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ABSTRACT

The human telomerase reverse transcriptase (hTERT) may have noncanonical functions in
transcriptional regulation and metabolic reprogramming in cancer cells, but it is a challenging target.
We thus developed small-molecule ligands targeting hTERT promoter G-quadruplex DNA structures
(hTERT G4) to downregulate hTERT expression. Ligand 5 showed high affinity towards hTERT G4
(K¢=1.1 uM) and potent activity against triple-negative breast cancer cells (MDA-MB-231, ICso=1
uM). In cell-based assays, 5 not only exerts markedly inhibitory activity on classical telomere
functions including decreased telomerase activity, shortened telomere length and cellular senescence,
but also induces DNA damage, acute cellular senescence and apoptosis. This study reveals that
hTERT G4-targeting ligand may cause mitochondrial dysfunction, disrupt iron metabolism and
activate ferroptosis in cancer cells. The in vivo antitumor efficacy of 5 was also evaluated in an MDA-
MB-231 xenograft mouse model and approximately 78.7% tumor weight reduction was achieved. No

observable toxicity against the major organs was observed.



1. INTRODUCTION

Cell proliferation and survival are highly dependent on telomerase expression and maintenance of
telomere length. The human telomerase reverse transcriptase (WTERT) serves as a catalytic subunit
of telomerase. The transcription and expression of ATERT gene is silent in mature differentiated
normal somatic cells.! However, telomerase silencing in most cancer cells (85-90% of cancer
specimens) is usually abolished by mutations in hTERT promoter, and thus the activated telomerase
allows cancer cells to proliferate indefinitely by maintaining telomere length.” The role of telomeres
and the mechanism of their maintenance have been well studied.'”” Telomere length shortening is
known a key driver of induced chromosomal and genomic instability, and the transcriptional
regulation of hTERT is thought to play an important role in telomerase activation in cancer.” However,
the noncanonical function of hTERT (non-telomerase functions) remains unclear.

Telomere lengthening is generally thought to be the primary function of reactivated hTERT, but
this activity cannot explain all biological effects observed in cancer biology including the markedly
increased cell proliferation, resistance to apoptosis and invasion. Therefore, some studies report that
hTERT may carry out certain noncanonical functions including transcriptional regulation and
metabolic reprogramming that supports cancer cell proliferation, invasion and the development of
resistance.’ ' Recent studies also suggest that h\TERT could directly regulate certain vital features of
cancer and thus hTERT is currently considered as a central regulator in anticancer research.!'”!” The
development of novel anticancer strategy to regulate the expression of hTERT and its noncanonical
functions is challenging but it may provide new and effective therapeutics against drug resistant and
invasive cancers such as triple-negative breast cancer (TNBC).

At present, a number of approaches targeting telomerase have been attempted, including gene
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therapy,'® antisense oligonucleotides, immunotherapy, and small-molecule inhibitors;
however, the noncanonical function of hTERT is not inhibited. In principle, to inhibit the hTERT
function is a viable mechanism for anticancer therapy because both canonical and noncanonical
functions of hTERT can be suppressed simultaneously with inhibitors. Nonetheless, none hTERT
inhibitor is currently available because hTERT is a challenging drug target. To explore other
promising alternatives for cancer therapy, G-quadruplex structures (G4s) has been an emerging target
of small molecules and recent evidences also support that G4s are highly enriched in certain cellular

regions such as telomeres, gene promoters, and the 5-terminal untranslated region of mMRNAs.”>



It has been reported that the oncogene, A”TERT, encoding the reverse transcriptase component of
the human telomerase ribonucleoprotein complex, can form G4s in vitro.”* ! The transcription factor
depending on hTERT promoter G4-forming sequences for regulating hTERT's telomere and non-
telomere functions have also been reported recently.’”* Thus, the hTERT G4 is a potential target for
chemical biology and anticancer study. The hTERT G4-DNA targeting ligands with high affinity may
inhibit the expression of hTERT. Consequently, both canonical and noncanonical functions of h\TERT
could be repressed. This approach could be a promising strategy to treat drug-resistant cancers.

Currently, several small-molecule ligands targeting telomeric G4-structures, including the widely
recognized ligands TMPyP4,** telomere repressor,”> BRACO-19,’* and RHPS4,*” have been reported
to show potent inhibitory effects in various tumor cells and xenograft mice models. Nonetheless, the
design of small-sized molecular ligands selectively targeting hTERT G4 is not well-established. Only
few ligands can be found in literature. For instance, GTC365 targeting the major G4 in the hTERT
promoter, developed by Hurley and co-workers, exerted inhibitory effects on telomerase activity.?%*
In addition, SOP1812, reported by Neidle and co-workers, showed strong affinity for both human
telomeres and hTERT G4.*” These prior arts support that h\TERT G4 is a potential anticancer drug
target of small-molecule ligands.

In the present study, we attempted to design potent hTERT G4-targeting ligands. We selected
thiazole orange (TO) as the core skeleton for ligand modification because some previous studies
demonstrated that TO scaffold could be tailored to target certain types of G4s with high affinity and
give enhanced fluorescent signal for molecular interactions.***! A series of TO ligands substituted
with an indolyl group were thus developed for in-depth investigation on the effects of selectivity
targeting hTERT G4-DNA structure and anticancer activity. Our results shown that ligand 5 was
selectively binding to hTERT G4 with a strong affinity (K¢ = 1.1 uM) and it markedly increased the
in vitro stability of hTERT G4 (4Tm = 11.7 °C). The cell-based assays also showed that the ligand
effectively repressed ATERT gene transcription, downregulated hTERT expression, and caused cancer
cell senescence, cell cycle arrest, autophagy, DNA damage, oxidative stress, ferroptosis and apoptosis.
Furthermore, the in vivo antitumor efficacy of § was demonstrated in an MDA-MB-231 xenograft
mouse model. For a 16-day treatment with 5§ (dose of 5 mg/kg, every 2-day), 78.7% tumor weight
reduction was achieved. The 5-treated mice showed no observable toxicity against the major organs

examined. The present study may provide new insights into the design of potent hTERT G4-DNA



targeting anticancer agents against drug-resistant and aggressive cancers such as triple-negative breast

cancer.

2. RESULTS AND DISCUSSION

2.1. Design of hTERT G4-DNA Targeting Small Molecule Ligands. We constructed rationally a
series of new hTERT G4-bnding ligands, 1-10, based on a parent scaffold of thiazole orange by
introducing different terminal functional groups to regulate the polarity, rigidity and size of the
molecular structure (Scheme 1). The ligands are designed to be non-emissive in solution under
physiological conditions and they can generate markedly fluorescent signal upon interacting with
hTERT G4 in vitro and in living cells. To investigate the selectivity of these ligands targeting hTERT
G4, a panel of nucleic acid structures (Table S1) include single-stranded DNA, double-stranded DNA,
promoter G4-DNA, telomere G4-DNA and hTERT antisense DNA were titrated with ligands 1-10

(Figure S1).
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Scheme 1. Synthetic routes to compounds 1-10. Reagents and conditions: (1) reaction with 3-(3-
iodopropyl)-2-methylbenzo[d]thiazol-3-ium bromide, 40 °C, 3 h; (ii) reaction with morpholine,
diethylamine, piperidine, 4-methylpiperidine or 4-(trimethyl-A*-fluoraneyl)piperidine, methanol,
40 °C, 24 h; (111) reaction with 1H-indole-3-carbaldehyde or 1H-indole-2-carbaldehyde, acetonitrile,
105 °C, reflux 24 h.

Fluorescence titration results indicated that 5 exhibited the best selectivity toward hTERT G4 in
terms of enhanced fluorescent signal for molecular interaction in pH7.4 Tris-HCI buffer. Ligand 5
interacted with hTERT G4 gave 29-fold (F/Fo) signal enhancement, which was 2-6 times of other G4-
DNA substrates, 3 times of hTERT antisense DNA, 3 times of double-stranded DNA substrates, and
18 times of single-stranded DNA substrates (Figure 1A and Figure S2). Compared to its analogues, 5

generally shows better selectivity towards hTERT G4. It is probably due to its terminal functional
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groups of CF3 strengthening noncovalent interactions and the relatively more open indolyl moiety
(substituted at 3-position compared to 2-position of the indole ring may has less steric hindrance)
being favorable for hydrogen bonding interactions with the G4-target.

UV-Vis titrations also showed a new peak formation (Figure 1B) in concentration dependent
manner when 5 was titrated with hTERT G4, indicating the formation of new adduct. Moreover, there
was a markedly induced CD signal (420-550 nm) upon the interaction of 5§ with hTERT G4 (Figure
1C and Figure S3). The unwinding temperature of the complex formed (4Tm = 11.7 °C) was much
higher than that of other nucleic acids (Figure 1D and Figure S4). Furthermore, from the results of
ITC experiments (Table 1, Figure 1E and Figure S5), 5 exhibited the highest affinity towards hTERT
G4 (Kq= 1.1 uM) and it was notably stronger than that of telomeric G4 (Telo21: K¢= 3.3 uM), c-
MYC G4 (Pu27: K¢4=14.7 uM), hTERT antisense DNA (i-hTERT, Kq= 2.8 uM), and double-stranded
DNA (Ds26: Kq= 18.9 uM). Taken together, these biophysical results suggest that 5 may have better
selective and affinity targeting hTERT G4.

From ITC titration assays, the binding stoichiometry of the 5-hTERT G4 complex formed in
solution is 3:1 (Table 1), indicating that the hTERT sequence (Figure 1F) may have three potential
binding sites and each of them may interact with one ligand. To further confirm the interaction of 5
with hTERT G4 in solution, "TH NMR titration study was performed. The guanine imino proton in the
G-tetrad exhibits the typical chemical shifts in 10-12.5 ppm region.** The results support that the
DNA sequence of PQS1, PQS2 and PQS3 can form G4-structure in a solution with 20 mM K" ion.
The result is in accord with literature reports.”*>! When 5 was added to the DNA solution (from 1:1
to 3:1 ratio), the ligand interacted with G-tetrad and the changes of these imino proton signals were
clearly observed.*’ The remarkable shifts of several peaks in PQS1, PQS2, and PQS3 were observed
in the titration. These results suggest that 5 may interact with the G-tetrads formed in PQS1, PQS2,

and PQS3, respectively.
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Figure 1. (A) Selectivity screening based on induced fluorescent responses of 5 (5 pM) upon bound
with various nucleic acids (10 uM). (B) Ultraviolet Spectrophotometric titrations of 5 (5 uM) with
hTERT G4-DNA (0-10 puM). (C) CD spectra of 5 uM hTERT G4-DNA binding with 5. (D) CD
melting curves for hTERT G4-DNA in the absence and presence of 5§ (5 uM). (E) The binding of
hTERT G4-DNA to 5 was studied by isothermal titration calorimetry (ITC). (F) Imino proton regions
of "H NMR spectra showing the interaction PQS1, PQS2 or PQS3 with 5 at different molar ratio (1:0
to 1:3). The titration assays were performed in 25 mM KH>PO4 buffer (20 mM KCl, 10% DO, pH
7.4) using 600 MHz Bruker spectrometers at 25 °C.



