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Molecular recognition and imaging of human telomeric G-quadruplex DNA in live cells:
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19 ABSTRACT

A series of fluorescent ligands, which were systematically constructed from thiazole orange scaffold was
24 investigated for their interactions with G-quadruplex structures and antitumor activity. Among the
26 ligands, compound 3 was identified to exhibit excellent specificity towards telomere G4-DNA over other
nucleic acids. The affinity of 3-Htg24 was almost 5 times higher than that of double-stranded DNA and
31 promoter G4-DNA. Interaction studies showed that 3 may bind to both G-tetrad and the lateral loop near
33 5'-end. The intracellular co-localization with BG4 and competition studies with BRACO19 reveal that 3
may interact with G4-structures. Moreover, 3 reduces the telomere length and downregulates hTERC
and hTERT mRNA expression in HeL.a cells. The cytotoxicity of 3 against cancer cells (ICs0=12.7-16.2
40 uM) was found generally higher than non-cancer cells (ICso =52.3 uM). The findings may support that

42 the ligand is telomere G4-DNA specific and may provide meaningful insights for anticancer drug design.
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INTRODUCTION

Nucleic acids can form many subtle secondary structures including the non-canonical DNA and RNA G-
quadruplexes (G4).!™ These special structures may play vital roles in biological process such as
regulation of gene expression and cell proliferation.>® The putative G4-forming sequences are
prevalently found in the human genome and are localized in the biologically relevant regions such as
telomeres,”~'! which implicate in many critical cellular process underlying genome stability, cancer, and
aging.'>'* The length of telomeres is progressively shortened after each round of DNA replication and
cell division and eventually the remaining small segments can no longer be copied, which is referred as
“the end replication problem”. Nonetheless, Greider and Blackburn discovered that telomerase plays a
key role in the addition of TTAGGG repeats to telomeres.!® Telomerase is found over expressed in many

tumor cells and, during the telomerase activity, the telomeric G4-DNA structure needs to be unfolded. '*

18 To enhance the stability of G4-structures with ligands may be able to inhibit the telomerase activity.'*°
The telomeric G4-DNA structure is thus a potential drug target for chemical biology and anticancer
research.

Over the past decade, a variety of ligands selectively binding to telomeric G4-DNAs have been reported.
Some typical examples such as telomestatin,>! TMPyP4,2> Se2SAP,? PDC-360A,%* Phen-DC3,%
BRACO19,%6 CND-1,>" and phthalocyanine®® for the inhibition of telomerase activity have been
demonstrated. To design low molecular mass fluorescent ligands possessing high specificity and affinity
targeting telomeric G4-structures for chemical biology study is challenging. Thiazole orange (TO) is a
nonspecific ligand and is widely utilized for nucleic acid staining due to its excellence in fluorescence
quantum yield.?° Some recent works such as benzofuroquinolinium,*® ISTO,*! TOPI,*? and PyroTASQ*
have also demonstrated that the structural modification of TO can offer a notable telomeric G4-DNA
specificity in terms of fluorescence discrimination. In addition, several styryl-substituted TO molecules

have been reported to show better selectivity towards G4s and ribosomal RNA over other nucleic acid

substrates depending on the scaffold of the group substituted at the ortho-position of the 1-
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methylquinolinium ring.>** However, a systematic engineering of TO on the benzothiazole and 1-
methylquinolinium moieties for understanding the binding specificity towards G4-DNA structures is
rarely found in literature. We reported herein a series of systematically designed styryl-substituted TO
ligands and the study of the structural influence on the specificity and binding affinity towards various
G4-structures and their complementary i-motif scaffolds. In addition, the effects of the ligand on the
inhibition of telomeric G4-DNA amplification in vitro, the inhibition of telomerase activity, the
downregulation of hTERC and hTERT expression, the cytotoxicity evaluation against the cancer and
non-cancer cells, and the application of the ligand in cell imaging and intracellular localization of G4-

structures were demonstrated.

RESULTS AND DISCUSSION

The design of telomeric G4-DNA specific binding molecules and their photophysical properties. To
have a better understanding of the structural relationship of the ligands in ligand-DNA interactions
targeting G4-structures, a series of fluorescent ligands constructed based on the thiazole orange scaffold
with a variety of substituents as shown in Scheme 1 (1-10) was rationally designed and synthesized. The
ligands isolated for assays were confirmed to have a purity not less than 95% with HPLC analysis and
their water solubility at 25 °C was determined to be in the range of 71-167 uM. The specificity of these
ligands towards different G4-structures was screened using fluorescence titrations with a panel of
representative nucleic acids (Table S1) including single-stranded, double-stranded and G-quadruplexes
(promoter and telomere) DNA, i-motif, and rRNA in a buffer solution containing 60 mM KCIl at pH 7.4.
The induced fluorescence intensity due to ligand-DNA interactions indicates the discrimination ability
of the ligand towards a specific G4-structure. The screening results (Figure S1-S2) revealed that the
substituent groups of the ligands exhibit significant influence on the binding selectivity with different
nucleic acids. In the molecular design, we took two-site modifications on the thiazole orange scaffold

(Scheme 1): (1) Substitution at the nitrogen atom of the thiazole ring with two variable groups possessing
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similar size (one polar and one less polar), 4-propylmorpholine and 4-methyl-1-propylpiperidine; (ii)
Substitution at the 2-position of 1-methylquolinediunium moiety with five variable groups bearing
different polarity and size. By analysis of the structures with regard to the discrimination signal induced
from the ligand-DNA interaction, we found that the substituent group of p-dimethylaminostyryl at the 2-
position of the 1-methylquolinediunium site is the most critical to achieve good telomeric G4-DNA
discrimination against other type of nucleic acids. Moreover, the combination with a 4-propylmorpholine
substituent at the nitrogen atom of the thiazole ring (ligand 3) offers the best G4-specificity targeting
telomere DNA such as Htg24, Htg22 and Telo21 while its analogue 8 bearing a 4-methyl-1-
propylpiperidine substituent at same site is less specific because the substrates of double-stranded DNA

and promoter G4-DNA were also showed significant interaction signals.
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Scheme 1. Synthetic routes to compounds 1-10. (i) Reaction of 4-chloro-1,2-dimethylquinolin-1-ium
42 iodide, 3-(3-iodopropyl)-2-methylbenzo[d]thiazol-3-ium bromide and potassium iodide in methanol
44 solution, at 40 °C for 3 h; recrystallization of crude products with ether to obtain intermediate a in 80 %
yield. (ii) Reaction of intermediate a with morpholine (or 4-methylpiperidine) in acetonitrile, at 40 °C
49 for 24 h; recrystallization of crude products with ether to obtain the intermediate b1 or b2 in 40-50%
51 yield. (iii) Reaction of intermediate bl (or b2) and 4-(methylthio)benzaldehyde (or 4-
hydroxybenzaldehyde, or 4-(dimethylamino)benzaldehyde, or 4-(diphenylamino)benzaldehyde, or 4-
56 formylbenzonitrile) with 4-methylpiperidine as a base in n-butyl alcohol, reflux (about 135 °C) for 3 h;

58 purification of crude products by flash silica gel column chromatography to obtain compounds 1-10.
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Figure 1. The specificity of ligand 3 to recognize G4-DNA to induce fluorescence signal. (A) Selectivity

screening based on induced fluorescent responses of 3 upon bound with various nucleic acids ina pH 7.4

Tris-HCI buffer (10 mM) containing 60 mM KCI. The ligand concentration was 5 uM with DNA

substrates at 15 uM. The control is the test solution containing same concentration of ligand and without

adding DNA substrates. (B) Fluorescence titration spectra of 3 with Htg24 G4-DNA in a pH 7.4 Tris-

HCI buffer (10 mM) containing 60 mM KCI. (C) Ultraviolet Spectrophotometric titrations of 3 (5 uM)

with Htg24 (0—15 uM) in a pH 7.4 Tris-HCI buffer (10 mM) containing 60 mM KCI. (D) The Job plot

analysis of binding stoichiometry of 3 and Htg24; (E) CD spectra of 5 uM Htg24 binding with 3 at pH

