was
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reverse transcribed and amplified by qRT-PCR (analytik-
jena, qTOWER2.2). A comparative Ct (AACT) method
was used to compare the mRNA expression levels of genes
of interest.

Western blot assay

The cells in the logarithmic growth phase were inoculated
on the 6-pore plate and treated with ligand 2 or 3 for
36 h. The cells were collected and incubated on ice for
20 min in the RIPA buffer, then at 4°C, 12 000 x g for
20 min. The total protein concentration was quantified by
BCA kit. The same amount of protein was loaded onto
the SDS-PAGE gel and the separated protein was trans-
ferred to the PVDF membrane. After blocking with 5%
skim milk, the membranes were incubated with primary
antibodies against c-MYC (Affinity, AB_2834974, diluted
1:1000), hTERT (Affinity, AB_2839083, diluted 1:1000),
v-H2AX (Affinity, AB_2834619, diluted 1:1000), 53BP1
(Affinity, AB_2844517, diluted 1:1000), caspase-3 (Affinity,
AB_2835170, diluted 1:1000), Bax (Affinity, AB_2833304,
diluted 1:1000) and B-actin (Affinity, AB_2839420, diluted
1:1000) was used as a protein endogenous control. The
membranes were washed three times with TBST buffer for
0.5 h, then incubated with Goat Anti-Rabbit IgG (H + L)
HRP secondary antibody (Affinity, AB_2839429, diluted
1:5000) for 2 h. After washing with the TBST buffer for 0.5h
again, membranes were scanned with the ECL system (GE
Healthcare).

Comet assay for DNA damage study

The collected MCF-7 cells (5 x 10° cells/ml) were sus-
pended in 1 ml of PBS and 30 000 cells were taken and mixed
with 75 wl of low melting point agarose (0.5% (w/v)). The
mixture was placed on a glass microscope slide coated with
normal melting point agarose (0.5% (w/v)), covered with a
coverslip and cured at 4°C for 10 min; then, the coverslip
was removed and covered with 75 .l of low melting point
agarose. The samples were lysed in lysis solution (2.5 mol/1
NaCl, 100 mmol/l1 Na,EDTA, 10 mmol/l Tris (pH 10),
1% TritonX-100, 10% DMSO) for 1.5 h at 4°C. After ly-
sis, the samples were immersed in alkaline buffer (1 mmol/1
Na,EDTA, 300 mmol/l NaOH, pH > 13) for 30 min. Then,
electrophoresis was conducted at room temperature for 20
min (300 mA, 25V). The gel was finally neutralized with Tris
(pH 7.5) and then stained with DAPI (1 wM/ml) for 10 min.
Imaging was performed with an inverted fluorescence mi-
croscope (Olympus IX71, Japan).

Cellular uptake experiment

The uptake of ligand 2 or 3 by MCF-7 cells was studied
using flow cytometry. MCF-7 cells were inoculated in 12-
well plates and incubated for 12, 24 and 36 h with the ad-
dition of ligand 2 or 3 (1 wM). The medium was then re-
moved, washed three times with pre-chilled PBS, followed
by trypsin digestion and data analysis using a flow cytome-
ter (BD FACSCanto™ II) for data analysis.
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Telomerase inhibition assay (TRAP assay)

MCEF-7 cells were left untreated or treated with ligands 2
or 3 for 36 h. The cells (1 x 10° cells) were re-suspended
in 200 wl CHAPS lysis buffer and incubated on ice for
30 min. After centrifugation at 12 000 x g for 20 min,
all supernatants were transferred to sterile enzyme-free
tubes and stored in a refrigerator at —80°C. The trap as-
say is based on the classical method (51). PCR reactions:
each 20 wl reaction system contained 1 pl of cell ex-
tract, 0.125 mmol/1 dNTP mixture, 0.25 wmol/1 TS primer
(5-AATCCGTCGAGCAGAGTT-3), TRAP buffer (20
mM Tris-HCI, pH 8.3, containing 1.5 mM MgCl,, 63
mM KCI, 0.05% (v/v) Tween 20, 1 mM EGTA, and
0.01% BSA), 0.25 pmol/l ACX primer (5-GCGCGGC
TTACCCTTACCCTTACCCTAACC-3'),0.25 pmol/INT
(5-ATCGCTTCTCGGCCTTTT-3), and 0.01 amol/pl
TSNT (5-AATCCGTCGAGCAGAGTTAAAAGGCCG
AGAAGCGAT-3), ddH,0O, and 2 U Taq polymerase
(Takara). The telomerase mixture was extended in a water
bath at 30°C for 30 min and inactivated at 95°C for 5 min.
PCR was performed for 30 s at 94°C, 30 s at 59°C, 1 min at
72°C for 31 cycles and 72°C for 5 min. PCR samples were
separated on a 10% (w/v) native-PAGE gel in 0.5x TBE for
2 h at 120 V. After electrophoresis, the gel was stained with
SYBR Gold for 30 min at room temperature and the images
were captured with reverse processing.

qRT-PCR and ELISA assay in CA46 and Raji cell

The cells after treatment for 36 h with ligand 2 or 3 at dif-
ferent concentrations, the total RNA was extracted from
CA46 and RAJI cells. The HiScript® II One Step qRT-
PCR SYBR Green Kit was then used to reverse tran-
scribe RNA and the generated cDNA was measured at a
concentration of 0.5-2 wg of RNA per reaction. The for-
ward and reverse primer sequences utilized to conduct the
amplification (Exonl, Exon2, c-MYC and GAPDH) were
listed in Supplementary Table S2. qRT-PCR was used to
reverse transcription and amplification of RNA (analytik-
jena, qTOWER?2.2). A comparative Ct (AACT) method
was used to calculate gene mRNA expression levels. CA46
and RAJI cells were also treated with ligands 2 or 3 at dif-
ferent concentrations for 36 h. Cells were frozen and thawed
many times before being centrifuged for 5 min (4°C, 3000 x
g) and the supernatant was collected for detection with the
Human Caspase 3(Casp-3) ELISA kit (MEIMIAN, MM-
1550H1).