Table 1. The Binding Parameters Obtained from Isothermal Titration Calorimetry (ITC) Study
for ligand 5 Interacting with Different Nucleic Acid Structures at 25 °C

ATm Kd (UM)  4H (kcal/mol) 4G (kcal/mol)  -TAS N (sites)
Dt21 -2.51+0.12 n.d. n.d. n.d. n.d. n.d.
4adt 1.65+0.71 n.d. n.d. n.d. n.d. n.d.
Ds26 1.01+0.41 18.9+5.14 -1.32 -6.45 -4.84 2.32+0.11
VEGF 0.72+0.21 n.d. n.d. n.d. n.d. n.d.
RET 0.96+0.26 n.d. n.d. n.d. n.d. n.d.
Ckit-2 2.45+0.14  6.80%£1.25 -1.59 -7.05 -5.34 2.79+0.08
Pu27 2.59+0.48  14.7+3.88 -2.44 -6.59 -3.8 3.76x0.26
Bcl-2 6.40+£0.68  3.61+0.57 -2.34 -7.43 -4.96 1.69+0.04
Telo21 8.85+0.23  3.28+0.24 -1.09 -71.49 -6.37 3.04+0.03
i-hTERT 8.82+0.32  2.79+0.41 -1.2 -71.58 -6.33 2.73+0.05
hTERT 11.72+0.73  1.14+0.19 -2.72 -8.11 -5.32 3.03+0.05

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

Table 2. Half-Maximal Inhibitory Concentration (ICso, pM) of Ligands (1-10) against Human
Cancer Cell Lines (A549, HelLa, PC3, HepG2, MDA-MB-231 and U20S) and Noncancerous
Cell Lines (HK-2 and HUEVC) with Incubation for 48 h

Ligand A549  HeLa PC3 HepG2 MDA-MB-231 U20S HK-2 HUEVC
1 2.1 2.3 4.7 5.8 2.9 7.8 5.8 16.5
2 2.3 1.9 5.4 4.7 2.1 9.4 4.6 145
3 1.7 1.8 3.8 4.5 3.1 5.1 5.4 11.9
4 1.7 1.9 2.4 3.2 1.9 5.3 5.5 6
5 2.1 2.6 2.5 2.9 1 3.9 9.4 8.7
6 5.0 4.1 4.8 5.2 6.4 14.8 9.5 16.6
7 4.7 3.3 3.1 5.4 5.6 10.3 9.5 11.9
8 3.6 3 3.3 4.5 3.3 5 7.9 94
9 4.3 3.1 2.5 5 2.6 6.2 6.3 8
10 6.6 5.5 3.9 4.7 5.3 9.8 14.7 12




2.2. Evaluation of Cytotoxicity of Ligands Against Human Cancer Cells and Noncancerous
Cells. To investigate whether 5 showed broad-spectrum anticancer activity, we selected a number of
telomerase-positive cancer cell lines (A549, HelLa, PC3, HepG2 and MDA-MB-231), an ALT
(alterative lengthening of telomere) cancer cell line U20S,* and nonmalignant cell lines (HK-2 and
HUEVC) for evaluation (Table 2, Figure S6-S7). The 1Cso values of 5 was found from 1-2.9 uM
against the telomerase-positive cancer cells, while the ICso value against U20S (3.9 uM) was slightly
higher but it was still effective. These results suggest that 5 is generally potent against both the
telomerase activity dependent and independent cancer cells. Notably, the drug-resistant MDA-MB-
231 breast cancer cell is more susceptible to 5 (ICso = 1 uM), while the ligand has a relatively lower

cytotoxicity against two nonmalignant cells examined (ICso= 8.7-9.5 uM).

2.3. Study the Intracellular Location and Target of Ligand S in Living MDA-MB-231 Cancer
Cells. Ligand 5 can generate intensive fluorescence upon interacting with hTERT G4 in vitro under
physiological conditions. Thus, the enhanced fluorescent signal of 5 for molecular interactions allows
us to investigate its cellular location and binding targets with confocal imaging techniques in living
cancer cells. Since 5 shows high toxicity against MDA-MB-231, this cell line was selected for further
assays. The live-cell images showed that § was primarily localized in the nucleus and subnuclear
regions of the cells (Figure 2A, the green signal).

To further confirm that the intracellular target of 5 is DNA, enzymatic digestion assays were
performed for 5-treated MDA-MB-231 cells. The DNase I treatment removed almost all the
fluorescence of both 5§ (green) and Hoechst 33342 (blue) DNA imaging from the cells (Figure 2B).
However, RNase A treatment did not cause observable reduction in the green fluorescence of 5. The
results indicate that 5 may primarily bind to DNA substrates in the nuclear region in living MDA-
MB-231 cells. Moreover, the immunofluorescence staining with BG4 (a G4-specific antibody)* was
found co-localized well with 5 (Figure 2C: BG4 (purple) and 5 (green)). The result supports that BG4
and 5 may bind to the same or similar cellular targets, indicating that 5 could possibly interact with

G4-DNA in living MDA-MB-231 cells.
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Figure 2. (A) Confocal microscope fluorescence images of live MDA-MB-231 cells stained with §
(5 uM) for 10 min and Hoechst 33342 (1.0 uM) for 10 min. (B) Confocal microscope fluorescence
images of fixed MDA-MB-231 cells stained with 5 (5 pM) and Hoechst 33342 (1.0 uM) for 10 min
and then the cells were treated with DNase I or RNase A. (C) The co-localization study of BG4 and
5 (5 uM) in fixed MDA-MB-231 cells. (D) Imaging of MDA-MB-231 cells transfected with hTERT-
pcDNA3.1(+)-C-eBFP plasmid and pcDNA3.1(+)-C-eBFP plasmid. (E) hTERT protein expression
in MDA-MB-231 cells with hTERT-pcDNA3.1(+)-C-eBFP transfection. Lane 1: Cells with no
transfection. Lane 2: Cells transfected with pcDNA3.1(+)-C-eBFP. Lane 3: Cells transfected with
hTERT-pcDNA3.1(+)-C-eBFP. 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. (F) Cell
viability of 5§ to MDA-MB-231 cells transfected with hTERT-pcDNA3.1(+)-C-eBFP plasmid,
pcDNA3.1(+)-C-eBFP plasmid or no transfection.

To obtain more cellular evidence to support the hypothesis that the primary target of 5 could be
hTERT G4 and the anticancer activity of 5 observed could probably be attributed to the inhibition of
hTERT expression, we transfected MDA-MB-231 cells with hTERT-pcDNA3.1(+)-C-eBFP

overexpressing hTERT. The cell overexpressed hTERT is expected to alleviate the toxicity of 5. The
10



blue fluorescent foci were observed in the transfected cells (Figure 2D), indicating that hTERT-
pcDNA3.1(+)-C-eBFP was successfully transfected in MDA-MB-231 cells. The transfection
efficiency was 70—-80% approximately. We also used Western Blot assays to confirm that h\TERT was
overexpressed in the transfected cells (Figure 2E and Figure S8). As expected, the semi-inhibitory
concentration of § (ICso = 3.3 uM) against the transfected MDA-MB-231 cells was significantly
higher than that of the control group (ICso= 1.2 uM), suggesting that the ligand was being less toxic
against the transfected MDA-MB-231 cells overexpressing hTERT (Figure 2F). These results indicate

that 5 may interact with hTERT G4 and repress hTERT expression in MDA-MB-231 cells.

2.4. Ligand 5 Downregulates hTERT Expression and Inhibits Telomere Function in MDA-MB-
231 Cells. It has been reported that the expression of the A”TERT gene plays an important regulatory
role in the growth of cancer cells.'® The downregulation of hTERT expression may induce cancer cell
death,*® but the regulatory mechanism of hTERT is still unclear. We thus investigated the influence
of telomere functions induced by 5 targeting hTERT G4 in MDA-MB-231 cells. The mRNA
expression of ATERT and c-MYC genes in MDA-MB-231 cells treated with 5 was quantified by qRT-
PCR (Figure 3A). The hTERT mRNA expression level was found significantly downregulated by 5
in a concentration-dependent manner (0—1.5 pM), while both c-MYC mRNA and CTCF mRNA (a
regulatory factor in the promoter region of the gene)*’ were not significantly downregulated. These
cellular results indicate that § may selectively target hTERT G4 in cancer cells and thus it inhibits
hTERT expression at transcriptional level. Further Western Blot analysis confirmed that S inhibited
the expression of hTERT and telomeric repeat binding factor 2 (TRF2) in a concentration-dependent
manner (Figure 3B and Figure S9). TRF2 is a key telomere-capping protein and involves in the
regulation of cellular activities and chromosome stability through the maintenance of telomere
structure and the regulation of telomere length. It also plays important roles in the process of cellular
aging and carcinogenesis.*® Consequently, the telomere function and chromosome stability may be
interrupted.’

Some recent studies suggest that hTERT may regulate directly the telomerase activity in cancer
cells.*” We thus studied the effect of 5 on telomerase activity in MDA-MB-231 cells with TRAP
assays.'? As expected, 5 at 1 pM (ICso concentration) or above significantly inhibited telomerase

activities (Figure 3C). Furthermore, MDA-MB-231 cells treated with 5 at 0.2 uM for 10 days

exhibited a characteristic feature of cellular senescence, which was evidenced by both the positive
11



SA-f-gal staining (Figure 3D) and a significant telomere length shortening effect induced by the
ligand (Figure 3E).*’ These results demonstrate that 5 may induce telomere dysfunction in MDA-

MB-231 cancer cells.

A 2071 ns e oM B 1.2 25 'y T‘s e O0pMm
5 £ ns . = 05uM OpM 05puM 1.0pM 1.5uM = 05uM
3 S 154 ns 4 1omM " v 210 MY s 10uM
2 & ne o nse  15uM hTERT 2 08 +« 15uM
E B ns ns"s — T a ’
€3 104 e TRF2 gm 3 067
o N 2 ’

25 2 04

2 2 o.

B E o5 fractin | ——— | =

$ o D 0.2

es 302
0.0

0.0~
hTERT  c¢c-MYC CTCF  GAPDH

hTERT TRF2 B-actin

C é@‘ B o (0\}\“ Q§ %Q\* D 0 pM 0.2 uM
B : > 3 4 - & >
AN O T
E | % «
w‘ ; e
b : Y 50 ym.
s el S

-

o

=]
1

Relative telomere length (%)

; g syl 0uM 0.2 M

Figure 3. (A) The mRNA expression of h”TERT, c-MYC, CTCF, GAPDH and f-actin genes in MDA-
MB-231 cells treated with 5 (0—-1.5 uM), respectively for 48 h and detected by real-time qRT-PCR.
(B) Western Blot to determine the expression of hTERT, TRF2 and B-actin in MDA-MB-231 cells
treated with 5 (0—1.5 uM) respectively for 48 h. (C) Concentration-dependent inhibition of telomerase
activity by 5 (0-1.5 uM) in MDA-MB-231 cells. (D) The senescent effects caused by 5 (0.2 uM)
treatment of MDA-MB-231 cells for ten days were detected using the SA-f-gal assay. (E) The results
of relative telomere length measurement: MDA-MB-231 cells were treated with 5 (0.2 uM) for 10

days ((*) P <0.05, (**) P<0.01, and (***) P <0.001, significantly different from the control; ns, not
significantly different from the control).

2.5. Ligand 5 Induces DNA Damage, Senescence and Cell Cycle Arrestin MDA-MB-231 Cancer
Cells. It has also been reported that the upstream promoter of the telomerase catalytic subunit A”TERT
gene not only acts as a master switch for regulating hTERT transcription and expression, but also
regulates a variety of non-telomeric functions that are critically essential for cancer cell growth.>’ To
gain insights into the effect of § on the noncanonical function of hTERT, Western Blot assays were
applied to evaluate a number of DNA damage markers including cleaved PARP1, y-H2AX and 53BP1
(Figure 4A and Figure S10) in MDA-MB-231 cells treated with 5. We found that 5 at 0.5-1.5 uM

significantly enhanced the expression levels of DNA damage signature proteins, 53BP1 and y-H2AX,
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indicating that 5 caused cellular DNA damage in a concentration dependent manner (Figure 4A). The

upregulation of these markers indicates a cellular stress response to DNA damage induced by 5.
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Flgure 4. (A) Western Blot to determme the translatlon of 53BP1, cleaved-PARPI, y-H2AX and S-
actin in MDA-MB-231 cells treated with 5 (0—1.5 uM) respectively for 48 h. (B) Comet assay analysis
of DNA damage in MDA-MB-231 cells after 48 h of treatment with 5 (0—1.5 uM). (C) The senescent
effects caused by 5 (0-1.5 uM) treatment of MDA-MB-231 cells for 48 h were detected using the
SA-p-gal assay. (D) Inhibitory effect of 5 (0—1.5 uM) on the migration of MDA-MB-231 cells after
48 h of treatment. (E) Western Blot to determine the translation of Bcl-2, BAX and f-actin in MDA-
MB-231 cells treated with 5 (0—-1.5 uM) for 48 h, respectively. (F) The cell cycle effects caused by 5
(0-1.5 uM) treatment of MDA-MB-231 cells for 48 h were detected using the flow cytometry. For
all Western Blot experiments (N = 4, mean £+ SD, (*) P < 0.05, (**) P <0.01, and (***) P < 0.001,
significantly different from the control; ns, not significantly different from the control).