7.4 in a Tris-HCI buffer (10 mM) without metal ion; (F) CD melting curves for Htg24 G4-DNA with or

without the addition of 3 (5 uM).
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The spectral property of binding ligands is one of the fundamental parameters to be considered for
applications in biosensing and bioanalytical purposes, particularly the fluorescence quantum yields. The
spectral properties of the ligands (1-10) in a buffer solution containing nucleic acids were thus measured
(Table S3). The fluorescence quantum yields (®r) of the ligands upon bound to Htg24 were found in the
range of 0.045 to 0.317. Moreover, among the ligands, 3 and 8 show long wavelength emission at 642—
648 nm (Aex at 480—483 nm), large Stokes shift (162—165 nm) and good quantum yield (®r= 0.217 and
0.317). Interestingly, 3 demonstrated the best G4-DNA specificity from the screening results. We
therefore used this ligand for an in-depth study to understand its interaction mechanism with telomeric
G4-DNA in vitro and to investigate the recognition property and imaging ability targeting G4-structures
in live cells. The control experiment showed that 3 has almost no background fluorescence signal in
buffer solution (Figure 1A). When it interacted with telomeric G4-DNA (Htg24 and Htg22), a signal
enhancement of 120-fold (F/Fo) was induced, which is about 4-6 times of the promoter G4-DNA, 5-20
times of double-stranded DNA and 50 times of single-stranded DNA. In addition, the interaction of 3
with the i-motif structures examined induced only weak fluorescence signal (F/Fo = 1-14 folds), which
is much lower than that of the G4-structures of their complementary sequences. The results indicate that
the ligand may preferentially interact with G4-DNA structures more than their complementary i-motif.>¢
In addition, both the fluorescence and UV -vis titrations (Figure 1B—C) indicate the in-sifu formation of
3-Htg24 complex. The ligand also shows a good linear relationship between the fluorescence signal
induced and the concentration of substrates. The detection limit (LOD) estimated for Htg24 was found
to be 86.2 nM approximately (Table S3 and Figure S3). Furthermore, 3 can be utilized as a sensitive and
selective fluorescent staining agent for PAGE staining of telomeric G4-DNA substrates such as Telo21,
Htg24, Oxy28 because the promoter G4-DNA (such as Pu27 and CKIT2) and dsDNA (Ds26) gave very

weak staining signals (Figure S4).
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Table 1. Equilibrium binding constants for ligands interacted with various nucleic acids at 25 °C.?
Ligand Equilibrium binding constant, K¢, (x10° M™)
Dt21 Ds26 rRNA Pu22 Telo21 Htg24
1 n.d. 6.57+0.12 7.64+0.15 4.86+0.32 3.01+0.09 3.25+0.25
2 n.d. n.d. n.d. 12.00+0.25 9.65+0.11 11.99+0.34
3 n.d. 3.67+0.15 6.20+0.11 3.09+0.09 18.52+0.10  20.82+0.22
4 n.d. 2.72+0.03 n.d. 6.45+0.10 5.23+0.16 4.90+0.15
5 n.d. 3.79+0.08 5.01+0.06 4.434+0.05 7.22+0.06 5.05+0.09
6 n.d. 7.55+0.15 7.87+0.26 7.66+£0.20 6.50+0.14 6.89+0.12
7 n.d. 14.00+£0.52  14.63+0.35 5.50+0.19 13.63+0.25 13.15+0.24
8 n.d. 10.76+0.41 8.40+0.33 16.63+0.41  24.40+0.43  23.52+0.70
9 n.d. 1.5440.02 n.d. 9.07+0.10 7.85+0.10 7.22+0.05
10 n.d. 13.21£0.15 7.86+0.08 9.83+0.05 9.57+0.03 9.02+0.06

2 Equilibrium binding constant between the compound and nucleic acid at 25 °C;

n.d.: denotes not determined due to the ligand-DNA binding signal is too weak for estimation.

The binding stoichiometry of the ligand-G4-DNA complex determined by Job plot analysis was found

to be 1:1 (Figure 1D). The possible conformational influence of the ligand on Htg24 was studied with

circular dichroism (CD) experiments. It is noteworthy that 3 promoted G4-DNA formation under Na* or

K" ion free conditions (Figure 1E and Figure S5). Moreover, 3 is able to stabilize Htg24 G4-structure in

a buffered solution containing KCI (60 mM) at pH 7.4 by increasing 9.1 °C approximately (Figure 1F),

indicating the formation of a stable 3-Htg24 complex. The binding affinity for the ligands showing strong

interaction signal with substrates in the fluorescence titrations was estimated (Table 1). By comparing

their equilibrium binding constants (Ke,), the interaction specificity of the ligand could be more indicative.

The results revealed that 3 exhibited the best specificity towards the telomeric G4-DNAs against
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promoter G4-DNA (Pu22, K., =3.1x10° M), single-stranded (Dt21, the interaction was too weak for
determination) and double-stranded DNA (Ds26, K., =3.7x10° M), and rRNA (K., =6.2x10° M™"). The
affinity of 3 interacted with Htg24 was found to be about 20.8x10° M™!, which is at least 3-fold higher
than other type of nucleic acids. The binding constants estimated from fluorescence titrations were found
comparable with those obtained from isothermal titration calorimetry (Table S4 and Figure S6-S8). The
interaction affinity in terms of Ky values for 3-Htg24 (K4 =0.65 uM) and 3-Htg22 (K; =0.71 uM) is at
least 4-fold stronger than that of 3-Pu27 (K4 =3.27 uM) and 3-Ds26 (Kg =2.97 uM). We therefore
speculated that the molecular scaffold of 3 may have a better site-matching with the binding pocket of
the telomeric G4-structure, such as Htg24, which rendered it a good discrimination against those of
promoter G4-DNA structures such as Pu22 and Pu27. Further supportive results were obtained from the

study of ligand—G4-DNA interactions in solution with 'H NMR titrations and site mutation experiments.

NMR study of ligand-telomeric G4-DNA interaction and probing the binding mode in solution.

The '"H NMR study for the interaction of Htg24 with 3 in solution was showed in Figure 2A. The imino
protons of Htg24 give a group of characteristic guanine imine proton signals with chemical shifts between
10.5-12.3 ppm, which indicates the formation of G-tetrads.’”-*® In the titration, as increasing the molar
ratio of ligand to Htg24, 3 interacts with the guanine bases of the G-tetrad and therefore causes observable
changes both in chemical shift and peak intensity of the imino proton signals. It was obvious to observe
that 8 groups of the imino proton peaks corresponding to the guanine bases G3, G17, G21, G5, G15, G23,
G16 and G22 were influenced notably under the titration condition of 3:Htg24 = 3:1. The peak intensity
of G3, G21, G35, G15, and G22 was found decreased. The chemical shift of the peaks corresponding to
G16 and G21 was shifted to low field while those of G5 and G23 were shifted to high field. The remaining
imino proton signals did not show observable changes. These results suggest that 3 may interact with the

G-tetrad through an end-stacking mode. To understand further whether the ligand interacts with these
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sites and also with the lateral loop of the telomeric G4-structure, a series of single-site mutations on an
Htg24 sequence was investigated (Figure S9). The topology of Htg24 wild type is antiparallel in buffer
solution with 60 mM K" ion and no conformational change was observed upon interacted with 3 (Figure
S5). Nonetheless, circular dichroism (CD) measurements for Htg24 mutants revealed conformational
changes for certain mutation sites including T6G (hybrid), A8G (hybrid), T12G (hybrid), A14G (hybrid),
G16A/C/T (parallel), T18G (hybrid), T19G (hybrid), A20G (hybrid) and G22A/C/T (hybrid) while the
remaining mutants retained the antiparallel conformation. It is noteworthy that the interaction of ligand
with all these mutants does not induce conformational changes (Figure S10).