In vivo antitumor treatment

All animal experiments were performed in compliance with
the Animal Management Rules of the Ministry of Health
of the People’s Republic of China. All animal experiments
conducted in the present study were performed in compli-
ance with the institutional ethics committee regulations and
guidelines on animal welfare. The experiments were per-
formed with 2% isoflurane to minimize suffering. In the
study, female Balb/c nude mice (18-20 g) were placed in
small animal isolators under aseptic conditions to obtain
food and water freely. All animal care and procedures were

approved by the university ethics committee for use in lab-
oratory animals. To establish a xenograft model, MCF-7
cell suspension (5 x 10° cells) was injected subcutaneously.
When the subcutaneous tumor diameter was 100 mm?, fe-
male nude mice were divided into three groups: control
group with tail vein injection of PBS (group 0), tail vein in-
jection of ligand 2 (group 1), and tail vein injection of ligand
3 (group 2). The dose of ligand in the treatment group was
1.5 mg/kg, injected every three days. Mice were executed on
the 18th day after intravenous ligand injection. The blood
sample was collected and separated into cell and serum frac-
tions by centrifugation for routine blood data, while major
organ and tumor tissues were obtained from each group for
hematoxylin and eosin (H&E) staining, TUNEL staining
and Ki67 staining.

Analysis of ligand concentration in blood

Ligand 2 or 3 was injected into Sprague-Dawley rats (fe-
male, weighing 200 £ 20 g) via tail vein (0.5 ml, 1.5 mg/kg)
and blood samples (0.3 ml) were collected from the orbital
sinus at 5 min and 1, 2, 4, 8, 12 and 24 h post-injection,
respectively. The blood sample collected was centrifuged
at 4000 x g for 10 min to collect plasma and placed at
—80°C for further use. The preparation of standard concen-
tration gradients of the ligand was conducted as follows. A
stock solution of 0.5 mg/ml ligand (2 or 3) was prepared
using dimethyl sulfoxide (DMSO) and then different work-
ing concentrations of the ligand (0.24, 0.49, 0.98, 1.95, 3.91,
7.81, 15.6 pg/ml) were prepared by serial dilution of the
stock solution with methanol/water (9:1) solution. 10 wl of
the working solutions of ligand 2 or 3 (from 0.24 to 12.5
pg/ml) was added to 100 pl of plasma for blank group. The
prepared solutions were placed at —80°C for further anal-
ysis. Thiazole orange (Sigma-Aldrich, 390062) was used as
the internal standard and a working concentration at 0.625
wg/ml was prepared. To the samples prepared for calibra-
tion and the blood samples collected from rats to be ana-
lyzed, 880 wl acetonitrile and 10 pl internal standard solu-
tion (Thiazole Orange, 0.625 wg/ml) were added. The re-
sulting solution was vortexed for 30 s and the supernatant
was collected by centrifugation at 10 000 x g for 10 min
and then was analyzed with LC-MS (Thermo Fisher, TSQ
Endura).

Statistical analysis

Statistical details including the number of biological repli-
cates (V) and P values are detailed in figure legends. Data
in bar graphs are shown as an absolute number with
means + SD noted. Wilcoxon-Mann-Whitney test was used
to calculate significant differences where indicated. P < 0.05
was considered statistically significant; ns, not significant.
The criterion for statistical significance was taken as ns:
P>0.05,"P<0.05"P<0.01,""P<0.00l.

Data availability

The main data supporting the results in this study are avail-
able within the paper and Supplementary Information. The
raw and analyzed datasets generated during the study are
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too large to be publicly shared but are available for research
purposes from the corresponding authors on reasonable re-
quest.

RESULTS

Design of ligands for the understanding of structural influence
targeting G4-structures

The red fluorescent G4-binding ligands built on a non-
selective thiazole orange (TO) scaffold (52) were systemat-
ically engineered to demonstrate the critical structural in-
fluence in the discrimination between two vital classes of
G4-structures of c-MYC Pu27 and telomeric Telo21 (Fig-
ure 1). Some recent studies have shown that modification at
the 2-position of I-methylquinolinium moiety of TO could
induce selectivity toward telomeric G4-structures, particu-
larly Telo21 (53,54). However, how to design a ligand that
selectively recognizes the G4-structures of a promoter over
the telomeric ones remains an open question. The challenge
is due to the high similarity of the G-tetrad binding pocket
among G4-structures. To address this challenge, we aimed
to develop a series of small ligands to study the structural
influence in the discrimination between the G4-structures
of c-MYC promoter and telomere in molecular recognition.
Our approach is to design multi-site interactions, which
is able to target the binding sites of the G-quartet, loops
and flanking nucleotides at either 3'- or 5'-terminal in two-
direction. It is because the sequences of loops and flanking
residues of monomeric G4-structures could offer a much
greater difference than a single G-tetrad scaffold.

In order to design a molecular system that offered multi-
site interactions targeting the G4-DNA binding pocket, we
constructed ligands with special substituent groups through
two directions (Figure 1): a substitution at the site of the ni-
trogen atom of the thiazole-ring linked with a flexible polar
amino group (propylpyrrolidine) and at another site with
the substitution at the 2-position of 1-methylquinolinium
fragment to regulate the polarity, rigidity, and the size of
the substituent group. These two flexible substituent groups
that are extended from the rigid TO scaffold could pro-
vide extra interactions with the G4-binding pocket, such as
hydrogen bonding and/or m— interactions with the loop
or flanking nucleotides in two directions. The central large
m—conjugation aromatic system (TO scaffold) could offer
notable interactions on the G-tetrad surface through w—
stacking with the planar guanine bases of G4-structures.
We speculated that selectivity toward c-MYC or telomeric
G4-structure could be tunable by regulating different modes
of interactions, such as hydrogen bond and aromatic m—r
stacking, with respect to the binding environments through
multiple sites inside the rigid G4-pocket. The present study
demonstrated a new strategy in ligand design for fluorescent
recognition of G4-structures of c-MYC and telomere.