In addition, from comet assays (Figure 4B), the cellular DNA fragmentation observed in the MDA -
MB-231 cells treated with 5 (0.5-1.5 uM) was clearly higher than the untreated cells (control). These
results indicate the 5-treated cells under oxidative stress. The consequence of DNA damage and
chromosomal instability is thus observed. Moreover, the DNA damage caused by 5 may induce
senescence. Consequently, the ligand inhibited significantly the migration of MDA-MB-231 cells
after the treatment for 48 h (Figure 4C,D). Furthermore, the apoptotic pathway of MDA-MB-231

cells was found activated (Figure 4E and Figure S11), in which the induced downregulation of anti-
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apoptotic protein Bcl-2 and the upregulation of pro-apoptotic protein BAX in the MDA-MB-231 cells
treated with § were observed in a concentration dependent manner (0.5-1.5 uM, 48 h).

Acute cellular senescence may also result in cell cycle perturbations such as cell cycle arrest or
cell cycle deviation.”! We found that, when MDA-MB-231 cells were treated with 5 (0.5-1.5 pM),
the number of cells in G2/M phase was increased from 14.3% to 32% (Figure 4F and Figure S12).
There were fewer cells in S phase (23.4%—4.6%). The cellular arrest in G2/M phase is likely attributed
to DNA damage leading to the disruption of chromosome replication process.’” Taken together, 5 may
show effects on non-telomeric functions of hTERT in cancer cells, including a significant induction

of DNA damage, acute cellular senescence, reduced capacity for cell migration, and cell cycle arrest.

2.6. Ligand 5 Inhibits Non-telomeric Functions of hTERT to Cause Mitochondrial Dysfunction
and Disrupt Energy Metabolism in MDA-MB-231 Cells. It was reported that hTERT could be
translocated from nucleus to mitochondria and bind to mitochondrial DNA to protect mitochondria
from oxidative stress damage.® We thus investigated the effect of 5 on inhibiting the non-telomeric
function of hTERT in mitochondrial functions when the expression of h\TERT in MDA-MB-231 cells
was downregulated with the ligand. TBHP (fert-butyl hydroperoxide), an inducer of oxidative stress
commonly used in living cells,” showed an ICso of 549 pM approximately in MDA-MB-231 cells
for a 48-h treatment. When 5 was co-incubated with TBHP (200 uM) in the cells, the ICso was found
to be 0.67 uM, which was notably lower than the control (5 alone, ICso = 1 uM) (Figure S13).

From the results of immunofluorescence experiments (Figure 5A), hTERT (pink fluorescent foci)
was predominantly located in the nuclear region of the untreated cells (control). However, in TBHP
(200 uM) treatment group, a lot of pink foci were clearly observed in the cytoplasm of MDA-MB-
231cells, indicating that h\TERT was translocated from the nucleus to cytoplasm and then moving to
mitochondria for repairing the mitochondria damaged by TBHP. For MDA-MB-231 cells treated with
both 5 (0.5 uM) and TBHP (200 uM), the number of observable pink foci (W"TERT) in both cytoplasm
and nuclear region was clearly decreased. The results suggest that 5 may inhibit the expression of
hTERT in the cells. Consequently, the effect of hTERT on maintaining mitochondrial functions may

be suppressed with 5, which is further investigated in the coming section.
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Figure 5. (A) MDA-MB-231 cells were treated with TBHP (200 uM) or a mixture of § (0.5 uM) and
TBHP (200 uM) for 48 h and then analyzed for intracellular hTERT protein by immunofluorescence
imaging. (B) Western Blot to determine the translation of mitochondria respiratory chain complex
and B-actin in MDA-MB-231 cells treated with 5 (0—1.5 uM) respectively for 48 h. N = 4, mean +
SD, (*) P <0.05, (**) P<0.01, and (***) P < 0.001, significantly different from the control; ns, not
significantly different from the control. (C) Mitochondrial Membrane potential (MMP) analysis in
MDA-MB-231 cells after 48 h of treatment with 5 (0—1.5 uM). (D) Analysis of mitoROS production
level in MDA-MB-231 cells after 48 h of treatment with § (0—1.5 uM). (E) Oxygen consumption rate
of the 5-treated cells in Mito Stress Test. (F) ATP production of the 5-treated cells. (G) Proton efflux
rate of the S-treated cells. (H) Induced glycolysis of the 5-treated cells. For Seahorse experiment, N
=5, mean + SD, (*) P < 0.05, (**) P <0.01, and (***) P < 0.001, significantly different from the
control; ns, not significantly different from the control.

To obtain more evidence to support that 5 caused mitochondrial dysfunctions in MDA-MB-231
cells, Western Blot assays were performed. The results showed that the mitochondrial respiratory
chain complex (I-IV) was significantly downregulated in a concentration dependent manner in the 5-
treated cells (Figure 5B and Figure S14). We then further verified that the mitochondria of 5-treated
cells showed a markedly impaired mitochondrial membrane potential (MMP) (Figure 5C) and a

markedly increased mitochondrial ROS (mitoROS) (Figure 5D). Furthermore, we evaluated the
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effects of 5 on the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
because these two important indicators were closely related to cellular energy metabolism. The mito
stress test and glycolytic rate test (Seahorse experiments) were also conducted for the MDA-MB-231
cells treated with 5. The results (Figure SE) showed that the OCR capacity of cells treated with 5 (1.5
uM) was significantly reduced compared to the untreated cells (control), indicating that 5 caused a
decrease in cellular energy production. A similar trend is also observed in ATP production (Figure
5F), suggesting that 5 interrupts cellular energy production process. In addition, ECAR was found
elevated (Figure 5G). The metabolic pathway of glycolysis was also significantly increased for more
than 0.8-fold for the cells treated with 5 at 1.5 uM (Figure 5H). Taken together, these results
demonstrate that 5 induces mitochondrial dysfunction and disrupts the energy metabolism in MDA-
MB-231 cells. These cellular events observed could be caused by the downregulation of hTERT

expression in S-treated MDA-MB-231 cells.

2.7. Ligand 5 Induces Mitochondrial Autophagy and Ferroptosis in MDA-MB-231 Cells. Since
mitochondrial dysfunction is one of the important factors to induce cellular autophagy,”® we thus
evaluated the effect of 5 on the induction of mitochondrial autophagy in MDA-MB-231 cells. We
examined the effect of autophagic vesicle formation in the cells treated with 5. The live-cell confocal
images (Figure 6A) clearly show that 5 induces mitochondrial phagocytosis. As increasing the
concentration of 5 in the treatment, more autophagic vesicles (blue foci) were formed and observed
in the cells. Then, the effect of 5 on autophagy protein markers was analyzed with Western Blot.
BNIP3L/Nix is a selective substrate for mitochondrial autophagy (receptor-mediated) and p62 is one
of the important substrates for PINK1/parkin-mediated mitochondrial autophagy (ubiquitin adapter-
mediated).”>° The LC3 protein is also a key protein in autophagy process.’’ Thus, all these
characteristic markers were investigated in MDA-MB-231 cells treated with 5. The results showed
that the expression of BNIP3L/Nix and LC3-II was significantly upregulated (Figure 6B and Figure
S15). The overexpression of these proteins may promote the ability of cells to clear the damaged
mitochondria to maintain cellular homeostasis.’® Moreover, 5 at 1.5 pM significantly downregulated
the expression of p62 and LC3-I, indicating that mitochondrial autophagy was attenuated or
impaired.’® Furthermore, from the lysosome-mitochondria co-localization study (Figure 6C), both

lysosomes and mitochondria were found well-colocalized in MDA-MB-231 cells treated with 5,
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indicating that the damaged mitochondria were engulfed by lysosomes in the cells.
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Figure 6. (A) 5 (0-1.5 uM) induced selective autophagy mitophagy in MDA-MB-231 cells. (B)
Western Blot to determine the translation of p62, BNIP3L/Nix, LC3-I, LC3-II and f-actin in MDA-
MB-231 cells treated with 5 (0—1.5 pM) respectively for 48 h. (C) 5 (0—1.5 uM) induces mitochondrial
autophagy and delivers it to lysosomes for lysis. (D) Analysis of Fe?" production level in MDA-MB-
231 cells after 48 h of treatment with 5 (0—1.5 uM). (E) Western Blot to determine the translation of
GPX4 and f-actin in MDA-MB-231 cells treated with 5 (0—1.5 pM) respectively for 48 h. (F) Analysis
of total ROS production level in MDA-MB-231 cells after 48 h of treatment with 5 (0—1.5 uM). For
all Western Blot experiments (N = 4, mean £+ SD, (*) P < 0.05, (**) P < 0.01, and (***) P < 0.001,
significantly different from the control; ns, not significantly different from the control).

It has been reported that there is a correlation between mitochondrial autophagy and ferroptosis.®’
We speculate that mitochondrial dysfunction caused by 5 may also result in abnormal iron metabolism,
in which the excessive iron ions cause mitochondrial damage. We thus investigated the effect of 5 in
ferroptosis in MDA-MB-231 cells. A commercial Fe(Il) fluorescent sensing probe, FerroOrange, was
utilized for assays. We observed that 5 induced a lot of bright yellow fluorescent spots (FerroOrange)
in the cells and was found in a concentration dependent manner (Figure 6D). The results may support

that 5 could disrupt the cellular iron metabolism and trigger ferroptosis in MDA-MB-231 cells.
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Further Western Blot results (Figure 6E and Figure S16) also showed that 5 induced a significant
decrease in glutathione peroxidase (GPX4) expression in the cells. The downregulation of GPX4 may
cause an increase in the intracellular oxidative stress and exacerbated iron death.®' In response to
oxidative stress and iron metabolism disruption, the total cellular ROS production was found
markedly increased in MDA-MB-231 cells treated with 5 in a concentration dependent manner
(Figure 6F). Collectively, the results obtained suggest that 5§ may downregulate hTERT expression,
induce mitochondrial dysfunction and autophagy, and disrupt the iron metabolism to trigger

ferroptosis in MDA-MB-231 cells.

2.8. mRNA Sequencing Analysis for MDA-MB-231 Cells Treated with Ligand 5. To further
understand the anticancer mechanism of 5, we performed mRNA sequencing (RNA-seq) analysis for
MDA-MB-231 cells treated with § and DMSO (control). After filtering the standard of > 2.0-fold
changes and a false discovery rate (FDR) < 0.05, a total of 2857 differentially expressed genes (DEGs)
including 1174 upregulated genes and 1683 downregulated genes were screened in the 5-treated cells
compared to the control (Figure S17). Next, the screened DEGs were analyzed by Gene Ontology
(GO) and Kyoto Encyclopedia of the Genome (KEGG) analyses to assess the effect of 5 on MDA-
MB-231 cellular activity and function and to explore the potential activation pathways.