In addition, Figure 2B showed that the remarkable negative impacts in fluorescence titrations for the
interaction signal were found on the mutants at the sites of G3A/C/T, G5C, T6G, A14G, G16A/C/T,
G17A/C/T, T18G, A20G and G22A/C/T, while the mutants at sites G21A/C/T showed very strong signal
enhancement unexpectedly. It is noteworthy that the influence of interaction signal at mutation sites of
(23, G15 and G11 was found relatively mild. From an Htg24 model shown in Figure 2B, G3, G17 and
G21 are the core guanine bases of the terminal G-tetrad near 5’-end. T6, T18 and A20 are on the lateral
loops, which are also located near 5’-end. Moreover, it is interesting to observe that the mutations of
G21A/C/T, as altering its location from G-tetrad to the lateral loop, the interaction signal was intensitied
but caused no conformational changes. All these results may indicate that the interaction mode of 3-
Hgt24 could probably involve the lateral loop binding. Furthermore, the remarkable influence on the
interaction signals observed at these particular sites may suggest that the interaction of 3-Hgt24 most
likely occurs at the binding pocket near 5'-end through an end-stacking mode with the G-tetrad and its
side groups may interact with the adjacent lateral loops. Taken together, the results obtained from
mutations study are found consistent with the NMR observation. It may also support that the ligand
probably has a preferential interaction mode of end-stacking with G-tetrad in combination with the lateral

loop interaction near 5'-end.
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Figure 2. (A) The 'H NMR spectra showed the imino proton regions of Htg24 and its interaction with 3
35 at a molar ratio from 1:0.5 to 1:3. The titrations were performed in a 25 mM KH>PO4 buffer (10% D>O,
37 70 mM KCIl, pH 7.4) at 25 °C. (B) Fluorescence binding assays of 3 (5 uM) with Htg24 mutants in a
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DNA. All strips were dyed by SYBR Gold. (B) An increasing observable BG4 foci in HeLa cells after
treated with 3 (020 uM). (C) gqRT-PCR products were separated by electrophoresis in a 3% agarose gel
and were stained with SYBR Gold. (D) The mRNA expression of hTERC and hTERT genes detected by
real-time qRT-PCR. All the data represented the relative fold change of mRNA expression of the hTERT

and hTERC genes. (ns: p=>0.05, *p<<0.05, **p<<0.01, ***p<<0.001). (E) Relative telomere length
measurement results: HeLLa cells were treated with 3 at 0—4 uM for 18 days. (ns: p>0.05, *p<<0.05, **p
<<0.01, ***p<<0.001). (F) Concentration-dependent inhibition of telomerase activity by 3 in HeLa cells.

(G) SA-f-gal assays were used to investigate the effects of 3 and BRACO19 on cell senescence of HelLa

cells.

Stabilization of telomere G4-DNA structure in vitro and in cells with the ligand. Since compound 3
is able to bind to telomeric G4-DNA selectively and stabilizes the G4-structure, we further examined its
ability to inhibit the amplification of the telomere G4-forming sequence in vitro. Figure 3A showed the
results of PCR stop assays, in which a G4-forming DNA oligonucleotide Htg24 was treated with 1 (non-
G4 selective and weak affinity), 3 (G4-selective with strong affinity) and 8 (less G4-selective and strong
affinity), respectively. The mutant (Htg24-Mut) with a non-G4 forming Htg24 sequence was also
conducted as a control. In the experiments, applying the ligand at 20 uM, 1 did not inhibit the PCR
product formation and 8 showed partially inhibited while 3 completely inhibited the DNA amplification
of Htg24 by Taq polymerase. The performance of 3 was found comparable with BRACO19. These results
indicate that 3 may interact telomeric G4-DNA and stabilize the G4-structure and thus inhibiting DNA
amplification. In addition, in the assays to stain the intracellular G4-structure in HeLa cells with BG4
(Figure 3B), it is noteworthy that the number of observable BG4 foci (blue spots) found in the imaging

was increased gradually when the concentration of 3 was increased from 0 to 20 pM for incubation with
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HeLa cells. The results demonstrate that 3 may induce the formation of G4-structure and then stabilize

the structures in cellular.

Downregulation of the gene expression of hTERC and hTERT in vivo and the inhibition of
telomerase activity with the ligand. The telomerase is a large complex that consists of many
components; however, hTERT and hTERC are the minimal complex required for telomerase activity in
vitro.*® In various types of human cancers, the level of h\TERT and hTERC gene expression is usually
upregulated.*®*! Nevertheless, the molecular mechanism involved in the regulation of hTERT and
hTERC gene expression for telomere maintenance and telomerase activity has not been clear currently.*
It is noteworthy that the telomerase activity was found not detectable in the absence of h\TERC,* which
may suggest that the downregulation of hTERC expression with ligands in cancer cells could inhibit
telomerase activity. To investigate whether the G4-DNA binding ligands could downregulate the hTERC
expression, we quantified the total mRNA of hTERC and hTERT in Hel.a cells treated with different
concentrations of compounds and also compared the results with BRACO19. The results were shown in
Figure 3C-D and Figure S11. It was found that both 3 and 8 demonstrated comparable downregulation
effects to BRACO19 in the expression of hTERC and hTERT mRNA despite the underlying molecular
mechanism remains unclear. In addition, the qRT-PCR results showed that both compounds at 20 uM
almost completely inhibited the expression of hTERC and hTERT mRNA, while 1 was found obviously
less effective. The downregulation of hTERC and hTERT genes expression in vivo may be attributed to
the influence of the G4-selective ligands binding to the c-MYC promoter, which is a key regulator to
control the transcription of these genes in tumorigenesis.*** The compounds that could proficiently
downregulate hTERC and hTERT gene expression and, at the same time, interfere with telomere integrity
may be able to achieve high efficacy on the anti-telomerase therapy.*®

The effect of 3 on the reduction of telomere length and telomerase activity inhibition was also examined.

HelLa cells were treated with the ligand for 18 days and then the relative telomere length was measured
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with the qRT-PCR based method (Figure S12).#” The results shown in Figure 3E revealed that 3 reduced
notably the telomere length in a concentration-dependent manner, which is probably attributed to the
stabilization of telomeric G4-DNA structure with the ligand that interrupts the telomerase activity in
HeLa cells. TRAP assays were also conducted to determine the telomerase activity in HeLa cells. From
Figure 3F, the results show that 3 is able to inhibit telomerase activity in HeLa cells in a concentration-
dependent manner. However, the effect from the downregulation of hTERC and hTERT expression with
the G4-binding ligands could also be a possible factor in the inhibition of telomerase activity.*
Furthermore, 3 and BRACO19 were applied in SA-f-gal assays to study and compare their effects on
cancer cell senescence (Figure 3G). It is noteworthy that both compounds were positive in SA-f-gal
staining and showed comparable results, which may infer that 3 interacts with telomere G4-DNA and
stabilizes the structures. Consequently, it may cause telomere shortening and/or telomere dysfunction
and followed leading to cancer cell senescence. The findings may be in alignment with a previous study
that revealed the interaction of BRACO19 with telomere G4-DNA causing viability loss in brain tumor

cells due to the ligand inducing T-loop disassembly and telomerase displacement.*®

Live cell imaging study with the ligand. Live cell imaging performance of 3 targeting telomeric G4-
DNA were demonstrated in U87 cells. A commercial dye (DAPI) was applied for comparison. From
Figure 4A, the cells after co-staining with DAPI and 3, the whole nucleus region of the cell was imaged
blue by DAPI (Aex=402 nm) while 3 (green channel Ae=488 nm or red channel Aex=571nm) only
selectively stained certain areas inside the nucleus with a few spots. These sub-nuclear structures stained
are possibly nucleoli. The imaged intranuclear dots suggest that these regions may contain G4 structures.
To confirm DNA was stained by the compound, the RNase and DNase digestion assays were conducted.
From Figure 4B—C, the cells stained with 3 remained unchanged after treated with RNase. In contrast,
after DNase treatment, the fluorescence signals were completely disappeared. The results indicate that

the cellular substrate stained is DNA. To further validate the G4-DNA was stained in live cells, co-
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localization experiments with a G4-specific antibody (BG4) were conducted. From the confocal images
(Figure 4D), BG4 showed some blue foci in the nucleus and 3 also displayed green/red spots in the
nucleus and exhibited strong fluorescence intensity in the sub-nuclear structures. The merged images
highlight the co-localization area, which support that BG4 and 3 may have the same binding target in
cells.