Study of binding selectivity of ligands toward different types
of G4-structures

The photophysical property of the ligands was summarized
in Supplementary Table S3 and Figure S2. To understand
the structural effects and multi-site interactions attributed
to the substituent groups integrated in the thiazole orange
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scaffold, ligands 1-4 were screened with 20 representative
nucleic acids, including single-stranded, duplex and triplex
DNA, G-quadruplex DNA (c-MYC promoter and telom-
eric), and rRNA, in a pH 7.4 Tris—HCI buffer solution. The
induced fluorescence intensity of DNA-ligand interaction
indicated the degree of selectivity of each ligand toward the
G4-structures (Figure 2 and Supplementary Figure S3). All
ligands displayed negligible background fluorescence with-
out nucleic acids. The fluorescence titration results showed
both TO and 1 generated strong signal with most substrates
(Supplementary Figure S3A, D) while the single-stranded
DNA (dT21) showed very weak signal. The results revealed
that these two ligands were non-selective. Moreover, the
main structural difference between 1 and TO is the flexible
propylpyrrolidine group of 1 replacing the methyl group of
TO at the nitrogen atom of thiazole ring. Interestingly, 1,
which has a more flexible propylpyrrolidine group, could
also induce strong fluorescent signals similar to those ob-
served in TO. We speculated that this might be due to an
extra interaction site with the nucleotides provided by the
amino group from the propylpyrrolidine, possibly through
hydrogen bonding, that offered better restriction on in-
tramolecular torsional motion of the rotatable benzothia-
zole and 1-methylquinolinium fragments. In addition, this
extra interaction site also granted 1 a little observable se-
lectivity (~1.7-fold) among the promoter G4-DNAs com-
pared to TO. We therefore speculated that it could be feasi-
ble to enhance the selectivity further through the engineer-
ing of substituent groups that could offer multi-interaction
sites (apart from the common m—stacking interaction with
G-tetrad motif) for better matching with the spatial envi-
ronment of the subtle G4-structures.

Ligand 2 that is constructed based on 1 has a
p-dimethylaminostyryl group at the 2-position of 1-
methylquinolinium scaffold and is connected through a rel-
atively rigid ethylene bridge. This p-dimethylaminostyryl
group could create a second interaction site, which is in the
opposite direction to the flexible propylpyrrolidine group
of 1. The overall structure of 2 could potentially offer two-
directional three-site interactions at the G4-binding pocket,
which include the interaction of TO fragment with the G-
tetrad (w—m stacking) and two extended amino groups (one
flexible, one rigid) for hydrogen bond interactions with po-
lar residues of the binding pocket. The performance of G4-
structure discrimination was determined by whether the in-
tegrated substituent groups could fit to the spatial environ-
ment of the binding pocket. The ligand design is thus able
to probe a small structural difference between various G4-
structures and, more importantly, the difference may be pri-
marily due to different flanking nucleotides and loop se-
quences of G4-structures.

The selectivity of 2 toward various nucleic acid substrates
was improved markedly (Supplementary Figure S3B) and
the ligand showed excellent fluorescent discrimination tar-
geting telomeric G4-DNA, particularly Telo21. The inter-
action signal from dsDNA and the G4s of promoter was less
than one-fourth of that from Telo21. All other nucleic acid
substrates including ssDNA, triplex DNA and rRNA in-
duced even much weaker signal. The results support our hy-
pothesis that the two-directional multi-site interactions may
provide good recognition ability for G4-structures. The dis-
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-1 00p Interacuon

Molecular engineering of small-molecules to discriminate c-MYC and telomeric G4-DNA structures:
A stepwised modification of ligands to demonstrate the binding selectivity

Figure 1. The design of G4-selective fluorescent binding ligands offering three-point interactions via the molecular engineering of a non-selective thiazole
orange scaffold. The thiazole orange derivative 1 is non-selective. The critical site at the 2-position of the 1-methylquinolinium moiety of 1 is modified to
regulate the polarity, rigidity, and the size of the ligand in order to achieve high discrimination ability between c-MYC promoter and telomeric G4-DNA
structures. Ligand 2 bearing a terminal p-dimethylaminostyryl group is selective toward telomeric G4-DNA (Telo21, 4Telo, Human12, Oxy12 and Htg24).
Ligand 3 bearing a terminal p-(diphenylamino)styryl group is selective toward c-MYC G4-DNA (Pu27, Pu24, Pu22 and Pul8). Ligand 4 without the polar
propylpyrrolidine group linked to the thiazole-ring loses selectivity toward G4-DNA structures, indicating the importance of two-directional and multi-site
interaction design in the ligands 2 and 3.
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Figure 2. The selectivity of 3 to recognize G4-DNA to induce fluorescence signal. (A) Selectivity screening based on induced fluorescent responses of 3
upon binding to various nucleic acids in a Tris—-HCI buffer (10 mM, pH 7.4, containing 60 mM KCI). Concentration of ligand is 5 wM with 18 uM DNA.
The control is a test solution containing the same concentration of ligand but without the addition of DNA substrates. (B) Fluorescence signal 3 (5 pM)
observed directly under a laboratory UV-chamber (illuminated at 302 nm) upon the addition of nucleic acids (18 wM) in a Tris—-HCI buffer (10 mM, pH 7.4,
containing 60 mM KClI). (C) Fluorescence titration spectra of 3 (5 wM) with Pu27 G4-DNA (0-18 wM) in a Tris-HCl buffer (10 mM, pH 7.4, containing
60 mM KCl). (D) The Job plot analysis of the binding stoichiometry of 3-Pu27.
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crimination could be directly correlated with the unique G4
characteristic (sequence) of the binding environment. The
interaction results obtained with 2 (Supplementary Figure
S3B) suggested that the spatial environment of the bind-
ing pocket of telomeric G4—DNA such as Telo21 and 4Telo
could be significantly different from that of promoter G4s
including ¢-MYC (Pu27, Pu24, Pu22 and Pul8), Bcl-2, c-
KIT2, RET and VEGF. The c-MYC G4-DNA structure
could have many isomers but its topology is primarily in
parallel conformation and there are only a few flanking
bases at the 5'- or 3'-terminal (12). However, the topology
of telomeric G4 is more complicated because most telom-
eric sequences, such as Htg24 and Telo21, form hybrid-type
conformations in the presence of K* ions (9). Moreover, the
propeller loop and lateral loop were found in the hybrid-
type telomeric G4. The lateral loop and flanking bases are
in the 5 or 3'-terminal (13). We therefore speculated that
the crucial structural difference of G4s for the selectivity
might probably come from the sequences of the flanking
nucleotides (5'- or 3'-terminal) and/or the loops. The ap-
proach of developing ligands with the function of multi-site
interaction could tailor a molecular scaffold highly match-
ing the unique G4-structure.