From the GO enrichment analysis, we found that DEGs were mainly enriched in biological
processes, followed by cellular components and molecular functions, and all of them were markedly
downregulated (Figure 7A). Among the above three gene-function classifications, we found that
DEGs were mainly enriched in the key processes of cell proliferation such as chromosome
segregation, DNA replication and cell cycle, indicating that 5 may play an antitumor role mainly by
inhibiting cell proliferation (Figure 7A and Figure S18). In addition, we collated the GO enrichment
related to telomere (Figure 7E), whose enrichment results indicated that S exhibited markedly
negative effects on telomere maintenance and organization. The KEGG pathway enrichment also
reveals the downregulation of DNA replication and cell cycle signaling pathways, similar to the
results of GO enrichment analysis (Figure 7B). Furthermore, the KEGG pathway was enriched for a
large number of apoptosis-related signaling pathways including calcium, TNF, FoxO, INF-1, JAK-
STAT, necroptosis and cMAP signaling pathways. Moreover, all these signaling pathways were

markedly upregulated, except TNF signaling pathway. We also found that the anti-apoptotic Hippo
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signaling pathway and the promoting cell survival and proliferation Rapl signaling pathways were
downregulated. These results suggest that 5§ may promote MDA-MB-231 cell apoptosis (Figure 7B).

The upregulation of FoxO signaling pathway may trigger autophagy and promote apoptosis.®>
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Figure 7. The analysis of enriched gene pathways of differentially expressed genes. Ligand 5 used
for the assays was 1 uM. (A) GO enrichment analyses of differentially expressed genes between
native and 5-treated MDA-MB-231 cells. (B) KEGG pathway enrichment analysis of differentially
expressed genes between native and 5-treated MDA-MB-231 cells. (C) Heat map of differentially
expressed genes related to autophagy in native and 5-treated MDA-MB-231 cells (fold change > 2).
(D) Heat map of differentially expressed genes related to cellular senescence and ferroptosis in native
and 5-treated MDA-MB-231 cells (fold change > 2). (E) GO enrichment analysis of differentially
expressed genes on telomeres between native and 5-treated MDA-MB-231 cells.

To compensate for the energy deficit, the glycolysis/glycolysis signaling pathway was also found
upregulated in the cells treated with 5 probably because of the impaired mitochondrial function. The
results suggest that 5 may induce mitochondrial dysfunction in MDA-MB-231 cells. Moreover, we
found that the transcription levels of the key DNA repair genes DNAPKcs and Artemis in the non-
homologous end-joining (NHEJ) signaling pathway were significantly downregulated in the 5-treated

cells (Figure S19), inducing DNA damage and oxidative stress.®> Concomitantly, the oxidative
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phosphorylation signaling pathway was markedly influenced (Figure S20) and the downregulation of
ND1-ND6 expression, which are the components of mitochondrial NADH dehydrogenase complex
(Complex I), resulted in mitochondrial dysfunction.®* Subsequently, the FoxO signaling pathway was
activated to trigger mitophagy, as demonstrated in the heatmap (more than 2-fold), the 5-treated
MDA-MB-231 cells increased the expression levels of 16 autophagy-related genes (Figure 7C).
Moreover, the nuclear exported hTERT participates in antioxidant response to protect mtDNA, reduce
mitoROS production, and improve mitochondrial functions.® 5 markedly inhibits hTERT expression
at transcriptional level in the cells. The participation of hTERT in mitochondrial function is thus
suppressed and then leads to mitochondrial dysfunction under oxidative stress and consequently, it
affects cellular energy metabolism and activates the FoxO signaling pathway to trigger mitochondrial
autophagy.

The results obtained from KEGG enrichment also reveals that the cellular senescence and
ferroptosis signaling pathway are significantly upregulated. These findings suggest that 5 may disrupt
cellular energy metabolism and trigger intracellular iron metabolism, and followed causing cellular
senescence and ferroptosis. It is noteworthy that corresponding pathways enriched in 12 and 7 core
genes associated with cellular senescence and iron metamorphosis were significantly upregulated
(Figure 7D). All these bioinformatics indicate that 5 may disrupt cellular energy metabolism, trigger
mitochondrial autophagy, induce cell cycle arrest and affect intracellular iron metabolism, and

eventually it leads to cellular senescence and ferroptosis.

2.9. In Vivo Antitumor Activity of Ligand 5 in MDA-MB-231 Tumor-bearing Mice. All animal
experiments performed in the present study were in compliance with the Animal Management Rules
of the Ministry of Health of the People's Republic of China and were in compliance with the
institutional ethics committee regulations and guidelines on animal welfare. The approved ASESC
(Animal Subjects Ethics Sub-Committee) Case Number is 21-22/45-ABCT-R-GRF.

As 5 showed potent inhibitory effects on cancer cell growth, we further evaluated its antitumor
activity in Balb/c-allogeneic MDA-MB-231 transplanted tumors. 18 female Balb/c nude mice bearing
MDA-MB-231 tumors were randomly divided into three groups (6 mice per group), including control
group (PBS), treatment group I (5, dose at 2 mg/kg) and treatment group II (5, dose at 5 mg/kg). The

ligand was administered via tail vein injection. Throughout a 16-day treatment, no mice lost weight
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significantly (Figure 8A) and all mice showed no signs of skin tears, ulcers, poor health, pain or
discomfort. The results indicate that the treatment with 5 at the dose of 2 mg/kg and 5 mg/kg may be
well-tolerated by mice. Moreover, the tumor growth was significantly inhibited by S in both treatment
groups compared to the control group that showed fast-growing of tumors (Figure 8B). For treatment
group I (5, 2 mg/kg), areduction of 52.6% in tumor volume was achieved. The better result was found
for treatment group II (5, 5 mg/kg) with 78.5% reduction of tumor volume. The mice were sacrificed
on day 16 and the tumors were excised and weighed. The results showed a significant decrease in
tumor weight after the treatment with 5. The inhibition rates (weight %) of 48.7% (treatment group I,
2 mg/kg) and 78.7% (treatment group II, 5 mg/kg) were achieved, respectively (Figure 8C—E).

To further investigate the effect of 5 on tumor growth, histological images of H&E, TUNEL and
Ki67 antigen immunofluorescence-stained tumor tissue sections were obtained (Figure 8F). It was
found that the tumor tissues of the treatment group showed nuclear fragmentation and nucleolysis in
H&E images in a concentration-dependent manner compared to the control group. For treatment
group II (dose of 5 mg/kg), more severe apoptosis and necrosis was observed. Furthermore, both
TUNEL and Ki67 staining assays clearly showed that 5 at the dose of 5 mg/kg exhibited stronger
inhibitory effects on the proliferation of MDA-MB-231 tumor cells. These in vivo results suggest that
5 may show potent antitumor activity in Balb/c-xenogeneic MDA-MB-231 transplanted tumors.

For the evaluation of in vivo biocompatibility and cytotoxicity of 5, whole blood was collected
from mice at the end of the treatment cycle on day 16. The biochemical indices including liver
function (ALT, AST, and ASP), blood urea nitrogen (BUN), renal function (creatinine (CREA) and
uric acid (UA)), white blood cell count (WBC), lymphocyte count (Lymph), granulocyte count (Gran),
red blood cell count (RBC), mean corpuscular volume (MCV), mean corpuscular hemoglobin
concentration (MCHC), hemoglobin concentration (HGB), mean corpuscular hemoglobin (MCH)
and platelet count (PLT) were assessed. The results (Figure 9A) confirmed that there was no
significant change in the values of these indices between the treatment groups and the control group.
We also evaluated H&E-stained sections of major organs including the heart, liver, spleen, lung and
kidney in mice (Figure 9B). It was found that § (dose of 2 mg/kg and 5 mg/kg) did not produce
pathological changes in any of these major organs. These results indicate that 5 may be highly

compatible with normal tissues and shows no observable toxicity against the major organs examined.
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Figure 8. For in vivo experiments, 18 female Balb/c nude mice bearing MDA-MB-231 tumors were
randomly divided into three groups (6 mice per group). (A) Body weight change of MDA-MB-231
tumor-bearing nude mice injected with 5 (2 mg/kg or 5 mg/kg) in tail vein for 16 days (N = 6, mean
+ SD). Drug was administered every two days. (B) Time-dependent change of tumor volume after
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different treatments for 16 days (N = 6, mean = SD, (*) P <0.05, (**) P <0.01, and (***) P <0.001,
significantly different from the control; ns, not significantly different from the control). (C) Weight
of'isolated tumors in MDA-MB-231 tumor-bearing nude mice after 16 days of treatment (N = 6, mean
+ SD, (*) P<0.05, (**) P<0.01, and (***) P <0.001, significantly different from the control; ns, not
significantly different from the control). (D) Digital photographs of MDA-MB-231 tumor-bearing
nude mice on day 1 and day 16 of different groups. (E) Digital photographs of isolated tumors from
different groups of MDA-MB-231-bearing nude mice after 16 days. (F) Representative histological
images of H&E, TUNEL and Ki67 antigen immunofluorescence-stained tumor tissue sections of
MDA-MB-231 tumor-bearing nude mice tumors from different groups after 16 days of treatment
(Scale bars is 200 um).
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3. CONCLUSION

In conclusion, a potent hTERT promoter G4-structure targeting small-molecule ligand capable of
downregulating hTERT expression in triple-negative breast cancer cells (MDA-MB-231) was
developed. Our results revealed that the ligand exhibited high affinity targeting hTERT G4-DNA (K4
= 1.1 uM). The ligand also showed potent anticancer activity against a broad range of human cancer
cells (ICso = 1-3.9 uM) including drug-resistant MDA-MB-231 cancer cells (ICso = 1 uM). Moreover,
we found that the ligand not only caused remarkable effects on canonical functions of hTERT
including decreased telomerase activity, shortened telomere length and cellular senescence, but also
induced important noncanonical functions including the induction of substantial DNA damage, acute
cellular senescence and rapid apoptosis in MDA-MB-231 cells. In addition, our study demonstrated
that the hTERT G4-DNA targeting ligand (5) was able to affect iron metabolism and activate
ferroptosis in MDA-MB-231 cells. Based on the in vitro results obtained, it may suggest that hTERT
G4-DNA could be a primary target of 5. Nonetheless, it is noteworthy that the ligand causes rapid
induction of diverse cellular responses in MDA-MB-231 cells, which may imply that the ligand could
possibly influence multiple G4-related transcriptional events simultaneously in cellulo and in vivo.
Furthermore, the in vivo antitumor efficacy of 5 was evaluated with an MDA-MB-231 xenograft
mouse model. The mice treated with § (5 mg/kg, every 2-day, for 16-day) showed 78.7% reduction
in tumor weight and no observable toxicity against the major organs was observed. The finding of the
present study may provide new insights into the development of potent hTERT G4-DNA targeting
small-molecule ligands for antitumor therapy via the inhibition of hTERT expression at

transcriptional level, particularly the drug-resistant cancers such as triple-negative breast cancer.

4. EXPERIMENTAL SECTION

4.1. Synthesis and Characterization. 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 chromatography (HPLC) analysis for examining the purity of the compounds was performed
on a SHIMADZU LC-16 system using a Diamonsil C18 column (250 x 4.6 mm, 5 um) at room
temperature with an elution using the mobile phase (MeOH/H20 = 95:5 v/v). All ligands synthesized

for assays were confirmed to have a purity > 95%.
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4.1.1. General Procedures for the Synthesis of Ligands (1-10). A synthetic route to ligands 1-10
is shown in Scheme 1. Intermediate a was obtained by the reaction using (1,2-dimethyl-4-[(3-
bromopropyl-2(3H)-benzothiazolylidene)methyl]quinolinium iodide, 2.0 mmol) and 4-chloro-1,2-
dimethylquinolin-1-ium iodide (2.0 mmol) for 24 h at 40 °C in cyclobutyl sulfone solution.
Intermediate b was further obtained by reacting intermediate a (2.0 mmol) with 10.0 mmol of
morpholine, diethylamine, piperidine, 4-(trimethyl-A*-fluoroamino)piperidine or 4-methylpiperidine
for 24 h at 40 °C in methanol solution. The new ligands (1-10) were obtained by the reaction of b
(1.0 mmol) and 1H-indole-3-carbaldehyde (2.0 mmol) or 1H-indole-2-carbaldehyde (2.0 mmol) and
4-methylpiperidine (200 pL), acetonitrile (10 mL) in 105 °C refluxed for 24 h. 1-10 obtained were
purified by flash silica gel column chromatography and were confirmed with *H NMR, *C NMR,
HRMS and HPLC (Figure S21-S30). The purity of all these isolated compounds determined by
HPLC was 95% or higher.