In addition, we used a strong telomeric G4-DNA binding ligand, BRACO19, to compete with 3 in live
U87 cells. As shown from Figure SA-E, the cells stained with 3 showed some bright spots in the nucleus.
When the cells were treated with BRACO19 in an increasing concentration manner (0-20 uM), the
fluorescence intensity of the stains of 3 were decreased gradually. With 20 uM BRACO19, the stains
were completely disappeared. The intracellular competition results obtained in live U87 cells were also
found consistent with the in vitro competitive experiments shown in Figure 5F, in which 3 bound to
Htg24 was gradually displaced by BRACO19 and caused a significant reduction of fluorescence intensity.
Taken together, the results indicate that 3 and BRACO19 may have the same binding target both in vitro

and in live cancer cells.
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43 Figure 4. (A) Fluorescence images of live U87 cells co-stained with 3 (5 uM) for 30 min and DAPI (1.0
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uM) for 10 min; (B) Fluorescence images of live U87 cells co-stained with 3 (5 uM) for 30 min and
48 DAPI (1 uM) for 10 min and followed with RNase treatment for 30 min; (C) Fluorescence images of live
50 U87 cells co-stained with 3 (5 uM) for 30 min and DAPI (1 uM) for 10 min and followed with DNase
treatment for 30 min; (D) Confocal images of U87 cells stained with 3 and BG4 in the

55 immunofluorescence experiments.
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Figure 5. (A) U87 cells stained with 3 (5 uM) and DAPI. (B) U87 cells stained with 3 (5 uM), BRACO19
(5 uM) and DAPI. (C) U87 cells stained with 3 (5 uM), BRACO19 (10 uM) and DAPI. (D) U87 cells
stained with 3 (5 uM), BRACOI19 (15 uM) and DAPI. (E) U87 cells stained with 3 (5 uM), BRACO19
(20 uM) and DAPI. The cells after staining were imaged with a LSM 800 laser scanning confocal
microscope (excitation wavelength was 488 nm or 571 nm for 3 and was 402 nm for DAPI). (F) The
competition study of fluorescent signal responses of 3 (5 uM) binding with nucleic acid and increasing

BRACOI19 (5-20 uM).
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34 Figure 6. (A) Viability of U87 cells treated with 30 uM of ligands 1-10; (B) PC3, HepG2, MCF7, U87,
36 HeLa and 16HBE cells treated with 1 (1-50 uM) for 36 h, respectively. (C) PC3, HepG2, MCF7, U87,
39 HeLa and 16HBE cells treated with 3 (1-50 uM) for 36 h, respectively. (D) PC3, HepG2, MCF7, U87,

41 HeLa and 16HBE cells treated with 8 (1-50 uM) for 36 h, respectively. (ns: p=>0.05, *p<<0.05, **p<<

0.01, ***p<<0.001).
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Table 2. ICso (nM) estimated for the compound against various cancer cells and nonmalignant cells.

Compound PC3 HepG2 MCF7 uU87 Hela 16HBE
1 91.06+£0.66  96.49+0.37  105.3£0.56  96.80+0.52  90.26+0.74 58.02+0.45
3 12.75+0.24  12.82+0.43  14.52+0.31 15.24+0.22 16.26+0.38 52.29+0.48
8 14.56+0.33  11.02+0.26  12.63+£0.59  14.69+0.16 21.16+0.56 34.77+0.59

Cytotoxicity of ligands against cancer cells and nonmalignant cells. The development of telomeric
G4-specific binding molecules is recognized as an attractive strategy for anticancer therapies because
these ligands may potentially trigger telomere dysfunction via the interference with telomerase and
telomere maintenance of cancer cells,*® particularly in telomerase-positive cancer cells. To study whether
the new telomeric G4-DNA specific compound showing a broad-spectrum of anticancer activity, we
selected a number of cancer cell lines (PC3, HepG2, MCF7, U87 and HelLa) and a nonmalignant cell line
(16HBE) for cytotoxicity evaluation by MTT assays. The results were shown in Figure 6A—F and the
ICso values were summarized Table 2 for comparison. Compounds 3 and 8 exhibit obvious cytotoxicity
in vitro and a broad-spectrum anti-tumor activity, while 1 shows almost no cytotoxicity effect on the
cancer cells examined (ICsp = 90.26—105.3 uM) and is more cytotoxic on the nonmalignant cells (ICso =
58.02 uM). Interestingly, 3 shows cytotoxicity in different degrees against cancer cells and nonmalignant
cells. It was found to be more effective in the inhibition of cancer cell proliferation (ICso = 12.75-16.26

pM) than nonmalignant cells (ICso = 52.29 uM, which is about 3 - 4 folds higher than that of cancer

cells). However, compound 8 has no such cytotoxic selectivity observed; it shows high cytotoxicity
against the cancer cells (ICso = 11.02-21.16 uM) but also has a significant toxicity effect against the
nonmalignant cells (ICso = 34.77 uM). Therefore, compound 3, as compared with 8, is a better drug
candidate for anticancer development. The differential cytotoxicity observed with 3 may be probably due

to its excellent binding specificity towards telomere G4-DNA over other type of nucleic acids.
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CONCLUSION

In conclusion, a series of styryl-substituted thiazole orange ligands was synthesized and one of the
analogues was found to be highly specific towards telomeric G4-DNA structures. The ligand—G4-DNA
interaction investigated with 'H NMR titration and single-site mutation using Htg24 as a model showed
that the ligand possibly interacted with both G-tetrad and the lateral loop near 5'-end. This interaction
mode may be a critical factor that renders a high discrimination ability of the ligand targeting telomeric
G4-DNA structures over other types of nucleic acids including promoter G4 and i-motif. The intracellular
co-localization with BG4 and the competition study with BRACO19 indicated that the ligand may have
the same binding target of G4-DNA in cellular. In addition, qRT-PCR results showed that 3 are able to
downregulate the expression of hTERC and hTERT mRNA and that probably also causes inhibitory
effects on the telomerase activity. In the evaluation of anticancer activity with the compounds, 3 exhibits
much higher cytotoxicity against a number of cancer cells (PC3, HepG2, MCF7, U87, HeLa cells; ICso
= 12.8-16.3 uM) than the nonmalignant cells (ICso = 52.3 uM). The SA-f-gal assays also support that 3
(at 24 uM) is able to proficiently induce senescence in HeLa cells. Taken together, the present study
demonstrated systematically the molecular design on the basis of a classical and non-specific thiazole
orange scaffold to construct telomeric G4-DNA specific fluorescent binding ligands. The findings may
provide significant insight into the molecular design of potent and specific anticancer drugs targeting

G4-structures at telomeres.

EXPERIMENTAL SECTION

General procedures for the synthesis of target compounds (1-10). High resolution mass spectra
(HRMS) were obtained by Agilent 1260-6230TOF or MALDI-TOF (Ultraflextreme). Using TMS as a
reference, 'H and '*C NMR spectra were recorded at 400 MHz and 100 MHz in DMSO-d;s with a Bruker
BioSpin GmbH spectrometer. The high performance liquid chromatography (HPLC) analysis for
examining the purity of the compounds was performed on an SHIMADZU LC-16 system using a
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Diamonsil C18 column (250 x 4.6 mm, 5 um) at room temperature with an elution using the mobile
phase (MeOH/H>0O = 50:50 v/v). All compounds synthesized for assays were confirmed to have a purity

= 95%. Unless otherwise stated, all chemicals were purchased from commercial and the solvents used

were analytical reagent grade and were used without further purification. The oligonucleotides used were
synthesized and purified by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China). The sequences
were listed in (Table S1 and Table S2).

A synthetic route to the compounds 1-10 was shown in supporting information. Compound a was
obtained by the reaction using a 3-(3-iodopropyl)-2-methylbenzo[d]thiazol-3-ium iodide, 0.889 g, 2.0
mmol) and 4-chloro-1,2-dimethylquinolin-1-ium iodide (0.636 g, 2.0 mmol), potassium iodide (0.332 g,
2.0 mmol) in 40 °C for 24 h. Recrystallization of the crude product with ether to obtain a in 80% yield.
Further reaction of compound a (1.198 g, 2.0 mmol) with morpholine (0.435 g, 10.0 mmol) or 4-
methylpiperidine (0.495 g, 10.0 mmol) in 40 °C refluxed for 24 h to afford target compounds, b1 or b2.
Recrystallization of the crude product with ether to afford 40-50% yield. Compounds 1-5 were obtained
by the reaction of bl (0.559 g, 1.0 mmol) and 4-(methylthio)benzaldehyde (0.304 g, 2.0 mmol), 4-
hydroxybenzaldehyde (0.244 g, 2.0 mmol), 4-(dimethylamino)benzaldehyde (0.298 g, 2.0 mmol), 4-
(diphenylamino)benzaldehyde (0.546 g, 2.0 mmol) or 4-formylbenzonitrile (0.262 g, 2.0 mmol) and 4-
methylpiperidine (200 pl), n-butanol (10 mL) in 135 °C refluxed for 3 h. Target compounds 6—10 were
obtained by the reaction of b2 (0.571 g, 1.0 mmol) and 4-(methylthio)benzaldehyde (0.304 g, 2.0 mmol),
4-hydroxybenzaldehyde (0.244 g, 2.0 mmol), 4-(dimethylamino)benzaldehyde (0.298 g, 2.0 mmol), 4-
(diphenylamino)benzaldehyde (0.546 g, 2.0 mmol) or 4-formylbenzonitrile (0.262 g, 2.0 mmol) and 4-
methylpiperidine (200 pl), n-butanol (10 mL) in 135 °C refluxed for 3 h. The crude products were
purified by flash silica gel column chromatography. The pure compounds obtained were confirmed with