To probe the structural characteristics of c-MYC G4—
DNA and discriminate c-MYC G4s from telomere with lig-
ands, we tried to vary the substituent groups at the thia-
zole ring through N-substitution and at the 2-position of
I-methylquinolinium in a two-directional manner. We even-
tually identified ligand 3 bearing a p-(diphenylamino)styryl
substituent group that has two rotatable phenyl rings rather
than methyl groups (ligand 2) and that possessed excel-
lent fluorescent discriminatory ability toward c-MYC G4-
DNA structures including Pu27, Pul8, Pu22, and Pu24
against telomeric G4, Bcl-2, ¢-KIT2, RET, VEGF and
other non-G4 nucleic acids (Figure 2A). In vitro binding
assay showed that the 3-Pu27 interaction induced a fluo-
rescence intensity ~4—5-fold higher than the telomeric G4
substrates tested. Surprisingly, the binding preference of 3
(c-MYC G4-selective) was opposite to that of 2 (telomeric
G4-selective). The excellent selectivity of 3 toward c-MYC
G4-structures is important and meaningful because the c-
MYC G4-selective small molecules are very attractive to
anticancer therapeutics (55,56). Our newly developed lig-
and system could provide important insights into molecular
drug design targeting the G4-structures of c-MYC.

To further prove the critical importance of two-
directional multi-site interactions of the ligand system,
we designed ligand 4 without the pyrrolidinyl group ex-
tended at the direction from the thiazole ring. The selec-
tivity of 4 toward ¢c-MYC G4-structures was completely
disappeared (Supplementary Figure S3C). This ligand also
showed poor discrimination between dsDNA and the G4-
structures of telomere and c-MYC promoter. Moreover, by
comparing the structure-discrimination relationship of 2,
3 and 4, we came to the conclusion that the two substituent
groups, pyrrolidinyl group extended from thiazole ring and
p-(dimethylamino)styryl or p-(diphenylamino)styryl group
at the 2-position of 1-methylquinolinium, may be essential
for the high selectivity toward either c-MYC or telomeric
G4-structure over other types of nucleic acids. To under-
stand more about the interaction mechanism of 3 with the
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¢-MYC G4-structure, equilibrium binding study, CD mea-
surements, G4-stabilization ability by 7}, measurements,
dynamic interaction study with '"H NMR, and molecular
docking study were performed.

In the in vitro binding study of 3 (Supplementary Fig-
ure S4, Figure S5 and Figure S7), only c-MYC promoter
G4-DNAs including Pu27, Pu24 and Pu22 induced strong
interaction signal, while the telomere G4s and other pro-
moter G4-DNAs including Bcl-2 and ¢c-KIT2, and the non-
G4 nucleic acids showed much weaker interaction signal.
It was found that the maximum fluorescence intensity of
the 3-Pu27 complex was almost 5 times as high as that of
other G4 substrates under the same conditions. A linear re-
lationship for the interaction was established (Supplemen-
tary Figure S6) and the limit of detection was estimated to
be 97.5 nM. Therefore, 3 could be utilized as a sensitive
and selective fluorescent tool for real-time detection and vi-
sualization of Pu27 (Figure 2B). In addition, the equilib-
rium binding constants of 3 with the representative DNAs
were determined based on fluorescence titrations (Supple-
mentary Table S4). The equilibrium binding constant (K)
of 3-Pu27 was found to be the largest (K = 18.91 x 10°
M), while that of Telo21 was much weaker (K = 6.88 x 10°
M), indicating that the interaction of 3-Pu27 was stronger
and the interaction mode could be different from that of
3-Telo21 (Supplementary Figure S7). In the case of ligand
2 (Supplementary Figure S8), the interaction of 2-telo21
(K =30.17 x 10> M") was much stronger than that of 2-
Pu27 (K =14.26 x 10° M!"). Moreover, the equilibrium dis-
sociation constants (K,;) determined with isothermal titra-
tion calorimetry (ITC) (Supplementary Table S5, Figures
S20 and S21) were found to be comparable to those ob-
tained in fluorescence titrations. Furthermore, the compe-
tition experiments (Supplementary Figure S9) could sup-
port that 3 was selective toward Pu27 and had much higher
binding affinity than duplex DNA (ds26), while 2 was se-
lective toward telo21 over ds26. For 1 and 4, similar equi-
librium binding constants were obtained from the binding
study with various substrates (Supplementary Figure S10),
indicating their selectivity was poor because these two lig-
ands could not offer two-directional multi-site interactions.

The study of ligand—G4 DNA interactions

In solution, the binding stoichiometry of 3-Pu27 complex
formed in vitro was found to be 1:1 (Figure 2D and Sup-
plementary Figure S11). To understand the dynamic bind-
ing modes in solution for ligands 2 and 3 interacting with
¢-MYC and telomeric G4-DNA, 'H NMR studies were
conducted. The formation of G-tetrad gave a set of gua-
nine imino protons that show characteristic chemical shifts
in the 10-12 ppm region (57). Changes in these imino pro-
ton signals could be observed when the ligand interacted
with the guanine (58). Since the chemical shifts of imino
peaks of Pu22 (c-MYC) and Htg24 (telomeric) G4-DNA
had been well resolved (59,60), we therefore selected these
substrates for investigation. The interaction of 3 with Pu22
(Figure 3A), the imino proton peaks corresponding to the
guanine bases G13, G4, G17, G10, G19, G15 and G6
were influenced whereas other imino proton signals did not
show any notable changes. This indicated that 3 could in-
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Figure 3. Chemical shift perturbation analysis of G-quadruplexes with ligands 2 and 3. (A) Imino proton regions of the '"H NMR spectra of Pu22 with
ligand 3 at molar ratios from 1:0 to 1:5. (B) Imino proton regions of the 'H NMR spectra of Htg24 with ligand 3 at a molar ratio from 1:0 to 1:5. (C)
Imino proton regions of the '"H NMR spectra of Pu22 with ligand 2 at molar ratios from 1:0 to 1:5. (D) Imino proton regions of the 'H NMR spectra of
Htg24 with ligand 2 at molar ratios from 1:0 to 1:5. The assays were performed in 25 mM KH>PO4 buffer (70 mM KCl, 10% D,O, pH 7.4) using 600 MHz