4.1.2. 2-((E)-2-(1H-indol-3-yl)vinyl)-1-methyl-4-((Z)-(3-(3-morpholinopropyl)benzo[d]thiazol-2
(3H)-ylidene)methyl)quinolin-1-ium iodide (1). Brownish red solid with an 76% H NMR (6
00 MHz, DMSO-ds) ¢ 12.02 (s, 1H), 8.63 (d, J = 8.3 Hz, 1H), 8.22 (s, 1H), 8.17 (d, J =
8.9 Hz, 2H), 8.04 — 7.96 (m, 3H), 7.75 — 7.69 (m, 3H), 7.56 (t, J = 8.1 Hz, 2H), 7.44 (d
,J = 157 Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.31 — 7.26 (m, 2H), 6.86 (s, 1H), 4.59 (t,
J = 6.1 Hz, 2H), 4.19 (s, 3H), 3.49 (m, 4H), 2.40 (m, 2H), 2.26 (m, 4H), 2.02 — 1.97 (m,

2H). C NMR (101 MHz, DMSO-ds) ¢ 158.22, 154.01, 147.74, 141.03, 139.68, 137.97, 1
37.07, 133.49, 133.14, 128.33, 126.69, 125.48, 125.25, 124.30, 123.99 , 123.37, 121.74, 120
.77, 119.06, 114.59, 114.10, 113.00, 108.06, 87.22, 66.55, 55.39, 53.80, 44.17, 38.33, 23.67.
HRMS m/z: calcd for CssH3sN4OS™ [M-1]F 559.25261; found 559.25220 [M-I]". HPLC anal
ysis: retention time at 4.849 min eluted with MeOH/H.O = 95:5 v/v, purity > 99%.

4.1.3. 2-((E)-2-(1H-indol-3-yl)vinyl)-4-((2)-(3-(3-(diethylamino)propyl)benzo[d]thiazol-2(3H)-yl
idene)methyl)-1-methylquinolin-1-ium iodide (2). Brownish red solid with an 62% H NMR (
400 MHz, DMSO-ds) & 12.03 (s, 1H), 8.75 (s, 1H), 8.28 (d, J = 2.3 Hz, 1H), 8.20 (dd, J
= 16.1, 8.5 Hz, 2H), 8.08 — 8.05 (m, 1H), 8.00 (dd, J = 13.9, 6.5 Hz, 2H), 7.84 — 7.71 (
m, 3H), 7.58 (dd, J = 16.9, 8.4 Hz, 2H), 7.48 (d, J = 15.7 Hz, 1H), 7.38 (t, J = 7.6 Hz,
1H), 7.32 — 7.25 (m, 2H), 6.87 (s, 1H), 4.65 (s, 2H), 4.24 (s, 3H), 3.16 (m, 4H), 2.41 (m,

2H), 2.16 (m, 2H), 1.23 (s, 6H). 3C NMR (101 MHz, DMSO-ds) 6 157.88, 154.25, 140.6
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2, 139.70, 137.99, 133.51, 128.48, 126.72, 125.23, 124.42, 124.03, 123.51, 121.79, 120.82,
119.13, 114.47, 114.13, 113.11, 112.57, 47.05, 38.50, 9.22. HRMS m/z: calcd for CasHz7N4
S* [M-1]* 545.27334; found 545.27142 [M-I]*. HPLC analysis: retention time at 4.819 min
eluted with MeOH/H.0 = 95:5 v/v, purity = 99.6%.

4.1.4. 2-((E)-2-(1H-indol-3-yl)vinyl)-1-methyl-4-((Z)-(3-(3-(piperidin-1-yl)propyl)benzo[d]thiaz
ol-2(3H)-ylidene)methyl)quinolin-1-ium iodide (3). Brownish red solid with an 68% H NMR
(400 MHz, DMSO-ds) & 12.03 (s, 1H), 8.64 (s, 1H), 8.25 — 8.16 (m, 3H), 8.05 — 7.97 (
m, 3H), 7.79 — 7.71 (m, 3H), 7.57 (dd, J = 16.3, 7.4 Hz, 2H), 7.48 (d, J = 15.7 Hz, 1H),
737 (t, J = 7.3 Hz, 1H), 7.32 — 7.26 (m, 2H), 6.87 (s, 1H), 4.61 (m, 2H), 4.22 (s, 3H),
2.48 — 2.10 (m, 6H), 2.00 (m, 2H), 1.39 (m, 6H). 3C NMR (101 MHz, DMSO-ds) § 158.
15, 154.00, 147.76, 140.93, 139.66, 137.96, 137.09, 133.49, 133.17, 132.17, 131.99, 129.13,
128.31, 126.65, 125.49, 125.24, 124.31, 124.02, 123.96, 123.41, 123.36, 121.74, 120.76, 119
.04, 114.54, 114.09, 113.08, 112.81, 108.08, 87.13, 65.49, 54.31, 38.35, 30.48, 19.12, 14.02.
HRMS m/z: calcd for CssHs7N4S* [M-1]" 557.27334; found 557.27277 [M-1]*. HPLC analy

sis: retention time at 4.831 min eluted with MeOH/H20 = 95:5 v/v, purity > 99%.

4.15. 2-((E)-2-(1H-indol-3-yl)vinyl)-1-methyl-4-((Z2)-(3-(3-(4-methylpiperidin-1-yl)propyl)benzo
[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide (4). Brownish red solid with an 64% yi
eld. 'TH NMR (400 MHz, DMSO-ds) § 12.01 (s, 1H), 8.60 (d, J = 8.1 Hz, 1H), 8.27 — 8.1
0 (m, 3H), 7.99 (dd, J = 23.4, 8.0 Hz, 3H), 7.70 (m, 3H), 7.55 (s, 2H), 7.44 (m, 1H), 7.3
3 (m, 3H), 6.85 (s, 1H), 4.56 (s, 2H), 4.18 (s, 3H), 2.71 (d, J = 10.1 Hz, 2H), 2.36 (s, 2
H), 1.98 (s, 2H), 1.79 (t, J = 10.7 Hz, 2H), 1.50 (d, J = 11.7 Hz, 2H), 1.23 (s, 1H), 1.04

(dd, J = 21.6, 10.5 Hz, 2H), 0.84 (d, J = 6.0 Hz, 3H). 3C NMR (101 MHz, DMSO-ds)
0 158.17, 153.90, 147.64, 140.94, 139.62, 137.95, 136.99, 133.45, 133.10, 128.29, 126.63, 1
25.29, 124.29, 123.96, 123.35, 121.75, 120.72, 118.97, 114.51, 114.06, 113.07, 112.85, 107.
94, 87.14, 55.21, 53.92, 44.26, 38.26, 34.32, 30.76, 24.19, 22.26. HRMS m/z: calcd for Cs7
H3oN4S* [M-1]" 571.28899; found 571.28821 [M-I]*. HPLC analysis: retention time at 4.833
min eluted with MeOH/H.O = 95:5 vlv, purity > 99%.

4.1.6. 2-((E)-2-(1H-indol-3-yl)vinyl)-1-methyl-4-((Z)-(3-(3-(4-(trifluoromethyl)piperidin-1-yl)pr
opyl)benzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide (5). Brownish red solid with
an 70% vyield. 'H NMR (400 MHz, DMSO-ds) J 12.00 (s, 1H), 8.64 (d, J = 8.3 Hz, 1H),
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8.21 — 8.15 (m, 3H), 8.00 (dt, J = 15.7, 7.3 Hz, 3H), 7.76 (s, 1H), 7.70 (m, 2H), 7.56 (t,
J = 7.7 Hz, 2H), 7.46 (d, J = 15.7 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.31 — 7.26 (m, 2
H), 6.88 (s, 1H), 4.61 (t, J = 6.3 Hz, 2H), 4.20 (s, 3H), 2.81 (d, J = 10.9 Hz, 2H), 2.42
(s, 2H), 2.17 (s, 1H), 2.04 — 1.98 (m, 2H), 1.84 (t, J = 11.2 Hz, 2H), 1.68 (d, J = 11.8
Hz, 2H), 1.36 — 1.27 (m, 2H). ®C NMR (101 MHz, DMSO-ds) ¢ 158.23, 154.00, 147.77,
141.06, 139.69, 137.96, 137.02, 133.46, 133.06, 128.28, 126.63, 125.35, 124.30, 123.99, 123
.36, 121.72, 120.76, 119.06, 114.61, 114.09, 113.01, 108.03, 87.27, 54.91, 52.11, 44.24, 38.
33, 24.60, 24.10. HRMS m/z: calcd for Cs7HssFsN4S* [M-1]* 625.26073; found 625.26001 [
M-I]*. HPLC analysis: retention time at 4.851 min eluted with MeOH/H>,O = 95:5 v/v, puri
ty = 98.1%.

4.1.7. 2-((E)-2-(1H-indol-2-yl)vinyl)-1-methyl-4-((Z)-(3-(3-morpholinopropyl)benzo[d]thiazol-2
(3H)-ylidene)methyl)quinolin-1-ium iodide (6). Brownish red solid with an 67% vyield. *H N
MR (400 MHz, DMSO-ds) 5 11.86 (s, 1H), 8.68 (d, J = 6.7 Hz, 1H), 8.18 (d, J = 8.7 Hz
, 1H), 8.07 (d, J = 7.7 Hz, 1H), 8.00 (t, J = 7.3 Hz, 1H), 7.80 — 7.68 (m, 5H), 7.64 (d,
J =79 Hz, 1H), 7.59 (t, J = 7.7 Hz, 1H), 7.49 (d, J = 8.2 Hz, 1H), 7.40 (t, J = 7.4 Hz
, 1H), 7.26 (t, J = 7.5 Hz, 1H), 7.09 (m, 2H), 6.92 (s, 1H), 4.65 (m, 2H), 4.19 (s, 3H), 3
49 (m, 4H), 2.39 (m, 2H), 2.25 (m, 4H), 2.01 (m, 2H). 3C NMR (101 MHz, DMSO-ds)
0 159.09, 152.06, 148.04, 140.94, 139.69, 138.77, 135.59, 133.65, 131.99, 131.84, 129.13, 1
28.46, 126.95, 125.50, 124.80, 124.62, 124.20, 124.01, 123.37, 121.70, 120.50, 119.09, 113.
26, 111.97, 109.45, 107.97, 87.83, 66.52, 65.50, 55.37, 53.78, 44.35, 38.33, 30.47, 23.73, 1
9.12, 14.02. HRMS m/z: calcd for CszsHssNsOS* [M-1]" 559.25261; found 559.25238 [M-I]*.
HPLC analysis: retention time at 4.785 min eluted with MeOH/H>O = 95:5 v/v, purity = 9
7.1%.