"HNMR, '3C NMR and HRMS. The purity of the compounds was confirmed to be = 95% with HPLC

analysis (Figure S14-S23).
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Compound (1): [-methyl-2-((E)-4-(methylthio)styryl)-4-((Z)-(3-(3-morpholinopropyl)benzo[d]thiazol-
2(3H)-ylidene)methyl)quinolin-1-ium iodide was obtained as a brown solid with 66% yield. '"H NMR
(400 MHz, DMSO-ds) 0 8.74 — 8.62 (m, 1H), 8.20 — 8.14 (m, 1H), 8.08 — 8.04 (m, 1H), 8.01 — 7.96 (m,
1H), 7.91 — 7.85 (m, 2H), 7.84 — 7.80 (m, 1H), 7.79 — 7.75 (m, 2H), 7.66 — 7.64 (m, 1H), 7.39 (s, 3H),
6.96 — 6.90 (m, 1H), 4.72 — 4.59 (m, 2H), 4.15 (s, 3H), 3.48 (s, 3H), 2.51 (s, 5H), 2.43 — 2.36 (m, 2H),
2.25 (s, 4H), 1.99 (s, 3H). 3C NMR (100 MHz, DMSO-ds) 6 188.29, 159.27, 152.28, 148.03, 142.06,
140.75, 139.45,133.66, 132.04, 129.43,128.41, 126.94, 126.03, 125.50, 124.62, 124.29, 123.47, 120.84,
119.00, 113.24, 108.33, 87.89, 66.45, 55.28, 53.72, 45.13, 44.04, 38.58, 23.69, 14.80. HRMS m/z: calcd
for C34H36N30S:" [M-1]" 566.22943; found 566.22958 [M-I]*. HPLC analysis: retention time at 2.814
min eluted with MeOH/H20 = 50:50 v/v, purity = 95%.

Compound  (2):  2-((E)-4-hydroxystyryl)-1-methyl-4-((Z)-(3-(3-morpholinopropyl)benzo[d]thiazol-
2(3H)-ylidene)methyl)quinolin-1-ium iodide was synthesized according to the procedures reported
previously.’® The compound was obtained as a dark brown solid with 65% yield. 'H NMR (400 MHz,
DMSO-d) 6 9.66 (s, 1H), 8.59 (d, J = 8.1 Hz, 1H), 8.10 (d, /= 8.7 Hz, 1H), 8.01 (d, /= 7.8 Hz, 1H),
7.94 (t,J=7.9 Hz, 1H), 7.75 (d, J = 8.6 Hz, 2H), 7.68 (d, /= 9.0 Hz, 2H), 7.64 (d, /= 8.7 Hz, 1H), 7.56
(m, 2H), 7.42 (m, 1H), 7.34 (t, /= 7.6 Hz, 1H), 6.85 (d, J = 8.6 Hz, 1H), 6.81 (s, 1H), 6.76 (d, J = 8.6
Hz, 1H), 4.56 (t, J = 6.6 Hz, 2H), 4.09 (s, 3H), 3.48 (m, 4H), 2.37 (m, 2H), 2.24 (m, 4H), 1.96 (m, 2H).
3C NMR (100 MHz, DMSO-dg) 6 158.55, 152.96, 147.63, 142.36, 140.84, 139.55, 133.48, 132.67,
131.32,128.32,126.71, 125.63, 125.39, 124.37, 124.13, 123.85, 123.39, 118.96, 117.25, 116.88, 116.65,
112.99, 108.15, 87.40, 66.53, 55.35, 53.78, 44.21, 38.32, 23.67. HRMS m/z: calcd for C33H34N302S"
[M-I]" 536.23662; found 536.23564 [M-I]". HPLC analysis: retention time at 2.827 min eluted with
MeOH/H>0 = 50:50 v/v, purity = 97%.

Compound 3): 2-((E)-4-(dimethylamino)styryl)- 1-methyl-4-((Z)-(3-(3-
morpholinopropyl)benzo[d]thiazol-2(3 H)-ylidene)methyl)quinolin-1-ium iodide was obtained as a

brown solid with 68% yield. "H NMR (400 MHz, DMSO-ds) 6 8.62 (d,J = 8.3 Hz, 1H), 8.13 (d, /= 8.8
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Hz, 1H), 8.04 (s, 1H), 7.97 (dd, /= 16.8, 8.4 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.75 — 7.70 (m, 2H), 7.67
(s, 1H), 7.58 (dd, J = 16.8, 8.4 Hz, 2H), 7.45 (s, 1H), 7.36 (t, J= 7.6 Hz, 1H), 7.27 (d, J = 8.8 Hz, 1H),
6.86 —6.76 (m, 3H), 4.60 (t, ] = 6.6 Hz, 2H), 4.13 (s, 3H), 3.49 (m, 4H), 3.05 (s, 6H), 2.39 (m, 2H), 2.27
(m, 4H), 1.99 (s, 2H). *C NMR (100 MHz, DMSO-ds) 6§ 158.36, 153.25, 152.33, 147.66, 142.88, 140.95,
139.64, 133.45,130.97, 130.61, 125.41, 124.31, 124.08, 123.91, 123.16, 120.37, 119.01, 115.16, 112.95,
112.20, 108.14, 87.29, 66.53, 55.37, 53.79, 38.31, 23.67. HRMS m/z: calcd for C3sH3oN4OS™ [M-I]"
563.2839; found 563.2875 [M-I]". HPLC analysis: retention time at 2.794 min eluted with MeOH/H>O
=50:50 v/v, purity = 97%.

Compound 4): 2-((E)-4-(diphenylamino)styryl)- 1-methyl-4-((Z)-(3-(3-
morpholinopropyl)benzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide was obtained as a
brown solid with 58% yield. "H NMR (400 MHz, DMSO-ds) 6 8.58 (d,J = 8.4 Hz, 1H), 8.04 (d, /= 8.8
Hz, 1H), 8.00 (d, /= 7.9 Hz, 1H), 7.88 (d, /= 7.8 Hz, 1H), 7.79 (d, J = 8.7 Hz, 2H), 7.65 (dd, J = 8.0,
3.6 Hz, 2H), 7.52 (m, 2H), 7.50 (s, 1H), 7.35 = 7.30 (m, 5H), 7.10 (m, 3H), 7.04 (d, J= 7.6 Hz, 4H), 6.90
(d, J=8.7 Hz, 2H), 6.79 (s, 1H), 4.55 (t, /= 6.4 Hz, 2H), 4.04 (s, 3H), 3.40 (s, 4H), 2.31 (t, /= 6.2 Hz,
2H),2.17 (s, 4H), 1.94 — 1.87 (m, 2H). '*C NMR (100 MHz, DMSO-ds) § 159.06, 152.59, 149.69, 147.88,
146.81, 141.06, 140.82, 139.49, 133.60, 130.55, 130.29, 128.90, 125.54, 124.77, 124.50, 124.27, 123.86,
123.50, 121.57,121.50, 119.39, 118.99, 113.18, 108.30, 87.76, 66.51, 55.34, 53.76, 44.34, 38.52, 23.71.
HRMS m/z: caled for CssHazNsOS' [M-I]" 687.31521; found 687.31510 [M-I]". HPLC analysis:
retention time 2.862 min eluted with MeOH/H20 = 50:50 v/v, purity > 99%.

Compound (5): 2-((E)-4-cyanostyryl)-1-methyl-4-((Z)-(3-(3-morpholinopropyl) benzo[d]thiazol-2(3 H)-
ylidene)methyl)quinolin-1-ium iodide was obtained as a brown solid with 64% yield. "H NMR (600 MHz,
DMSO-ds) 6 8.68 (d, J = 8.3 Hz, 1H), 8.13 (m, 3H), 8.06 (d, /= 7.8 Hz, 1H), 8.01 — 7.92 (m, 4H), 7.76
(m, 2H), 7.68 (d, J= 8.3 Hz, 1H), 7.59 (m, 2H), 7.40 (t, /= 7.6 Hz, 1H), 6.94 (s, 1H), 4.66 (t, /= 6.6 Hz,
2H), 4.13 (s, 3H), 3.45 (s, 4H), 2.38 (t. J = 6.0 Hz, 2H), 2.23 (s, 4H), 1.99 (dt, J = 12.7, 6.2 Hz, 2H). 1*C

NMR (100 MHz, DMSO-ds) 0 159.99, 151.53, 148.32, 140.79, 140.13, 139.51, 138.89, 133.86, 133.22,
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129.46, 128.53,127.14, 125.93, 125.59, 124.90, 124.45, 123.93, 123.51, 119.18, 119.06, 113.55, 112.33,
108.61, 88.49, 66.49, 55.33, 53.76, 44.52, 38.69, 30.73, 23.79. HRMS m/z: calcd for C34H33N40S" [M-
11" 545.2370; found 545.2362 [M-I]*. HPLC analysis: retention time 2.881 min eluted with MeOH/H,O
=50:50 v/v, purity = 99%.

