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ABSTRACT 

Mitochondria are important drug targets for anticancer and other disease therapy. Certain human 

mitochondrial DNA sequences capable of forming G-quadruplex structures (G4s) are emerging drug 

targets of small-molecules. Despite some mitochondria-selective ligands have been reported for drug 

delivery against cancers, the ligand design is mostly limited to triphenylphosphonium scaffold. The 

novel ligand designed with lipophilic small-sized scaffolds bearing multi-positive charges targeting 

the unique feature of high mitochondrial membrane potential (MMP) is lacking and most 

mitochondria-selective ligands are not G4-targeting. Herein, we reported a new small-sized di-

cationic lipophilic ligand to target MMP and mitochondrial DNA G4s to enhance drug delivery for 

anticancer. The ligand showed markedly alteration of mitochondrial gene expression and substantial 

induction of ROS production, mitochondrial dysfunction, DNA damage, cellular senescence, and 

apoptosis. The ligand also exhibited high anticancer activity against HCT116 cancer cells 
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(IC50,  M) and high antitumor efficacy in HCT116 tumor xenograft mouse model (~70% tumor 

weight reduction). 
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1. INTRODUCTION 

The thermodynamically stable G-quadruplex structure (G4) formed in vitro from the nucleic acid 

sequences rich in guanine (G) nucleotides has been proved with X-ray crystal structures and well-

documented over the past decades;1-3 however, the in vivo existing of G4s and their associated 

biofunctions in cells are still unclear.4 Currently, increasing evidence suggest that G4s may play 

critical roles in genome functions such as replication, transcription, genome stability and epigenetic 

regulation.5 The dysregulation of G4-formation in human cells is also found associated with genetic 

diseases including neurological diseases and cancer.6-8 Despite the mechanism of G4s causing human 

diseases is still not clear, G4-selective small molecule ligands capable of stabilizing G4s are 

recognized as the potential drug candidate for human cancer treatment.9-12 

Recent studies show that mitochondria are the promising drug target for cancer therapy because 

mitochondrial metabolism plays critical roles in cancer development and progression13-15 and in other 

diseases.16 DNA G4s are also found in the human mitochondrial genome (mtDNA) and around 170 

putative G4-forming mtDNA sequences have been identified.17-19 Some recent evidence support that 

these G4-forming sequences may be associated with the origin of mtDNA deletions that may cause 

diseases in human.20-22 Moreover, the mtDNA G4-structure (G4-mtDNA) is reported to show close 

relationship with glycolysis,23 but how G4-mtDNA regulates the biological process is still unclear. 

To understand more about the biofunction and regulatory roles of the G4-mtDNA that causes diseases, 

we need to develop cell-permeable and target-specific fluorescent ligands to visualize the intracellular 
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G4-mtDNA for chemical biology study24 and to interrupt the abnormal cellular function of G4s to 

achieve therapeutic aims such as anticancer. 

Mitochondria are essential organelles of living cells to produce energy and they also maintain the 

cellular homeostasis and regulate cell death pathways.25-27 Mitochondrial dysfunction is also known 

to activate several mitochondrial retrograde signaling and mitochondrial stress response pathways, 

which promote cancer progression to malignancy.28-30 Therefore, targeting mitochondrial function 

has emerged as a potential therapeutic strategy against cancer. Currently, several drugs that target 

mitochondrial metabolism and/or induce mitochondrial apoptosis have been investigated.31-35 

Nevertheless, small molecule ligands specifically targeting G4-mtDNA and capable of regulating 

mitochondrial metabolism and apoptosis are rarely found. BMVC-12-P,36 TMPyP4
37 and DODC37 

are the only known example binding to G4-mtDNAs and showing anticancer activity, but their target 

specificity in living cells has not been investigated. In addition, the molecular scaffold for designing 

G4-mtDNA-targeting ligands is scarce.38, 39 Therefore, the development of small molecule ligands 

with a new molecular design to enhance the cellular delivery and the selectivity targeting 

mitochondria and G4-mtDNA in living cancer cells are very important.  