4.1.8. 2-((E)-2-(1H-indol-2-yl)vinyl)-4-((2)-(3-(3-(diethylamino)propyl)benzo[d]thiazol-2(3H)-yl
idene)methyl)-1-methylquinolin-1-ium iodide (7). Brownish red solid with an 59% yield. *H
NMR (400 MHz, DMSO-ds) 6 11.87 (s, 1H), 8.74 (s, 1H), 8.22 (d, J = 8.7 Hz, 1H), 8.09
(d, J = 7.7 Hz, 1H), 8.05 — 7.99 (m, 1H), 7.87 — 7.68 (m, 5H), 7.63 (dd, J = 16.2, 7.8
Hz, 2H), 7.49 (d, J = 7.7 Hz, 1H), 7.43 (d, J = 7.2 Hz, 1H), 7.27 (t, J = 7.6 Hz, 1H), 7
15 (s, 1H), 7.08 (t, J = 7.9 Hz, 1H), 6.93 (s, 1H), 4.75 — 457 (m, 2H), 4.22 (s, 3H), 3.1
0 (m, 4H), 2.11 (m, 4H), 1.17 (m, 6H). 3C NMR (101 MHz, DMSO-ds) J 158.22, 151.66,
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147.74, 139.96, 139.09, 138.21, 135.04, 133.15, 131.50, 128.55, 127.92, 126.40, 124.18, 12
3.58, 123.01, 121.14, 119.93, 118.53, 112.33, 111.40, 108.97, 107.74, 87.10, 64.91, 46.40, 3
7.93, 29.90, 18.54, 13.44. HRMS m/z: calcd for CssHasN4OS* [M-1]" 559.25261; found 559.
25238 [M-I]*. HPLC analysis: retention time at 4.821 min eluted with MeOH/H,O = 95:5 v
Iv, purity = 96.1%.

4.1.9. 2-((E)-2-(1H-indol-2-yl)vinyl)-1-methyl-4-((Z)-(3-(3-(piperidin-1-yl)propyl)benzo[d]thiaz
ol-2(3H)-ylidene)methyl)quinolin-1-ium iodide (8). Brownish red solid with an 62% vyield. H

NMR (400 MHz, DMSO-ds) 6 11.86 (s, 1H), 8.69 (s, 1H), 8.20 (d, J = 7.7 Hz, 1H), 8.0
7 (d, J = 7.7 Hz, 1H), 8.01 (t, J = 7.0 Hz, 1H), 7.81 — 7.71 (m, 5H), 7.65 (d, J = 7.9 H
z, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.49 (d, J = 8.1 Hz, 1H), 7.41 (t, J = 7.5 Hz, 1H), 7.2
7 (t, J = 7.6 Hz, 1H), 7.10 (m, 2H), 6.92 (s, 1H), 4.65 (s, 2H), 4.21 (s, 3H), 2.49 — 2.07
(m, 6H), 2.01 (m, 2H), 1.39 (m, 6H). 3C NMR (101 MHz, DMSO-ds) & 158.38, 151.57, 1
47.69, 140.01, 139.07, 138.21, 135.58, 135.09, 133.07, 131.41, 128.55, 127.86, 124.10, 123.
57, 122.94, 121.10, 119.88, 118.53, 112.45, 111.41, 108.76, 107.61, 87.12, 64.91, 47.31, 37.
89, 29.89, 18.54, 13.43. HRMS m/z: calcd for CssH37NaS* [M-I]" 557.27334; found 557.272
89 [M-I]*. HPLC analysis: retention time at 4.835 min eluted with MeOH/H,O = 95:5 vlv,
purity > 99%.

4.1.10. 2-((E)-2-(1H-indol-2-yl)vinyl)-1-methyl-4-((Z)-(3-(3-(4-methylpiperidin-1-yl)propyl)benz
o[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide (9). Brownish red solid with an 67%
yield. 'H NMR (400 MHz, DMSO-ds) § 11.84 (s, 1H), 8.64 (d, J = 8.3 Hz, 1H), 8.17 (d,
J = 8.8 Hz, 1H), 8.06 (d, J = 7.8 Hz, 1H), 8.00 (t, J = 7.8 Hz, 1H), 7.83 — 7.67 (m, 5H
), 7.66 — 7.63 (m, 1H), 7.58 (t, J = 7.8 Hz, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.40 (t, J =
7.6 Hz, 1H), 7.26 (t, J = 7.3 Hz, 1H), 7.12 — 7.05 (m, 2H), 6.92 (s, 1H), 462 (t, J = 6.4

Hz, 2H), 4.18 (s, 3H), 2.71 (d, J = 10.7 Hz, 2H), 2.35 (m, 2H), 2.04 — 1.95 (m, 2H), 1.
79 (t, J = 9.4 Hz, 2H), 1.49 (m, 2H), 1.23 (s, 1H), 1.03 (m, 2H), 0.84 (d, J = 6.5 Hz, 3
H). BC NMR (101 MHz, DMSO-ds) & 158.51, 151.40, 147.40, 140.32, 139.09 , 138.19, 13
5.01, 133.03, 131.21, 127.84, 126.32, 124.90, 124.12, 123.65, 123.42, 122.79, 121.11, 119.9
2, 118.49, 112.63, 111.38, 108.86, 107.33, 87.24, 54.63, 53.35, 43.87, 37.74, 33.77, 30.19,
23.72, 21.69, 13.74. HRMS m/z: calcd for CssHs7N4S™ [M-1]" 557.27334; found 557.27289 [
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M-I]". HPLC analysis: retention time at 4.839 min eluted with MeOH/H.,O = 95:5 vl/v, puri
ty > 99%.

4.1.11. 2-((E)-2-(1H-indol-2-yl)vinyl)-1-methyl-4-((Z)-(3-(3-(4-(trifluoromethyl)piperidin-1-yl)p
ropyl)benzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide (10). Brownish red solid wit
h an 63% yield. 'TH NMR (600 MHz, DMSO-ds) § 11.86 (s, 1H), 8.68 (d, J = 8.1 Hz, 1H
), 8.18 (d, J = 8.7 Hz, 1H), 8.06 (d, J = 7.9 Hz, 1H), 8.00 (t, J = 7.7 Hz, 1H), 7.74 (m,
6H), 7.64 (d, J = 7.9 Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.40
(d, J = 7.5 Hz, 1H), 7.26 (d, J = 7.4 Hz, 1H), 7.10 — 7.07 (m, 2H), 4.65 (t, J = 6.1 Hz,
2H), 4.19 (s, 3H), 2.79 (m, 2H), 2.41 (m, 2H), 2.18 (s, 1H), 2.01 (m, 2H), 1.83 (m, 2H),
1.67 (m, 2H), 1.30 (m, 2H). **C NMR (101 MHz, DMSO-ds) ¢ 158.54, 151.47, 147.49, 14
0.39, 139.12, 138.20, 135.01, 133.05, 131.23, 129.53, 127.84, 126.31, 124.90, 124.14, 123.5
3, 122.77, 121.13, 119.93, 118.54, 112.70, 111.39, 108.87, 107.37, 87.31, 54.32, 51.52, 43.8
5, 37.74, 28.91, 28.46, 24.00, 23.58, 13.83. HRMS m/z: calcd for Cs7HzsF3N4S™ [M-I]" 625.
26073; found 625.26019 [M-I]". HPLC analysis: retention time at 4.830 min eluted with M

eOH/HO = 95:5 v/v, purity > 99%.

5. MATERIALS AND METHODS

5.1. UV-visible and Fluorescence Assays. The UV-vis spectrum was obtained by using the UV-
2600i Spectrophotometer (SHIMADZU), ligand 5 (5 uM) were dissolved in Tris-HCI buffer (10 mM,
pH 7.4) containing 60 mM KCI, and nucleic acids (hTERT, 0-10 uM) were added slowly. The
fluorescence spectrum was recorded on the FLS 1000 fluorescence spectrometer (Edinburgh), the
colorimetric dish has a slit width of 1 mm and an optical diameter of 10 mm, compounds (5 pM) were
dissolved in Tris-HCI buffer (10 mM, pH 7.4) containing 60 mM KCI, and different nucleic acids
(double stranded, single stranded, G4-DNA) were added slowly until the titration was saturated.
Resulting data were analyzed using Origin 2019. All oligonucleotides used in this work were
synthesized and purified by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China), and their
sequences were listed in (Table S1).

5.2. Circular Dichroism (CD). The CD spectrum was measured by JASCO J-1500 Circular
Dichroism Spectrometer (JASCQO). DNA sequences (Table S1) were pre-annealed in 10 mM Tris-
HCI Buffer (containing 20 mM KCI, pH = 7.4) by heated to 95 °C in water bath for 5 min and then
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cooled to room temperature. The concentration of ligand 5 is 0-10 times that of the DNA substrates,
using a quartz cuvette with a path length of 1 mm to record the spectral data in the wavelength range
of 220-700 nm with a bandwidth of 1 nm, a step of 1 nm and a point of 0.5 s/point, the CD spectral
data are obtained by averaging three scans. In addition, for the CD melting experiment, 10 uM
concentration of DNA substrates were prepared with 10 mM Tris-HCI buffer (containing 20 mM
KCI, pH = 7.4) and ligand 5 was added to the mixture for CD melting. Data were recorded at 1 °C
intervals in the range 25-95 °C at a heating rate of 1.0 °C /min. Final data analysis was performed
using Origin 20109.

5.3. Isothermal Titration Calorimetry (ITC). ITC experiments were performed using the MicroCal
PEAQ-ITC microcalorimeter (Malvern). DNA sequences were pre-annealed in 25 mM KH2PO4, 60
mM KCI buffer (pH 7.4, containing 1% (v/v) DMSO and 0.5% (v/v) Twain20) by heated to 95 °C in
water bath for 5 min and then cooled to room temperature. The pre-annealed DNA sequence (10 uM,
Table S1) in buffer was kept in the sample cell and ligand 5 (400 uM) were filled in the syringe of a
volume 40 pl in the same buffer. Ligand 5 were mixed with the samples at 25 °C in a stirring syringe,
with a speed of 750 rpm, undergoing 25 injections. Ligand 5 was injected 0.4 uL for the first injection
and 2 pL for each of the remaining injections, with a duration of 4 s for each injection and an
equilibrium time of 150 s. MicroCal PEAQ-ITC analysis software was used to analyze the ITC data.
5.4. 'H NMR Titration Study. The oligomeric DNA (Table S1) solution at 160 uM was prepared
with phosphate buffer (25 mM KH2POs, 10% D>0, 20 mM KCI, pH = 7.4), heated to 95 °C, allowed
to equilibrate to room temperature and incubated for 24 h. During the measurement, the ligand 5 was
gradually added to the DNA solution with a concentration range of 160-480 uM for NMR analysis.
Experiments were performed at 25 °C on a 600 MHz spectrometer (Bruker).

5.5. Cell Lines and Cell Culture. The cell lines including A549 (CCL-185), HeLa (CRM-CCL-2),
PC3 (CRL-1435), HepG2 (HB-8065), MDA-MB-231 (HTB-26), U20S (HTB-96), HUEVC (PCS-
100-013) and HK-2 (CRL-2190) were purchased from ATCC. The cell lines were cultured in different
complete medium as shown below: HeLLa, HepG2, MDA-MB-231 and HK2 were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% P/S (Gibco). A549, PC3,
HUEVC were cultured in F-12K (Gibco) supplemented 10% FBS and 1% P/S. U20S was cultured
in McCoy's 5A (Gibco) supplemented with 10% FBS and 1% P/S. The cells were incubated in

incubator at 37 °C with 5% COa.
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5.6. Fluorescence Microscopy Imaging Study and Staining Effects. Fluorescence microscopy
images of MDA-MB-231 cells were captured using a confocal laser scanning microscope (ZEISS
LSM 900 with Airscan). The reference dye used for nucleus localization was Hoechst 33342. The
dye was excited at a wavelength of 405 nm and its emission was collected within the range of 420—
500 nm. Ligand 5 was excited using a wavelength of 488 nm and its emission was collected within
the range of 500-630 nm. At a concentration of 5 uM of ligand 5, the compounds entered the cells
rapidly without disrupting cellular activity.