Bruker spectrometers at 25°C.

teract with the G-tetrad at 5'-terminal or 3’-end. For titra-
tion with telomeric G4, even at high ligand concentration
(Htg24:3 = 1:5), there were no notable changes observed
for the imino proton signals, which might indicate that the
interaction of 3-Htg24 complex is weaker compared to that
of 3-Pu22. Moreover, for ligand 2, the 2-Htg24 interaction
induced relatively strong signal influence to three sets of
imino protons corresponding to G3, G17 and G21 located
in G-tetrad at 5'-terminal. For the interaction of 2-Pu22,

the imino proton signals of G13, GS8, G17, G5, G10, G19,
G15 and G6 were influenced, which could indicate that the
G-tetrad of both 5'- and 3’-end had interacted with the lig-
and. Taken together, despite the small perturbation on the
chemical shift of imino protons, the '"H NMR study could
suggest a stacking interaction with the terminal G-tetrad.
Molecular docking study was performed using an NMR
structure of c-MYC G4 (PDBID: 2mgn) (61) to predict the
possible site and mode of interaction for ligand 3. The bind-
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ing modes that were most consistent with the NMR ob-
servation of the end w—stacking interaction were depicted.
The possible interaction differences between 2 and 3 in the
model were compared. Upon binding to c-MYC G4, the -
conjugation system of 2 that arose from the TO scaffold and
the styryl moiety contributed to the m—m stacking interac-
tion with two guanines (G4 and GS8) within the G-quartet
(Supplementary Figures S12A and B). The nitrogen atom of
pyrrolidine formed a hydrogen bonding interaction with the
phosphate backbone of the flank residues. For the docking
study of 3, which was more selective than 2 toward c-MYC
G4-DNA, the m—conjugation system arising from TO and
styryl moieties also contributed to the w— stacking inter-
action with G4 and G8 within the G-quartet (Supplemen-
tary Figure S12C and D). Similarly, the pyrrolidine group
was also found to have formed a hydrogen bonding inter-
action with the phosphate backbone of the flank residues.
More importantly, the diphenylamino group of the styryl
substituent was found to have extended into the loop near
G13 and engaged in hydrophobic interactions with A12.
The terminal non-polar diphenylamino substituent group
of 3 could play a role in the selective recognition of the c-
MYC G4-structure.

The multi-site interactions including m— stacking, hy-
drogen bonding and loop interactions could rigidify the 7w—
conjugation system of 3 and thus the ligand was able to pro-
vide good structural discrimination among G4-structures.
The strong fluorescence signal enhancement observed in 3—
G4 complex could be attributed to the interaction with G4-
binding pocket (a rigid environment) that restricted the in-
tramolecular rotation of 3 and that suppressed the non-
radiative decay of the ligand. To illustrate this, the degree of
the enhancement of fluorescence of the ligand in a glycerol-
water medium with increasing viscosity was examined (Sup-
plementary Figure S13). The results showed that the en-
hanced fluorescence intensity of the ligand was directly re-
lated to the viscosity of the medium, which could imply that
the formation of 3-G4 complex may restrict the intramolec-
ular rotation and induce strong fluorescent recognition sig-
nal.

Imaging and co-localization of G4-DNA structures in MCF-
7 cells

Live cell imaging and co-localization study targeting G4-
structures using ligands 2 and 3 in MCF-7 cells were car-
ried out. A commercial dye Hoechst 33342 was co-stained
for comparison in the bio-imaging experiments (Figure
4A and Supplementary Figure S15). The double-stranded
DNA stained by Hoechst 33342 gave a bright blue signal all
around the nucleus. The green (A\ex = 488 nm) imaged area
stained by 3 was much less than that of Hoechst 33342. Lig-
and 3 only selectively stained certain regions including the
area around the nuclear membrane, nucleus (few spots) and
subnuclear structures (probably nucleoli). The results sug-
gested that these regions could contain G4-structures. The
enzymatic digestion assays using DNase and RNase (Fig-
ure 4B, C) confirmed that the substrates stained with 3 were
DNA and not RNA.

To verify the G4-structures imaged by 3 in MCF-7 cells,
a fluorescent-labeled antibody (BG4) was utilized to co-
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localize with the ligand in cells (62-64). The confocal im-
ages (Figure 4D) showed that the BG4 staining revealed
the punctate fluorescence signal (blue foci) primarily in nu-
clei and some thinly foci were dispersed or scattered in cy-
toplasm, while 3 showed fluorescent spots in the nucleus
and intensive signals in the subnuclear region that presum-
ably was nucleoli. The merged image highlighted the co-
localized foci, which supported that BG4 and 3 could have
the same or similar cellular targets. In addition, we used
BRACO19 to compete with 2, 3 and TO in MCF-7 cells,
respectively (Figure 5). After the MCF-7 cells were treated
with BRACO19, both 2 and 3 showed obvious fluorescence
reduction, particularly in the nucleus. The results indicated
that the two ligands could have the same binding targets
in cells. In contrast, due to the non-selective nature of TO,
in the displacement assay, the double-stranded DNA also
stained by TO, the difference observed in cell imaging was
not obvious compared to 2 and 3.

Study of ligand effects on cytotoxicity, gene expression and
DNA damage in cancer cells

As indicated by the melting temperature experiments, both
ligands 2 and 3 could stabilize the G4-DNA structures of
¢-MYC and telomere (Supplementary Figure S16), which
could be able to repress cancer-related genes expression.
The results showed a AT, = 7.4°C for 3-Pu27 complex,
which was higher than that of 3-Telo21 (AT, = 3.3°C). The
ATy, results could indicate that 3 could stabilize Pu27 better
than Telo21. To evaluate the anticancer activity of ligands
2 and 3, four human cancer cell lines (U887, MCF-7, HeLa
and PC3) and two nonmalignant human cell lines (HK-2
and 16HBE) were selected for cytotoxicity evaluation with
MTT assays. According to the results shown in Figure 6A
and B and the ICsy values summarized in Supplementary
Table S6, 2 and 3 exhibited comparable cytotoxicity against
the cancer cells examined with ICsy values ranging from
4.2-6.6 WM. The ICsj of the nonmalignant cells were found
in the range of 8.5-19.1 pM.