Compound (6): 1-methyl-4-((Z)-(3-(3-(4-methylpiperidin- 1-yl)propyl)benzo[d]thiazol-2 (3 H)-
viidene)methyl)-2-((E)-4-(methylthio)styryl)quinolin-1-ium iodide was synthesized according to the
procedures reported previously.>® The compound was obtained as a dark brown solid with 59% yield. 'H
NMR (400 MHz, DMSO-ds) 0 8.68 (s, 1H), 8.16 (m, 1H), 8.06 (m, 1H), 8.01 — 7.96 (m, 1H), 7.88 (d, J
=8.2 Hz, 2H), 7.77 — 7.70 (m, 3H), 7.63 (m, 2H), 7.60 — 7.56 (m, 1H), 7.39 (m, 3H), 6.90 (s, 1H), 4.63
(m, 2H), 4.15 (s, 3H), 2.56 (s, 3H), 2.00 (m, 4H), 1.50 (m, 3H), 1.22 (m, 6H), 0.85 (m, 3H). 3*C NMR
(100 MHz, DMSO-ds) 6 159.36, 152.45, 148.28, 142.09, 140.88, 139.54, 133.71, 132.09, 130.11, 129.43,
128.43, 126.97, 126.07, 124.69, 124.32, 123.98, 123.49, 120.95, 119.07, 113.23, 108.50, 87.95, 72.97,
63.55, 38.59, 35.59, 34.06, 31.76, 29.17, 27.02, 25.58, 22.57, 14.78. HRMS m/z: calcd for C36H40N3S,"
[M-I]" 578.265; found 578.265 [M-I]*. HPLC analysis: retention time 2.806 min eluted with MeOH/H,O
=50:50 v/v, purity = 97%.

Compound 7): 2-((E)-4-hydroxystyryl)-1-methyl-4-((Z)-(3-(3-(4-methylpiperidin-1 -
vl)propyl)benzo[d]thiazol-2(3 H)-ylidene)methyl)quinolin- 1-ium iodide was synthesized according to the
procedures reported previously.>® The compound was obtained as a dark brown solid with 62% yield. 'H
NMR (400 MHz, DMSO-d) 6 10.14 (s, 0.79H), 8.71 (s, 1H), 8.19 (d, J = 8.5 Hz, 1H), 8.08 (d, /= 8.5
Hz, 1H), 8.01 - 7.98 (t, J=7.7 Hz, 1H), 7.83 (d, J= 8.5 Hz, 2H), 7.75 (t, J = 7.7 Hz, 2H), 7.68 (s, 1H),
7.65 —7.54 (m, 4H), 7.39 (t, J= 7.7 Hz, 1H), 6.93 — 6.86 (m, 3H), 4.64 (m, 2H), 4.17 (s, 3H), 2.14 (m,
2H), 1.75-1.57 (m, 3H), 1.22 (m, 6H), 0.88 (m, SH). >*C NMR (100 MHz, DMSO-ds) 6 160.41, 158.93,
153.07, 148.37, 143.56, 142.05, 140.63, 139.58, 133.69, 131.12, 130.11, 130.03, 128.46, 126.87, 124.62,

124.21,124.02,123.56,119.11, 118.20, 116.32, 112.97, 108.60, 87.59, 52.53,52.31, 43.75, 38.60, 34.04,
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30.75, 29.46, 22.57. HRMS m/z: caled for C3sH3sN3;O0S™ [M-I]" 548.273; found 548.274 [M-I]". HPLC
analysis: retention time 2.789 min eluted with MeOH/H>0O = 50:50 v/v, purity = 98%.

Compound (8): 2-((E)-4-(dimethylamino)styryl)-1-methyl-4-((Z)-(3-(3-(4-methylpiperidin-1 -
vl)propyl)benzo[d]thiazol-2(3 H)-ylidene)methyl)quinolin- 1-ium iodide was synthesized according to the
procedures reported previously.>’ The compound was obtained as a dark brown solid with 63% yield. 'H
NMR (400 MHz, DMSO-ds) 0 8.66 (s, 1H), 8.13 (m, 1H), 8.04 (m, 1H), 7.97 — 7.93 (m, 1H), 7.80 (d, J
=8.4 Hz, 2H), 7.73 — 7.68 (m, 2H), 7.62 (s, 1H), 7.55 (d, J= 7.8 Hz, 1H), 7.44 (m, 1H), 7.39 — 7.33 (m,
2H), 6.83 (s, 1H), 6.79 (d, J = 8.7 Hz, 2H), 4.60 (m, 2H), 4.14 (s, 3H), 3.04 (s, 6H), 2.00 (m, 2H), 1.60
(m, 5H), 1.22 (m, 6H), 0.87 (m, 3H). *C NMR (100 MHz, DMSO-ds) 6 158.27, 153.30, 152.34, 139.62,
133.48,131.03,130.11, 128.34, 126.73, 124.36, 124.10, 123.96, 123.46, 123.14, 118.99, 115.10, 112.19,
87.24,72.97, 63.55, 38.38, 31.75, 29.05, 27.02, 22.56, 14.43. HRMS m/z: calcd for C37Hs3N4S™ [M-1]"
575.320; found 575.321 [M-I]". HPLC analysis: retention time 2.796 min eluted with MeOH/H,O =
50:50 v/v, purity = 96%.

Compound 9): 2-((E)-4-(diphenylamino)styryl)-1-methyl-4-((Z)-(3-(3-(4-methylpiperidin-1-
vl)propyl)benzo[d]thiazol-2(3 H)-ylidene)methyl)quinolin-1-ium iodide was obtained as a brown solid
with 73% yield. '"H NMR (400 MHz, DMSO-ds) J 8.78 (s, 1H), 8.20 (s, 1H), 8.05 (m, 2H), 7.82 (m, 4H),
7.65 (m, 3H), 7.42 (m, 6H), 7.15 (m, 6H), 7.01 (m, 2H), 6.89 (s, 1H), 4.68 (m, 2H), 4.19 (s, 3H), 2.20
(m, 3H), 1.77 (m, 2H), 1.24 (m, 6H), 0.92 (m, 5H). '*C NMR (100 MHz, DMSO-ds) § 158.93, 152.91,
149.74, 148.40, 146.81, 141.40, 140.47, 139.56, 133.75, 130.56, 130.31, 130.22, 128.85, 128.53, 127.03,
125.92, 125.59, 125.24, 124.75, 124.13, 123.60, 121.57, 119.21, 112.94, 108.87, 87.64, 52.82, 43.34,
38.67,31.73, 29.50, 28.45. HRMS m/z: caled for C47H47N4S™ [M-I]" 699.35159; found 699.35101 [M-
I]". HPLC analysis: retention time 2.829 min eluted with MeOH/H20 = 50:50 v/v, purity > 99%.
Compound (10): 2-((E)-4-cyanostyryl)-1-methyl-4-((Z2)-(3-(3-(4-methylpiperidin-1-
vl)propyl)benzo[d]thiazol-2(3 H)-ylidene)methyl)quinolin-1-ium iodide was obtained as a brown solid

with 68% yield. '"H NMR (400 MHz, DMSO-ds) 6 8.79 — 8.62 (d, J = 8.1 Hz, 1H), 8.16 (m, 2H), 8.08 —
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7.98 (m, 3H), 7.78 (m, 5H), 7.62 (m, 3H), 7.47 — 7.36 (m, 2H), 6.97 (d, J = 8.1 Hz, 1H), 4.67 (m, 2H),
4.17 (s,3H),2.13 = 1.71 (m, 6H), 1.56 — 1.39 (m, 3H), 1.31 — 1.22 (m, 2H), 0.83 (m, 4H). '*C NMR (100
MHz, DMSO) 6 159.97,153.11, 151.75, 148.83, 141.39, 140.41, 140.09, 139.52, 139.09, 134.41, 133.97,
133.23,129.48, 128.63, 127.31, 126.52, 125.90, 125.01, 124.44, 124.06, 123.69, 119.85, 119.53, 119.13,
113.24, 112.40, 109.08, 105.44, 88.27, 52.63, 38.91, 38.68, 34.09, 30.35, 21.88. HRMS m/z: calcd for
C36H37N4S* [M-I]" 557.27334; found 557.27428 [M-1]". HPLC analysis: retention time 2.901 min eluted
with MeOH/H>O = 50:50 v/v, purity = 97%.