5.7. Cell Imaging of MDA-MB-231 Cells Treated with RNase and DNase. MDA-MB-231 cells
were cultured in confocal dishes for 24 h. Before staining experiments, cells were fixed with pre-
cooled paraformaldehyde for 5 min, washed three times with PBS and then treated with 1% Triton
X-100 for 15 min to permeabilize the cell membrane, and continued to be washed three times with
PBS. Pretreated MDA-MB-231 cells were stained with ligand 5 at 25 °C for 10 min, and after
sufficient washing with PBS, stained with Hoechst 33342 for 10 min. After being washed with PBS,
cell was treated with 200 units/mL RNase (Thermofisher Scientific) or DNase (Sigma) at 37 °C for
2 h. Imaging experiments were performed on a Zeiss LSM900 confocal laser scanning microscope
(ligand 5, Lex =488 nm, Lem = 500-630 nm; Hoechst 33342, Lex = 405 nm, Lem = 420-500 nm). Finally,
the data were collected and analyzed.

5.8. BG4 Immunofluorescence Experiments in MDA-MB-231 Cells. MDA-MB-231 cells were
incubated with ligand 5 (5 uM) for 2 h and then fixed with 4% paraformaldehyde for 20 min, followed
by permeabilization with 0.1% Triton-X 100/PBS for 30 min at 37 °C and infiltrated with 1%
BSA/PBS for 1 h at 37 °C. Immunofluorescence assays were performed using standard methods, first
incubated with anti-DNA G-quadruplex antibody BG4 (MABE917, Merck Millipore) for 3 h at 37
°C, washed 6 times with 1% BSA/PBS and then incubated with DYKDDDDK Tag Antibody (Cell
signaling technology, #2368) for 1 h at 37 °C and washed 6 times with 1% BSA/PBS. Finally,
incubated with Alexa Fluor 647 goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific, A21235) for
1 hat 37 °C and washed 6 times with 1% BSA/PBS. Digital images were recorded with a Zeiss LSM
900 microscope (ligand 5, Aex = 488 nm, Aem = 500-630 nm; Alexa Fluor 647 goat anti-rabbit 1gG
(H+L), Xex = 640 nm, Aem = 660—700 nm) and analyzed using ZEN software.

5.9. Cytotoxicity and Cell Migration Studies. For cytotoxicity studies, cancer cells such as MDA-

MB-231 and normal cells were inoculated in 96-well plates, and after the cells were cultured to the
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logarithmic growth phase, the cells were incubated with different concentrations of ligands 1-10 for
48 h, and then the cell viability was detected by the standard MTT method. For cell migration studies,
MDA-MB-231 cells were cultured in the upper chamber of transwell 24-well plates, complete
medium was added to the bottom chamber of transwell 24-well plates, and cells were incubated with
different concentrations of ligand 5 for 48 h. Then, carefully wipe off the cells on the surface of the
upper chamber polycarbonate membrane with a cotton swab, fix the upper chamber with methanol
for 30 min, then stain with 1% crystal violet for 10 min, wash thoroughly with PBS, and observe
under a microscope to analyze the effect of ligand 5 on the migration of MDA-MB-231 cells.

5.10. Telomerase Activity Assays. Telomerase activity was determined using the TRAPeze
Telomerase Detection Kit (S7700, Sigma-Aldrich). Briefly, 1x10° cells were resuspended in 200 pL
of CHAPS lysis buffer and incubated on ice for 30 min according to the manufacturer's instructions.
Cells were centrifuged at 4 °C for 20 min and the supernatant was collected in sterile, enzyme-free
tubes, and protein concentration was determined using a BCA Kit (P0010, Beyotime Biotechnology).
Each 50 pl reaction mixture contained 5 uL. of 10xTRAP Reaction Buffer, 1 pL of S0xdNTP Mix, 2
uL of TS Primer, 1.0 uLL of TRAP Primer Mix, 2 Units of Taq Polymerase (Sigma-Aldrich), ddH20
and 200 ng of extracted protein. The reaction mixture was incubated in a thermocycler at 30 °C for
30 min. telomerase products were amplified by PCR (34 cycles of 94 °C for 15 s, 59 °C for 30 s, and
72 °C for 1 min), and at the end of the amplification the PCR products were separated by
electrophoresis in a 10% non-denaturing polyacrylamide gel. After electrophoresis, the products were
stained with SYBR Gold for 30 min at room temperature and photographed to collect the imaging
data.

5.11. Relative Telomere Length Determination. MDA-MB-231 cells were treated with different
concentrations of ligand 5 for 10 days, after digestion the cells were centrifuged, followed by washing
the cells 2 times with PBS solution, centrifugation and careful pouring off of the PBS. The gDNA
was isolated by utilizing a DNA extraction kit (KIT0103, Thermo Fisher Scientific) and quantified
by Nanodrop UV-Vis spectrophotometer (Thermofisher Scientific). 1-10 ng of gDNA, the 2xMaxima
SYBR Green gPCR Master Mix (K0251, Thermofisher Scientific), ROX solution (K0251,
Thermofisher Scientific), nuclease-free water and associated primer sequences (Table S2) were used
for relative telomere length determination. The qRT-PCR method was used to amplify the gDNA

(step 1: 1 cycle, 50 °C for 2 min, step 2: 1 cycle, 95 °C for 10 min, step 3: 40 cycles, 95 °C for 15 s,
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60 °C for 30 s, and 72 °C for 30 s). All experiments were repeated three times and DNA expression
levels were normalized using the housekeeping gene hRPLPO. Amplified DNA was measured by the
Ct (44CT) method to estimate relative telomere length.

5.12. p-Galactosidase (SA-g-gal) Staining of Cell Senescence. MAD-MB-231 cells were inoculated
in a six-well plate at a density of 1x10° cells/well. After overnight incubation, cells were treated with
different concentrations of ligand 5 for 48 h or 10 days. For prolonged incubation experiments, the
medium was replaced every three days, and to avoid excess cells in the control group over a long
period of time, the control group was passaged every three days. At the end of the incubation time
senescence staining assay was performed using p-galactosidase senescence assay kit (C0602,
Beyotime Biotechnology). Firstly, the medium was removed, and the #-galactosidase staining fixative
was added after sufficiently washed with PBS and fixed for 15 min at room temperature. Then the
cell fixative was taken out, and the working solution for S-galactosidase staining was added after
sufficiently washed with PBS and incubated overnight at 37 °C. The cells were then stained with the
[-galactosidase staining fixative for 15 min at room temperature. Finally, the cells were observed and
data were collected under an inverted microscope (Olympus CKX53).

5.13. RNA Isolation and gRT-PCR. MAD-MB-231 cells were inoculated into six-well plates at a
density of 1x10° cells/well, and after overnight incubation, the cells were treated with different
concentrations of ligand 5 for 48 h. RNA was extracted using the RNase Mini Kit (74106, Qiagen),
and RNA samples were prepared according to the manufacturer's instructions. The RNA samples
were then treated with the DNA-free DNA removal kit (Thermofisher Scientific) to remove DNA.
The RNA samples were quantified using a Nanodrop UV-Vis spectrophotometer (Thermofisher
Scientific). The QuantStudio Flex Real-Time PCR System (Applied Biosystems) was used for reverse
transcription of RNA and DNA amplification experiments. 0.5-2 pg of RNA, BeyoFast SYBR Green
One-Step gRT-PCR Kit (D7268M, Beyotime Biotechnology), nuclease-free water and the relevant
primer sequences (Table S3) were used for reverse transcription of RNA and amplification of DNA.
gRT-PCR conditions were as follows: one cycle of 50 °C for 30 min, one cycle of 95 °C for 2 min,
followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s. All experiments were
repeated thrice and gene expression levels were normalized using the housekeeping gene g-actin. The

Ct (44CT) method was utilized to compare the mMRNA expression levels of the genes of interest.
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5.14. Western Blot Assay. MDA-MB-231 cells in logarithmic growth phase were treated with
different concentration gradients of ligand 5 for 48 h. Cells were collected by centrifugation and
incubated with RIPA buffer on ice for 30 min, then centrifuged at 4 °C at 12,000 rpm. The supernatant
was collected and the total protein concentration was quantified using the BCA kit (Beyotime
Biotechnology, P0010). The same amount of protein was loaded onto an SDS-PAGE gel and the
isolated protein was transferred to a PVDF membrane. After sealing with 5% skimmed milk, the
PVDF membrane was incubated with different types of primary antibodies (Table S4) for 2 h at room
temperature, and the membrane was washed with TBST buffer three times for 0.5 h. Then, the
membrane was incubated with HRP-conjugated secondary antibodies (Table S4) for 2 h at room
temperature, and washed again with TBST buffer for 0.5 h. Finally, the membrane was scanned using
an ECL system (BIO-RAD).

5.15. Cell Cycle Analysis. MDA-MB-231 cells were seeded at a density of 5x10° cells/well in six-
well plates. Following overnight incubation, the cells were exposed to varying concentrations of
ligand 5 for 48 h. Subsequently, trypsin was used to detach the cells, which were then harvested via
centrifugation. The cells were fixed with 70% ethanol at 4 °C for 24 h. Following removal of the
ethanol, the cells were washed three times with PBS and then incubated with 7-Aminoactinomycin
D (Invitrogen, A1310) / RNase Staining Solution for 30 min at room temperature, protected from
light. Finally, the cells were analyzed for cell cycle by means of flow cytometry using a BD Accuri
C6 flow cytometer.

5.16. Study of DNA Damage with Comet Assay. Initially, 0.5% low melting point agarose (LMPA)
was heated to 95°C, then cooled to 37 °C and set aside. Next, 10 uL. of MDA-MB-231 cells (3000
cells) treated with different concentrations of ligand 5 and 75 pLL of LMPA were mixed well at 37 °C,
dropped quickly on the first layer of LMPA and covered evenly, and solidified at 4 °C for 10 min.
The prepared slides were placed in lysis solution (2.5 mol/L NaCl, 100 mmol/L Na;EDTA, 10
mmol/L Tris-HCI (pH = 10), 1% Triton X-100, 10% DMSO) and lysed at 4°C for 1.5 h. Later, they
were transferred to a horizontal electrophoresis chamber with electrolyte (1 mmol/L Na;EDTA, 300
mmol/L NaOH), and electrophoresis was performed at 300 mA for 20 min. Finally, the slides were
removed and rinsed with PBS for 5 min, stained with DAPI for 10 min, and imaged on an inverted
fluorescence microscope (Zeiss AX10). All procedures were executed in a dark room to prevent DNA

damage caused by light.
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5.17. hTERT Immunofluorescence Experiments in MDA-MB-231 Cells. MDA-MB-231 cells
were treated with TBHP or 5-TBHP complex for 48 hours. The cells were then fixed with 4%
paraformaldehyde for 15 min, permeabilized with 0.1% Triton-X 100/PBS for 30 min at 37 °C, and
closed with 1% BSA/PBS for 1 h. Immunofluorescence analyses were performed using standard
methods. The samples were first incubated with hTERT primary antibody (HPA054641, Merck) for
2 hat 37 °C. After six washes with 1% BSA/PBS, the samples were incubated with Goat anti-Rabbit
IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (SAB4600184, Merck) for 2 h at
37 °C. The samples were then washed three times with 1% BSA/PBS and stained with Hoechst 33342
for 10 min. Digital images were recorded with a Zeiss LSM 900 microscope (Hoechst, Lex =405 nm,
Xem = 420-500 nm; Alexa Fluor 647, Aex = 640 nm, Aem = 660-700 nm) and analyzed using ZEN
software .