The triphenylphosphonium (TPP+) is the most widely used moiety in designing mitochondria-

selective ligands for drug delivery in cancer treatment.34, 40 TPP+-based agents are mitochondrial 

membrane targeting; however, the design of ligands based on a lipophilic small-sized molecular 

scaffold bearing multi-positive charges to target mitochondria that are featured with high 

mitochondrial membrane potential (MMP, ΔΨmito, -150 ~ -180 mV) is currently lacking.41, 42 In the 

present study, we designed a new series of di-cationic and lipophilic ligands targeting MMP. The 

ligand was demonstrated to be mitochondria-selective and G4-mtDNA-targeting with high anticancer 

potency against human colorectal cancer (CRC). CRC is the third most commonly diagnosed cancer 

and is the second most deadly cancer at present. It is also one of the tumor types showing less 

therapeutic effectiveness with immunotherapy.43 From the cellular results obtained with the ligands, 

compound 9, showing excellent selectivity targeting mitochondria and G4-mtDNAs, exhibits high 
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potency in inhibiting mitochondrial gene expression, downregulating the expression of proteins of 

respiratory chain complexes I, II, III and IV, dysregulating oxidative phosphorylation and glycolysis, 

increasing mitochondrial reactive oxygen species (mtROS) level, inducing DNA damage, and 

causing severe senescence and cell death in human colorectal cancer cells (HCT116). In addition, the 

high in vivo antitumor efficacy and low cytotoxicity of 9 were validated in a HCT116 tumor xenograft 

mouse model. 

 

2. RESULTS AND DISCUSSION 

2.1 The Design of Di-cationic Small-sized Lipophilic Ligands Targeting Mitochondria and G4-

mtDNA.  

Mitochondria are special organelles, in which the transfer of protons from mitochondrial matrix to 

mitochondrial intermembrane space by proton pumps creates a highly negative MMP in 

mitochondrial matrix.44 For this reason, most mitochondria-targeting ligands are lipophilic and 

cationic such as TPP+. Currently, most G4-ligands reported are mono-cationic and nonspecific to 

mitochondria. Thus, the ligand also enters nucleus and/or other organelles in living cells. Considering 

the unique feature of high MMP of mitochondria, we rationally designed a series of lipophilic ligands 

bearing two cationic quinolinium scaffolds that was bridged with a flexible alkyl chain, as shown in 

Scheme 1, to enhance the cellular selectivity targeting mitochondria. In addition, the quinolinium 

scaffold was further integrated with a styryl moiety (1–10) to optimize the G4-selectivity of the ligand. 

The integration of molecular scaffolds was achieved via a rigid but rotatable ethylene bridge. The two 

π-conjugated scaffolds may form a co-planar structure upon interacted with targeted G4s and then the 

adduct can generate intensive fluorescence for real-time imaging and monitoring G4s in living cells.45 

To the best of our knowledge, there is no such small-sized, di-cationic, mitochondria-selective and 

G4-targeting ligands reported. Furthermore, the di-cationic feature of these ligands may discriminate 

well the human tumor cells and healthy cells because tumor cells usually 
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have a markedly higher MMP. Compared to normal cells, a difference about 60 mV of ΔΨmito was 

reported in tumor cells,34, 41, 42 meaning that the more negative MMP of tumor cells could presumably 

have higher competence to drive more di-cationic small-sized ligands into mitochondria.46 For proof 

of concept, two monomeric derivatives, 11 and 12, shown in Scheme S1, were also synthesized for 

comparison. The absorption spectra of all ligands synthesized in this study were given in Figure S1. 

To search for potent ligands selectively targeting mitochondria and G4-mtDNA for anticancer 

study, the ligands obtained with high purity (≥ 95%) were investigated comprehensively by 

determining their sensitivity, selectivity and binding affinity targeting different G4-mtDNA 

substrates against other nucleic acid structures. In addition, the live-cell imaging and cytotoxicity of 

ligands against a panel of human cancer cells and noncancerous cells were studied. Firstly, to 

understand the interaction between these ligands and different nucleic acid substrates, including G4-

mtDNAs and non-G4-DNAs, fluorescence titrations were performed to study the sensitivity and 

selectivity of the ligand towards these substrates in buffer. The results were summarized in Figure S2. 