UV-Vis and fluorescence assays. UV-vis spectra were obtained by using Lambda 25 Spectrophotometer
(Perkin Elmer), compounds (5 uM) were dissolved in Tris-HCI buffer (10 mM, pH 7.4) containing KCl
(60 mM), and different nucleic acids (Ds26, Pu27, Htg24) were added slowly until the titration was
saturated. The fluorescence spectrum was recorded on a L.S-45 fluorescence spectrometer (Perkin Elmer),
the colorimetric dish has a slit width of 1 mm and an optical diameter of 10 mm, compounds (5 uM)
were dissolved in Tris-HCI buffer (10 mM, pH 7.4) containing KCI (60 mM), and different nucleic acids
(double stranded or single stranded or G4-DNA) were added slowly until the titration was saturated. The
detection limit (LOD) was calculated by fluorescence titration according to the formula LOD = K (Sy/m).
According to the International Union of Pure and Applied Chemistry (IUPAC), K value is taken as 3
generally. S is the standard deviation of blank multiple measurements (n = 20) and m is the slope of
calibration curve, which indicates the sensitivity of the method.*' The binding constants were analyzed
by applying an independent site model using nonlinear fitting with the following equation: F/F¢=1+(Q-
D2 {N+1+X-[(X+1+N)?-4X]"?}. Where Fy is the fluorescence intensity of 1-10 without the addition of
DNA, Fmax is the fluorescence intensity at the saturation of DNA, Q=Fmax(Fo)!, N=(K.,Cdye)",
X=nCpna(Caye)! and n is a putative number of binding sites on a given DNA matrix. All data were
collected and plotted with Origin 9.0.

Measurement of fluorescent quantum yields of compounds 1-10. The fluorescence quantum yields of

various ligands and DNA were calculated according to the standard of fluorescein (® = 0.95) in the
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condition of 1% NaOH ethanol.’> Five gradient increasing solutions were added to the fixed
concentration of DNA solution, and the UV absorption value and fluorescence intensity value of each
gradient concentration compound and DNA were recorded. The fluorescence quantum yield was
calculated according to the equation: @ = @t (Gradx /Gradst) (1% /1 s1);>* where the subscript ST is
the standard and the subscript X is the test sample; @ represents the fluorescence quantum yield value;
Grad is the slope of the curve with the integrated fluorescence intensity as the ordinate, the ultraviolet
absorbance as the abscissa, and 7 is the refractive index of the solvent used.

Circular dichroism (CD) measurements. The CD spectrum was measured by Chirascan
spectrophotometer (Applied photophysics). A Tris-HCI (10 mM, pH = 7.4) containing 60 mM KCI was
used to prepare the solutions of G4-DNA and ligands at 5 uM concentration. A quartz cuvette with a path
length of 1 mm was used for the spectral measurements in the wavelength range of 220-340 nm with a
bandwidth of 1 nm, a step of 1 nm and a point of 0.5 s/point. The CD spectral data were obtained by the
average value of three scans. In addition, A concentration of G4-DNA at 5 uM was also prepared with
the Tris-HCI (10 mM) containing 60 mM KCI at pH = 7.4. The compounds were added to the mixture
for CD melting measurement. The data were recorded at an interval of 1 °C in the range of 25-95 °C
with a heating rate of 1.0 °C/min. Origin 9.0 was used for final analysis of the data.

Fluorescence microscopy imaging study and cell staining effects. Fluorescence images obtained in
U87 cells (human prostate cancer cells, ATCC® HTB-14) were recorded with a confocal laser scanning
microscopy (ZEISS LSM 800 with Airscan). The nucleus localization reference dye, 6-diamidino-2-
phenylindole (DAPI, 1 uM), was used with ligand 3. The excitation wavelength of DAPI was set at 402
nm and that of ligand 3 was set at 488 nm or 571 nm. In the experiments, the compounds were able to
enter the cell quickly without damaging the cell activity.

Cell imaging treated with RNase and DNase. U87 cells (human prostate cancer cells, ATCC® HTB-

14) was cultured on a confocal dish for 24 h. Before dyeing experiments, it was precooled with methanol
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at -4 °C for 2 min and then washed twice with PBS (10 mM). In order to make the cell membrane
permeable, the U87 cells were cultured with 1% Triton X-100 for 15 min and then were washed with
PBS thrice. The pretreated U87 cells were then stained with ligand 3 (5 uM) at 25 °C for 20 min. After
washing with PBS for three times, one culture dish was treated with 100 ug/ml RNase (37 °C, 2 h) and
the other was treated with 100 ug/ml DNase (37 °C, 2 h). Imaging experiments were then carried out on
a Zeiss LSM800 confocal laser scanning microscope.

Immunofluorescence experiments. Confocal images of U87 cells stained with 3 and BG4: Cells grown
on a glass dish were fixed in 4% paraformaldehyde/PBS for 15 min and followed it was infiltrated with
0.1% Triton-X 100/PBS at 37 °C for 30 min. Then, it was blocked with 5% goat serum/PBS at 37 °C for
3 h. Immunofluorescence tests were conducted by following the standard methods. Briefly, the glass
dishes were incubated with Anti-DNA/RNA G-quadruplex (and related small molecules) [BG4]
(Ab00174-1.1, Absolute) for 3 h at 37 °C. The glass dishes were 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 hat 37 °C. The glass dish was washed again with blocking buffer six times and then incubated with
5 uM 3 for 30 min. Finally, digital images were recorded using a ZEISS LSM 800 microscope and
analyzed using ZEN software.

NMR Spectroscopy. Before taking measurements, the oligomeric DNA with a concentration of 300 uM
was dissolved in phosphate buffer (25 mM KH>PO4, 10% D>0O, 70 mM KCIl, pH = 7.4) and was heated
to 95 °C, then annealed to room temperature and incubated for 24 h. During the measurement, 3 with a
concentration of 150—450 uM were gradually added to the DNA solution for 'H NMR experiment. The
titration experiments were carried out at 25 °C on a 600 MHz spectrometer (Bruker).

PCR stop assay. The polymerase stop assays were conducted using a modified protocol of a previous
report.’* Briefly, the PCR stop assays were performed by addition of ligand at different concentrations
(020 uM) to a 25 pl solution containing 1X PCR buffer, 2 uM of each oligomer, 0.16 uM dNTP and

2.5 U Taq polymerase (Invitrogen, USA). The concentration of the DNA (Htg24 or mutant) used in the
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assays was 5 pM. Reaction mixtures were then incubated in a thermocycler by applying the following
cycling conditions: 94 °C for 5 min followed by 30 cycles of 94 °C for 30 s, 56 °C for 30 s and 72 °C for
30 s. The amplified products were resolved on 15% polyacrylamide gel and were stained with SYBR
Gold (Invitrogen, USA).