The human telomerase gene telomerase reverse transcrip-
tase (WTERT) is important for cancer and aging (65). Many
studies have revealed that c-MYC could play a vital role
in the regulation of endogenous hTERT gene expression
(66,67). Even though the regulatory mechanism of hTERT
is not fully understood, it is believed that the downregula-
tion of hTERT expression could induce senescence in can-
cer cells (68). We found that ligand 2 showed better inter-
action than 3 with the hTERT promoter G4 in vitro (Sup-
plementary Figure S14). We therefore compared their ef-
fects on the downregulation of c-MYC and hTERT gene
expression in MCF-7 cells (Supplementary Figure S17).
The results (Figure 6C, D) showed that both ligands at 10
pM were notably downregulated the expression level of c-
MYC and hTERT mRNA. Ligand 3 also downregulated
the telomerase RNA component (hnTERC) mRNA expres-
sion level. Moreover, the downregulation of h"TERT by the
ligands 2 and 3 increased apoptosis and induced senescence
of MCF-7 cancer cells (Figure 6E and F). After MCF-7 cells
were treated with 2 or 3 for 36 h, hTERT was downregu-
lated. In addition, both Caspase-3 and Bax activities were
increased. The results indicated that the ligands induced
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Figure 4. Imaging of G4-DNA with ligand 3 in cells. (A) Confocal microscope fluorescence images of live MCF-7 cells stained with 5 uM 3 for 30 min and
1.0 uM Hoechst 33342 for 10 min. The magnification is 40x in all pictures. (B) Confocal microscope fluorescence images of live MCF-7 cells stained with
5 wM 3 for 30 min and then the cells were treated with RNase A. (C) Confocal microscope fluorescence images of live MCF-7 cells stained with 5 uM 3
for 30 min and then the cells were treated with DNase I. (D) Confocal images of MCF-7 cells stained with 2.5 uM 3 and BG4 in the immunofluorescence

experiments.

apoptosis (69,70). The western blot results obtained also
indicated a positive correlation with the degrees of senes-
cence induction in MCF-7 cells after the treatment with
the ligands (Figure 6G). Furthermore, the ligands upreg-
ulated v-H2AX and 53BP1, which were a characteristic
DNA double-strand break response (71,72). These results
were also found consistent with the DNA damage observed
in MCF-7 cells after treatment with the ligands (Figure 6H).
To compare the inhibitory effects of 2 and 3 on telomerase
activity, TRAP assays were performed. The results (Fig-
ure 6I) showed that the activity of telomerase in MCF-7
cells was inhibited in a concentration-dependent manner for
both ligands. Nonetheless, ligand 2 (telomeric G4-selective)
at 10 wM showed better inhibitory effects than 3 (c-MYC
G4-selective).

The study of ligand effects on exon-specific assays in CA46
cells

It was reported that over 85% of MYC expression was con-
trolled by the G4 located prior to exons 1 and 2 in the
promoter in most cancer cells (25). To further demonstrate
that 3 was ¢c-MYC selective, we studied the ligand effect
on Exon-specific assays in RAJI and CA46 cells to demon-
strate the specific MYC G4-ligand targeting the G4 within
the nuclease hypersensitive element III; region (NHE III;)

of the MYC gene (73). A translocation between an im-
munoglobin chain (the IgH heavy chain that resides on
chromosome 14) and the MYC promoter on chromosome 8
define Burkitt’s lymphoma and cause aberrant control and
upregulation of MYC expression. To study the effect of the
ligand targeting c-MYC G4, a pair of Burkitt’s lymphoma
cell lines (RAJI and CA46) was utilized where the translo-
cation caused the loss of the G4 region in the CA46 cell line,
but not in the RAJI cell line. The cytotoxicity results (Fig-
ure 7A) showed that 3 had low ICs values for both CA46
(ICsp =1.95 £ 0.21 wM) and Raji cells (ICsy = 0.73 £ 0.06
pwM). It is noteworthy that the semi-inhibitory concentra-
tion found in CA46 cells is about 3-fold higher than that in
the Raji cells, which may be due to the chromosomal (8:14)
translocation in CA46 cells (74). To correlate these two re-
sults, both RAJI and CA46 cells were treated with 3 at ICs
concentration for 36 h, followed by qPCR experiments on
Exon 1, Exon 2, and the ¢-MYC gene (Figure 7B, C and
Supplementary Figure S24). The results showed that ligand
3 had a significant inhibitory effect on Exon 1, but not on
Exon 2, in CA46 cells. Moreover, most c-MYC expression
was derived from Exon 2 and the suppression of c-MYC
gene was weak in CA46 cells after treatment with the lig-
and. However, 3 showed remarkable suppression of Exon
1, Exon 2, and ¢-MYC in Raji cells. The c-MYC-lowering
effect could be attributed to the ligand mediation through
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Figure 5. Confocal fluorescence images of MCF-7 cells stained with ligand 2, 3 or TO (5 pM) with increasing BRACO19 (0-15 wM) displacement. (A)
MCF-7 cells stained with 2 and BRACO19 (0-15 wM). (B) MCF-7 cells stained with 3 and BRACO19 (0-15 wM). (C) MCF-7 stained with TO and
BRACO19 (0-15 wM). The cells were imaged using an LSM 800 laser scanning confocal microscope. The excitation wavelength was 488 nm for TO and 2
and 3. (D) The competition study of fluorescent signal responses of 2, 3 or TO (5 wM) binding with nucleic acid and increasing BRACO19 (0-15 wM).

the c-MYC G4-structure. On the contrary, ligand 2, which
was more selective to telomeric G4-DNA, was found to
have less influence (Supplementary Figures S22 and S23).
Furthermore, we examined the stimulation of apoptosis by
ligand 3 at ICsy concentration for 36 h using caspase-3 ac-
tivation assays for both RAJI and CA46 cells. The ligand
exhibited a concentration-dependent increase in caspase-3
activation (Figure 7D) for both cells and the increase in the
level in Raji cells was found to be twice higher than that in
CA46 cells.