5.18. Reactive Oxygen Species (ROS) and Mitochondrial Membrane Potential (MMP) assays.
MDA-MB-231 cells were inoculated on confocal dishes at a density of 5x10° cells/well. After
overnight incubation, cells were treated with different concentrations of ligand 5 for 48 h, followed
by Hoechst33342 for 1 h, and then stained with MitoSOX Mitochondrial Superoxide Indicators
(Thermofisher Scientific, M36009), ROS Brite™ 670 (AAT Bioquest, 22903) or mitochondrial
membrane potential dye (Thermofisher Scientific, M22425) for 30 min. After staining, cells were
washed twice with DMEM complete medium, and finally the cells were subjected to confocal
imaging under Zeiss LSM 900 microscope (Hoechst33342, lex = 405 nm, Aem = 420-500 nm;
MitoSOX, Lex = 405 nm, Aem =600—-700 nm; ROS Brite™ 670, Lex = 640 nm, Aem = 650—700 nm;
mitochondrial membrane potential dye, Lex = 561 nm, Xem = 640—700 nm) and analyzed using ZEN
software.

5.19. Study of the Degree of Autophagy in Cells by Fluorescence Imaging. Cellular autophagy
was detected using the MDC assay, where MDA-MB-231 cells were firstly inoculated in confocal
dishes at a density of 5x10° cells/well, and after overnight incubation, the cells were treated with
different concentrations of ligand 5 for 48 h. The cells were then incubated with MitoTracker Deep
Red FM (Invitrogen, M22426) for 30 min, followed by the cellular autophagy staining assay with the
kit for standard staining manipulation (Beyotime Biotechnology, C3018S). After staining, the cells
were washed twice with DMEM complete medium, and finally the cells were subjected to confocal

imaging under Zeiss LSM 900 microscope (MitoTracker Deep Red FM, Aex = 640 nm, Lem = 650-700

35


http://www.baidu.com/link?url=6wfXad5qbULVq20-I3sq8byHr39WWwZjTUB6qw3PfE3vVb2cHFi0LB1ucBtyDouxJJB4S7WxSNirZ8THnwy04_

nm; cellular autophagy kit C3018S, Xex = 405 nm, Aem = 450-520 nm) and analyzed using ZEN
software.

5.20. Study of Cellular Iron Metabolism by Fluorescence Imaging. MDA-MB-231 cells were
inoculated in confocal dishes at a density of 5x10° cells overnight and treated with different
concentrations of ligand 5 for 48 h. Cells were washed twice with DMEM complete medium, and
then the cells were incubated with the Fe?* probe FerroOrange (Merck, SCT210) and the nucleus
probe Hoechst 33342 for 30 min. finally, cells were confocal imaged under a Zeiss LSM 900
microscope (Fe?* probe, FerroOrange, lex = 561 nm, dem = 570-600 nm; Hoechst 33342, Lex = 405
nm, Aem = 420-500 nm) and analyzed using ZEN software.

5.21. Co-localization Experiments with Lysosomes and Mitochondria. MDA-MB-231 cells were
inoculated in confocal dishes at a density of 5x10° cells/well, and after overnight incubation, the cells
were treated with different concentrations of ligand 5 for 48 h. Then the cells were co-incubated with
LysoTracker Blue DND-22 (Thermofisher Scientific, L7525) and MitoTracker Deep Red FM
(Thermofisher Scientific, M22426) for 30 min and washed twice with DMEM complete medium at
the end of staining. Finally, the cells were confocal imaged under a Zeiss LSM 900 microscope
(LysoTracker Blue DND-22, hex = 405 nm, Lem = 420—480 nm; MitoTracker Deep Red FM, ex = 640
nm, Lem = 650—700 nm) and analyzed using ZEN software.

5.22. Transfection with pcDNA3.1 Containing hTERT Inserts. Plasmids pcDNA3.1(+)-C-eBFP
and hTERT-pcDNAS3.1(+)-C-eBFP containing inserts were designed. Transfection was performed
using Lipofectamine 3000 (Thermofisher Scientific) and Opti MEM (Thermofisher Scientific), and
the transfection process was carried out according to the protocol provided by the manufacturer.
Briefly, MDA-MB-231 cells were inoculated into the 96-well and 6-well plates according to the
manufacturer's instructions. After overnight incubation, two 1.5 mL Eppendorf tubes were prepared:
Lipofectamine 3000 (tube 1) was diluted with Opti MEM, plasmid pcDNA3.1(+)-C-eBFP or hnTERT-
pcDNA3.1(+)-C-eBFP was diluted with Opti MEM and P3000 reagent was added (tube 2). The
volumes of all reagents have been made up according to the manufacturer's instructions. Transfer 2
tubes of solution to 1 tube and mix thoroughly, incubate at room temperature for 15 min. Add the
mixed solution to the well containing MDA-MB-231 cells for transfection. After 48 h of transfection,
the cells were observed by laser confocal microscopy (hex = 405 nm, Aem = 420—500 nm) to assess the

transfection efficiency.
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5.23. Seahorse Experiment. In mitochondrial stress test experiment, MDA-MB-231 cells in DMEM
were inoculated at a density of 4x10* cells/well in 24-well Agilent Seahorse XF cell culture
microplate (Agilent Technologies) for 24 h, and then the cells were incubated for 2 h with different
concentrations of 5. Calibration was performed with 1 mL of Agilent Seahorse XF Calibration
Solution (Agilent Technologies), and the calibration plates were placed in a CO2-free incubator at 37
°C overnight. DMEM was then removed from the microplate and 500 pL of assay medium (DEME
Assay Medium provided by Agilent Technologies with 1 mM pyruvate, 2 mM glutamine and 10 mM
d-glucose, pH=7.4 at 37 °C) was added. The microplate with cells were placed in a CO»-free incubator
at 37 °C for 1 h. In addition, the sensor cartridges on the calibration plates were loaded with different
compounds (port A: 56 uL of 1.5 uM oligomycin; port B: 62 puL of 1 uM FCCP; port C: 69 uL of 0.5
uM rotenone and 0.5 uM antimycin A). The sensor cartridges loaded on the microplate were placed
in the XF24 analyzer (Agilent Technologies) for 30 min. after incubation, the calibration plate was
replaced with the microplate with cells. In the glycolytic rate test experiment, except for the assay
medium (DEME assay medium supplied by Agilent Technologies with 2 mM glutamine, pH=7.4 at
37 °C) and the loading of compounds in the sensor cassettes on the calibration plates (port A: 56 uL
10 mM glucose; port B: 62 pL of 1 uM oligomycin; port C: 69 uL of 50 mM 2-DG) were different
from the mitochondrial stress test, other experimental conditions were consistent. Mitochondrial
stress test and glycolytic rate test were performed using Seahorse software Wave.

5.24. mRNA Sequencing Analysis for MDA-MB-231 Cells Treated with Ligand 5. MDA-MB-
231 cells were seeded at density 1x10° cells/flask in a 25-cm? culture flask. After overnight incubation,
the cells were treated with 1 uM ligand 5 for 48 h. After treatment, extraction of RNA from cells
using the RNase Mini kit (Qiagen). After that, the RNA samples were sent to Novogene company for
RNA sequencing and data analysis. The raw transcriptome data have been deposited in NCBI
Sequence Read Archive (SRA) database (BioProject: PRINA1080090). Briefly, the quantity and
quality of RNA samples were assessed by Qubit 4.0 fluorometer (ThermoFisher Scientific) and
Agilent 2100 Bioanalyzer (Agilent) respectively. cDNA libraries were prepared from RNA samples
with Illumina TruSeq Stranded Total RNA Prep kit (ligation with Ribo-Zero Plus) and indexing kit
(Hlumina). The quantity and quality of prepared cDNA libraries were assessed by Qubit 4.0
fluorometer and Agilent 2100 Bioanalyzer respectively. The cDNA libraries of experimental and

control groups were pooled, and the sequencing was done by Illumina NextSeq 6000 system with
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150bp paired-end dual-indexed method. The sequencing quality of the experimental and control
samples was determined by FastQC. The low-quality reads and adapter sequences were trimmed with
Fastp. The trimmed reads were further aligned to human reference genome (GRCh38/hg38) with
STAR package (R programming). The STAR output (reads per gene) was subjected to DESeq2 (R
programming) to perform differential expression analysis. Genes with fold-change>2 or <—2 and p-
value <0.05 were defined as differentially expressed genes. By this criterion, a heat map of expression
patterns was generated in R (pheatmap). Differentially expressed genes (DEGs) analysis was
performed using DESeq2, and volcano maps were drawn based on the results of differential analysis.
Gene Ontology (GO) enrichment analysis using topGO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis using clusterProfiler were performed for DEGs.
Gene Set Enrichment Analysis (GSEA) was carried out using the clusterProfiler software with
hallmark gene sets (H collection) and canonical pathways gene sets (CP in C2 collection) in
Molecular Signatures Database (MSigDB 7.2).

5.25. In Vivo Antitumor Treatment. All animal experiments were performed in compliance with
the Rules for the Management of Animals of the Ministry of Health of the People's Republic of China.
All animal experiments performed in this study were in accordance with the animal welfare
regulations and guidelines of the Institutional Ethics Committee. All animal care and procedures were
approved by the University Ethics Committee for use with experimental animals. The approved
ASESC (Animal Subjects Ethics Sub-Committee) Case number is 21-22/45-ABCT-R-GRF.
Experiments were performed with 2% isoflurane to minimize suffering. In this study, female Balb/c
nude mice (18-20 g) were placed in small animal isolators under sterile conditions to have free access
to food and water. To establish a xenograft model, the MDA-MB-231 cell suspension (5x10° cells)
was injected subcutaneously. When the subcutaneous tumor diameter was 100 mm?3, female nude
mice were divided into three groups: tail vein injection of PBS, tail vein injection of ligand 5 (2
mg/kg), and tail vein injection of ligand 5 (5 mg/kg). Mice were executed on the 16" day after
intravenous injection of ligand 5 or PBS every two days, blood samples were collected and
centrifuged to separate into cell and serum fractions for blood biochemical data analyzed, and major
organs and tumor tissues were taken from each group for hematoxylin and eosin (H&E) staining,

TUNEL staining, and Ki67 staining.
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5.26. Statistical Analysis. Statistical details including the number of biological replicates (N) 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, and (***) P < 0.001.

5.27. Data Availability. The main data supporting the results in this study are available within the
paper and Supplementary Information. The raw and analyzed datasets generated during the study are
too large to be publicly shared but are available for research purposes from the corresponding authors

on reasonable request.
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ABBREVIATIONS

2-DG, 2-deoxy-D-glucose; BRACO19, N,N'-(9-((4-(dimethylamino)phenyl)amino)acridine-3,6-
diyl)bis(3-(pyrrolidin-1-yl)propanamide); eBFP, enhanced blue fluorescent protein; FBS, fetal bovine
serum; FCCP, Trifluoromethoxy carbonylcyanide phenylhydrazone; G4s, G-quadruplex structure;
GTC365, 3-guanidino-N-(4-((3-nitroacridin-9-yl)amino)phenyl)propane-1-sulfonamide;
Hoechst33342, 2'-(4-ethoxyphenyl)-6-(4-methylpiperazin-1-yl)-1H,3'H-2,5"-bibenzo[d]imidazole;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate-buffered
saline; RHPS4, 3,11-difluoro-6,8,13-trimethyl-8H-quinolino[4,3,2-kl]acridin-13-ium methyl sulfate;
SOP1812, 2,7-bis(3-morpholinopropyl)-4-((2-(pyrrolidin-1-yl)ethyl)amino)-9-(4-(pyrrolidin-1-
ylmethyl)phenyl)benzo[Ilmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone; TMPyP4, 5,10,15,20-

tetrakis(N-methyl-4-pridyl)porphyrine; TRAP, Telomerase Repeated Amplification Protocol.
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