RNA isolation and qRT-PCR. HeLa cells (Human cervical cancer, ATCC® CRM-CCL-2) were seeded
in six-well plates and were treated with different concentrations of compounds. After that, HeLa cells
were further incubated for 36 h and followed to discard the culture medium. The six-well plate was then
washed with 4 °C PBS for three times. After that, 0.5 ml Trizol (Sigma-Aldrich) was added to dissolve
the cells for 3 min and then 0.2 ml chloroform was added. After the mixture was well shaken, the plate
was allowed to stand for 3 min and followed by centrifugation at 13500 rpm at 4 °C for 15 min to separate
the RNA-containing aqueous phase. Total RNA was precipitated from the aqueous phase with anhydrous
isopropanol. The RNA precipitate was washed with 75% ethanol (containing 25% DEPC water) and then
was dissolved in 20 pl of RNase-free redistilled water. In order to remove the genomic DNA
contamination in the isolated RNA, the samples were treated with DNase I and identified by polymerase
chain reaction. The prepared RNA is therefore contained no genomic DNA. Then, the HiScript® II One
Step qRT-PCR SYBR Green Kit was used for reverse transcription of RNA and quantitative analysis of
transcribed cDNA. The concentration of RNA is 0.5-2 pg per reaction. The forward and reverse primer
sequences (hTERC) for telomerase amplification are 5'-GCCTTCCACCGTTCATTCTA-3" and 5'-
CTGACAGAGCCCAACTCTTC-3" and the forward and reverse primer sequences (hTERT) for
telomerase amplification are 5'-CGTGGTTTCTGTGTGGTGTC-3' and 5'-
TGGAACCCAGAAAGATGGTC-3". GAPDH was used as an internal control for normalization and the
internal control GAPDH is amplified by the forward primer 5'-GGGAAACTGTGGCGTGAT-3" and the
reverse primer 5'-GAGTGGGTGTCGCTGTTGA-3". The RNA was reverse transcripted and amplified
by qRT-PCR (analytikjena, JTOWER2.2). A comparative Ct (AACT) method was used to compare the

mRNA expression levels of genes of interest.
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Relative telomere length determination. Hela cells (Human cervical cancer, ATCC® CRM-CCL-2)
were inoculated into a 6-well plate and treated with different concentrations of compound 3 for 18 days.
After digestion, cells were centrifuged and re-suspended in PBS solution to collect cells twice. Then,
DNA extract (10 mmol/L Tris HCI, 0.1 mol/L EDTA, 0.5% SDS) and protease K (100 pg/ml) were added
and incubated at 50 °C for 3 h. Then, the solution was extracted with phenol, phenol/chloroform/isoamyl
alcohol and followed with chloroform/isoamyl alcohol. The supernatant was collected after
centrifugation at 2500 r/min. Then, to the supernatant 5 mol/L. LiCl was added and centrifuged at 2500
r/min after 10 min ice bath. Isopropanol was added to the supernatant collected and then incubated at
room temperature for 10 min. The precipitates were collected by centrifugation at 2500 r/min. To the
precipitates a solution of 3 mol/L. sodium acetate and the absolute ethanol precooled at -20 °C were
successively added. The precipitated DNA was collected by centrifugation at 12000 r/min. The
precipitated DNA was then stored in an appropriate amount of solution (10 mmol/L Tris HCL, 0.01 mol/L
EDTA). The Maxima SYBR Green qPCR Master Mix (2x) (Thermo Scientifific), Nuclease-free water
and primer sequences (Thermo Scientifific) were used for relative telomere length determination. The
concentration of gDNA is 0.5-10 ng per reaction. The primer sequences (Tel-F) are 5'-
GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3’ and (Tel-R) 5'-
TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA-3". hRPLPO was used as an internal
control, the internal control hRPLPO was amplified by the primer (hRPLPO-F) 5'-
CCCATTCTATCATCAACGGGTACAA-3' and the primer (hRPLPO-R) 5'-
CAGCAAGTGGGAAGGTGTAATCC-3'. The gDNA was amplified by qRT-PCR (analytikjena,
qTOWER2.2). A comparative Ct (AACT) method was used to estimate the relative telomere length by
the determination of gDNA.

Telomerase activity assays. The Hel a cells after being treated with ligand 3 at different concentrations
for 36 hours, 10° cells were re-suspended in 200 ul CHAPS lysis buffer and incubated on ice for 30 min.

The same operation for positive control cells was also performed. Then, all the supernatants were
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transferred to aseptic enzyme free test tube and the protein concentration was determined with BCA Kit
(biyuntian). The protein at 10-750 ng/ml in the cell extract were incubated with TRAP buffer (20 mM
Tris—HCI, pH 8.3, containing 1.5 mM MgCl,, 63 mM KCIl, 0.05% (v/v) Tween 20, 1 mM EGTA, and
0.01% BSA) supplemented with dNTP mixture, 100 ng/ul TS primer mixture (5'-AAT CCG TCG AGC
AGA  GTT-3), TRAP  primer mixture (containing 100 ng/l  ACX  (5-
GCGCGGCTTACCCTTACCCTTACCCTAACC-3"), 100 ng/ul NT (5’-ATCGCTTCTCGGCCTTTT-
3’) and 0.01 amol/ul TSNT (5’-AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT-3%)),
ddH20, Taq polymerase (Takara). Telomerase was extended in 30 °C water bath for 30 minutes and
inactivated at 95 °C for 2 min. PCR was performed at 94 °C for 30 s, 59 °C for 30 s, 72 °C for 1 min for
33 cycles and 72 °C for 5 min in a thermocycler (Bioer). PCR samples were separated on a 10% (w/v)
native-PAGE gel in 0.5xTBE for 2 h at 120 V. After electrophoresis, the gel was stained with SYBR
Gold for 30 min at room temperature.

p-Galactosidase (SA-p-gal) staining of cell senescence. HeLa cells (Human cervical cancer, ATCC®
CRM-CCL-2) were inoculated in a 6-well plate and were treated with the compound different
concentrations. After that, the HeLa cells were further incubated for 18 days. The medium containing
different concentrations of compound was added every three days. Then, the medium was discarded and
the cells were washed with PBS for 3 times. The f-galactosidase staining fixative was added and fixed
at room temperature for 15 min. Then, the cell fixative was removed and washed three times with PBS
for 3 min each time. After that, the working solution of /-galactosidase staining was added and incubated
at 37 °C overnight. Then, the data were observed and collected under an inverted fluorescence
microscope (Olympus [X71).

Cytotoxicity test. The cancer cells such as U87 cells were inoculated in a 96-well plate and cultured in
37 °C and 5% CO,. The DMEM medium containing 10% fetal bovine serum and 0.5% bivalent antibody
was used. After 48 h, the 96-well plate was removed and washed three times with the pre-cooled PBS.

DMEM complete medium containing different gradient ligand such as 3 was added. The culture was
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continued at 37 °C and 5% CO; for 36 h. After removing the medium from the 96-well plate, 200 ul of
5 mg/ml MTT solution was added to each well and then the 96-well plate was keeping away from light
for 4 h. After that, the MTT solution was removed; DMSO 100 pl was added to the plate; and the deck
adhering to 96-well plate was fully dissolved. The 96-well plate was transferred to the enzyme label and
its absorbance was measured at 577 nm. Finally, the cell survival rate was determined according to the
absorbance value.

Isothermal titration calorimetry (ITC) measurements of ligand-DNA interactions. ITC experiments
were carried out in MicroCal PEAQ-ITC (Malvern, USA) microcalorimeter. DNA sequences were pre-
annealed in 25 mM KH>PO4, 60 mM KCI buffer (pH 7.4, containing 0.5% (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 sequences (10 uM) in buffer was kept in the sample cell and the ligands (500 pM) were
filled in the syringe of a volume 40 pl in the same buffer. The ligand was mixed with the sample by
stirring the syringe at 750 rpm at 25 °C. There were 19 injections with a duration of 4 s and an interval
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. Finally, the corrected data are fitted into the appropriate binding
model to obtain the binding enthalpy.

Statistical analysis. All assays were performed in three independent experiments (technical triplicates).
Statistical calculations for bioassays were performed using GraphPad Prism 5.0 software. All results are

expressed as means + SD. The criterion for statistical significance was taken as ns: p>0.05, *p<<0.05,
*p<<0.01, ***p<<0.001. In the cell proliferation assays, data were analyzed with GraphPad Prism 5

software to determine ICso (concentration at 50% cell viability) using sigmoidal dose—response analysis,

with variable fitting for top, bottom, and slope.
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ABBREVIATIONS

TMPyP4, 5,10,15,20-tetrakis(N-methyl-4-pridyl)porphyrine; PDC-360A, (2,6-N, N'-methyl-quinolinio-
3-yl)-pyridine dicarboxamide [methyl-3H]; Se2SAP, 5,10,15,20-[tetra(N-methyl-3-pyridyl)]-26,28-
diselenasapphyrin chloride; Phen-DC3, 3,3'-((1,10-phenanthroline-2,9-dicarbonyl)bis(azanediyl))bis(1-
methylquinolin-1-ium); BRACO19, N,N'-(9-((4-(dimethylamino)phenyl)amino)acridine-3,6-diyl)bis(3-
(pyrrolidin-1-yl)propanamide); CND-1, cyclic naphthalene diimide-1; DAPI, 4',6-diamidino-2-
phenylindole; TO, thiazole orange; ISTO, isaindigotone skeleton thiazole orange; TOPI, TO-based

protein identifier; PyroTASQ, pyrene template-assembled synthetic G-quartets.
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