In vivo antitumor activity of ligands in MCF-7 tumor-bearing
mice

The in vivo antitumor activity of 2 and 3 was investigated.
Three groups of MCF-7 tumor-bearing female Balb/c nude
mice were intravenously injected with PBS (group 0), ligand
2 (group 1) or ligand 3 (group 2) once every three days (Fig-
ure 8A). There was no weight loss in the three groups of
mice throughout the experimental period (Figure 8B). Tu-
mor growth in the treatment groups (groups 1 and 2) was
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Figure 6. Cytotoxicity of ligands, gene expression and DNA damage studies. (A) U87, MCF-7, HeLa, PC3, HK-2 and 16HBE cells treated with 2 (1-30
wM) for 36 h, respectively (N = 3, mean £+ SD). (B) U87, MCF-7, HeLa, PC3, HK-2 and 16HBE cells treated with 3 (1-30 wM) for 36 h, respectively
(N = 3, mean £ SD). (C) qRT-PCR products obtained from MCF-7 cells were separated by electrophoresis in 3% agarose gel and stained with SYBR
Gold. (D) The mRNA expression of hTERT, hTERC and c-MYC genes in MCF-7 cells detected by real-time qRT-PCR, with GAPDH being used as a
standardized internal control. All the data represented the relative fold changes in mRNA expression of the genes of interest (N = 3, mean + SD, * P < 0.05,

sk

" P <0.01 and """ P < 0.001, significantly different from the control; ns, not significantly different from the control). (E) and (F) Western blot to determine
the translation of c-MYC, hTERT, Caspase3, Bax, y-H2AX, 53BP1, and B-actin in MCF-7 cells treated with 2 (0-10 wM) and 3 (0-10 wM) respectively
for 36 h (N = 3, mean £ SD, (") P < 0.05, (") P < 0.01 and (*"") P < 0.001, significantly different from the control; ns, not significantly different from the
control). (G) SA-B-gal assay was used to detect the effects of 2 (ICsy dose) and 3 (ICsp dose) on senescence of MCF-7 cells. (H) Comet assay analysis of
DNA damage in MCF-7 cells after 36 h of treatment with 2 or 3 (10 wM). Compared with the control group, longer tails were observed in MCF-7 cells
treated with 2 or 3. (I) The effect of 2 and 3 on the concentration-dependent inhibition of telomerase activity. In the TRAP assay, MCF-7 cells were treated
with the ligand 2 or 3 for 36 h.
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Effects of CA46 and Rayji cells treated with 3 on caspase-3 protein in apoptosis pathway.

obviously inhibited by 2 or 3 (Figure 8C). Compared to
the rapid growing tumors in the control group, the tumor
growth found in group 1 (treated with 2) was reduced by
41% while in group 2 (treated with 3) it was reduced by 79%
in terms of tumor weight (Figure 8D-F). In terms of the in-
hibitory effect of the ligands on tumor growth, the tumor
tissues from the MCF-7 tumor-bearing nude mice treated
with 2 (group 1) showed nuclear sequestration and frag-
mentation in H&E images compared to the control (group
0) (Figure 8G). More importantly, the tumor tissues from
the mice treated with ligand 3 (group 2) showed more se-
vere apoptosis and necrosis accompanied by notable nu-
clear fragmentation and nucleolysis. TUNEL staining data
also showed that 3 promoted apoptosis of tumor cells to
a greater extent than 2. Furthermore, Ki67 staining as-
say clearly showed that 3 inhibited tumor cell proliferation
more effectively than 2 (Figure 8G).

To further evaluate the biocompatibility and cytotoxicity
in vivo of 2 and 3, the mice were executed on the third day
after the last injection of the ligands. The whole blood was
collected for the assessment of various biochemical param-
eters including white blood cell count, lymphocyte count,
neutrophil count, red blood cell count, hemoglobin, mean
red blood cell volume, mean red blood cell hemoglobin con-
tent, mean red blood cell hemoglobin concentration, mean
platelet volume, and platelet count. The results confirmed
that no notable changes in these index values were observed
between the treatment groups and control groups (Figure
9A). Moreover, the H&E staining sections of the main or-
gans of the mice, the heart, liver, spleen, lung and kidney,
were evaluated (Figure 9B). It was found that neither 2 nor

3 were toxic to these major organs. These results indicated
that mice treated with the ligands did not exhibit inflam-
mation or infection, suggesting that the ligands were highly
histocompatible with normal tissues.

DISCUSSION

The DNA G4-structures of c-MYC promoter and telomere
are known important drug targets for anticancer research
(16). The discrimination of these two classes of G4-motif
with ligands at the molecular level is a challenging task. De-
spite the fact that a number of G4 ligands have already been
developed and that they show good selectivity toward G4-
structures against double/single-stranded DNA and RNA
molecules in vitro, how to design selective molecules to tar-
get the G4-structures of c-MYC promoter from telomere is
rarely discussed in literature (27-35). In the present study, a
new ¢-MYC G4-DNA structure-selective ligand that pos-
sesses two-directional multi-site interaction functionality
and that is flexible to establish effective binding to the nu-
cleotides of both flanking residues and loops of the G4-
motif was developed. The sequence of the flanking residue
and loop may define a unique binding site for recognition.
The present study demonstrated, for the first time, the engi-
neering of a non-selective molecular scaffold of thiazole or-
ange that could be either telomeric- or c-MYC G4-selective
through systematically regulating the functional groups in
two directions to generate multi-site interaction ability. The
interaction study using '"H NMR titrations for the ligand
and G4-DNA in solution suggested a m-stacking interac-
tion mode at 5'-terminal or 3’-end of the G-tetrad. The in-
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Figure 8. (A) A schematic diagram of in vivo treatment regimen of ligands 2 and 3 in MCF-7 tumor-bearing nude mice. (B) Body weight changes in MCF-7
tumor-bearing nude mice injected with ligand 2 or 3 (1.5 mg/kg) in tail vein over 18 days (N = 5, mean £ SD). (C) Time-dependent changes in tumor
volume after different treatments for 18 days (N = 5, mean + SD, P < 0.05, " P < 0.01 and ™" P < 0.001). (D) Weight of isolated tumors in MCF-7
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creased ATy, of the ligand—G4 complex suggested that the that 3 was selectively binding to G4-structures. In addition,
ligand was able to bind to G4-DNA and thus stabilize the molecular modeling study suggested the involvement of the

structure. interaction 3-G4 motif in the establishment of a special sub-

The ligand system designed based on a thiazole orange stituent group interaction with both the loop and flanking
scaffold possesses a two-directional and multi-site interac- residues of c-MYC G4-DNA. Furthermore, in the study of
tion functionality. The structural modification derives two inhibitory effects on telomerase activity in MCF-7 cells with

analogues selectively targeting G4-structures of telomere 2 and 3, it was found that 2 (telomeric G4-selective) showed
(ligand 2) or c-MYC promoter (ligand 3). Both ligands better inhibitory ability than 3 (c-M YC G4-selective), which
targeting G4-structures showed excellent live cell imaging suggested that the two ligands probably had certain degrees
performance. The intracellular co-localization studies with of selectivity toward telomeric and c-MYC G4-DNA struc-
the G4-selective BG4 and BRACO19 consistently suggested tures, respectively.

220z YyoJe 0 uo 3senb Aq 0168259/628 L/7/05/2101e/1eu/woo dno-olwspeoe//:sdiy wolj pspeojumoq



Nucleic Acids Research, 2022, Vol. 50, No. 4 1845

1.2+ 165 5- 18.0- 325-
A —‘— A
~ 0.9 160+ 5 4 B 320
S -y B ~17.54 4 oy
b . S 155 S 3- = D315 ,
< 0.6 o ‘ z 5 2
c O 150 S 2- 310
< T £ = 17.01 )
O 0.3+ 2
145 14 305
0.0- 140- 0- 16.5- 300-
N q S N o S N A S N A N q
N K K N K K K K K N K K N K K
& & & & & & & & & & & & & &
57- 6.5- 700- 10.0 6
-
56" ° A —
- 6.0- N - 5 9.5 =
5 - = 600- S 5 4-
S % s $ 3 S
s 2 55 3 S 9.0+ = | oTe
54 o Q
3 = 5 500 2 : @ 2+
H o =
- 5.0 © 8.5

Figure 9. Effects on normal tissues and blood of nude mice after injection of ligand 2 or 3. (A) Biochemical blood analysis of the ligands-treated mice 18
days post-injection under various conditions (group 0: treat with PBS, group 1: treat with ligand 2, group 2: treat with ligand 3) (N = 3, mean + SD). (B)
H&E-stained images of the major organs (heart, liver, spleen, lung and kidney) from different groups (scale bar is 200 pm).

Ligands 2 and 3 showed excellent cellular uptake effi-
ciency in MCF-7 cells (Supplementary Figure S18). In the
cytotoxicity evaluation by MTT assays, the ICsy values of
the G4-selective ligands 2 and 3 against a panel of human
cancer cells including U87, MCF-7, HeLa and PC3 were
found to range from 4.2 to 6.6 wM, suggesting that the
ligands had active anticancer activity. G4—DNA structures
could possibly be the drug target of the ligands studied
(11). In the cellular study, ligand 2 was more effective than

3 in the inhibition of telomerase activity probably due to
its better selectivity toward telomere G4-DNA. Ligand 2
was found effectively shortened the telomere length in the
TRAP assays in MCF-7 cells. The critically shortening of
telomeres may not be able to maintain protective cap struc-
tures. Thus, the open telomeric ends may initiate DNA dam-
age responses of the cancer cells. On the other hand, in the
study of ligand effect on Exon-specific assays in CA46 cells
(73,74), 3 showed remarkable suppression of Exon 1, Exon

220z Ydie 0 uo 1senb Aq 0168259/6281//0G/@01He/eu/woo dno-olwepede//:sdiy woly pepeojumod



1846 Nucleic Acids Research, 2022, Vol. 50, No. 4

2, and c-MYC in Raji cells while much less influence was ob-
served for 2. The results could indicate that 3 was a c-MYC
G4-selective ligand.

In addition, both 2 and 3 were found to be able to down-
regulate c-MYC and hTERT gene expression in MCF-7
cells. The control gene CTCF, which was the repressive fac-
tor in the regulatory region of the hTERT promoter, was not
affected by the ligands (Supplementary Figure S19). The re-
pression of hTERT gene expression by the ligands may in-
duce senescence of the cancer cells. As indicated from the
SA-B-gal assays (Figure 6G), 2 and 3 at 1Csy concentra-
tion were able to induce remarkable cellular senescence of
MCEF-7 cancer cells. This was most likely to be attributed
to the effect of the ligands that markedly suppressed MYC
expression (75). It thus results in proliferative arrest of the
cancer cells (76). Furthermore, the ligands were found to be
able to upregulate y-H2AX and 53BP1 markedly in MCF-7
cancer cells, which indicated that DNA damage in the cells
was induced by 2 and 3. This is probably a consequent of
the persistent inhibition of h"TERT gene expression by the
ligand. The comet assays (Figure 6H) also provide the evi-
dence of DNA damage in the cancer cells after treated with
the ligands. The induced DNA damage responses in MCF-7
cells may cause the transition of cells into a state of senes-
cence. The accumulating DNA damage in MCF-7 cells may
eventually cause substantial cell death (77,78).

The investigation of in vivo antitumor activity of ligands 2
and 3 in MCF-7 tumor-bearing mice revealed that 3, which
was selective to c-MYC promoter G4-DNA, was able to in-
hibit tumor growth remarkably (79% tumor weight reduc-
tion). The antitumor activity of 3 was better than that of
2 (41% tumor weight reduction). The concentration of lig-
ands in the bloodstream of the mice after intravenous ad-
ministrations was investigated with HPLC-MS. The ligand
concentration in blood over time was found to have de-
creased gradually (Supplementary Figure S25). In general,
the ability of 3 to be retained in the bloodstream was better
than that of 2. The results showed that there were about
56% of 3 remaining in the bloodstream while there were
only 40% of 2 after injection for 2 h. One of the possible
factors for ligand 3 showing better antitumor activity could
be the ligand possessing better in vivo stability. Nonetheless,
both ligands were eliminated from the bloodstream after 24
h. Moreover, the evaluation of in vivo biocompatibility and
cytotoxicity also showed that neither ligands 2 and 3 were
toxic to the major organs including the heart, liver, spleen,
lung, and kidney, and neither of them had caused any in-
flammation or infection, suggesting that the ligands were
highly histocompatible with normal tissues. Taken together,
the results may provide insights into the designing of anti-
cancer drugs targeting the c-MYC G4-structures with high
selectivity and thus the off-target effects could be possibly
reduced.
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