It was found that all ligands showed only weak background fluorescence. Upon the ligand interacting 

with G4-mtDNAs, 3, 4, 7, 8, 9 and 10 were found able to generate markedly enhanced fluorescence 

(in most cases, F/F0 = 10-40 folds). In general, the ligand induce much higher interaction signal for 

G4-mtDNAs than other nucleic acid substrates, indicating that the ligand is more sensitive towards 

 

Scheme 1. Synthetic routes to new di-cationic compounds 1–10. Reaction conditions: (i) 1,8-

diiodooctane, ethanol, 100 °C, 24 h; (ii) Selected aldehyde, ethanol, 4-methylpiperidine, 100 °C, 

overnight. 
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G4-mtDNAs. Nonetheless, 3, 4, 7 and 8 show relatively low selectivity towards G4-mtDNAs because 

the intensive fluorescent signals that indicate the ligand interacting with non-G4-DNA substrates are 

also observed under the same titration conditions (F/F0 = 2-15 folds generally). We identified that 9 

exhibited the best selectivity towards G4-mtDNA substrates (F/F0 = 12-40 folds; other non-G4-DNAs 

F/F0 < 4 folds). These results demonstrate that the integrated styryl moiety (R group) determine the 

selectivity of the ligand.  

 

Table 1. The affinity (KD, M) of ligands binding to G4-mtDNA and non-G4-DNA substrates 

determined with surface plasmon resonance at 25 °C. 

 1 2 3 4 5 6 7 8 9 10 

Mito 78 0.29 0.07 0.03 0.08 1.84 0.05 0.02 0.13 0.04 0.12 

Mito 55 0.58 0.91 0.13 0.61 0.22 0.46 0.52 0.17 0.17 0.47 

Mito 29 0.50 0.72 0.14 0.23 0.14 0.34 0.21 0.15 0.11 0.24 

Mito 0.5-16 1.02 1.17 0.11 0.25 > 2 0.15 0.96 0.41 0.29 0.28 

HP19 > 2 > 2 > 2 > 2 > 2 > 2 > 2 > 2 > 2 1.86 

 

 

Table 2. Half-maximal inhibitory concentration (IC50, M) of ligands against human cancer cell lines 

(HCT116, LoVo, HeLa, HepG2, MDA-MB-231 and PANC-1) and noncancerous cell lines (HFF1 

and BJ) with incubation for 48 h. 

 Cancer cells Noncancerous cells 

 HCT116 LoVo HeLa HepG2 PANC-1 MDA-MB-231 HFF1 BJ 

1 > 40 > 40 > 40 > 40 > 40 > 40 28.3 > 40 

2 27.4 > 40 > 40 > 40 > 40 > 40 > 40 > 40 

3 17.2 15.4 29.5 > 40 > 40 > 40 22.7 > 40 

4 19.8 > 40 23.3 > 40 > 40 > 40 > 40 > 40 

5 8.0 > 40 34.6 37.3 > 40 > 40 > 40 > 40 

6 24.7 > 40 > 40 > 40 > 40 > 40 34.8 > 40 

7 8.5 > 40 32.1 25.3 > 40 > 40 > 40 > 40 

8 5.4 15.0 22.1 > 40 20.5 > 40 31.1 31.4 

9 3.4 13.4 23.5 > 40 24.8 34.6 32.7 > 40 

10 29.2 35.4 >40 > 40 > 40 > 40 > 40 > 40 
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Next, we measured the affinity of the ligand binding to G4-mtDNAs in buffer with surface 

plasmon resonance (SPR). In the assays, four G4-mtDNAs (Mito 78, Mito 55, Mito 29 and Mito 0.5-

16) and a non-G4-DNA (HP19) were selected as the model substrates. The affinity obtained was 

summarized in Table 1. The SPR sensorgrams were given in Figure S3. Most ligands exhibited much 

stronger affinity towards G4-mtDNAs than non-G4-DNAs. For G4-mtDNA Mito 78, the KD values 

obtained with most ligands are at nanomolar level (0.02-0.29 M), while the KD values for HP19 are 

higher than 2 M, which is at least 6-fold higher than that of G4-mtDNA Mito 78. These binding 

results clearly support that these ligands show stronger affinity with G4-mtDNA substrates. It is 

noteworthy that the interaction of 9 with the selected G4-mtDNA substrates (Mito 0.5-16, KD = 290 

nM; Mito 29, KD = 110 nM; Mito 55, KD = 170 nM; Mito 78, KD = 40 nM) is at least 6-fold stronger 

than that of the non-G4-DNA (HP19, KD > 2 M), indicating that 9 is generally selective towards 

G4-mtDNAs. Moreover, G4-mtDNA substrates including Mito 29, Mito 55, Mito 0.5-15, Mito 0.5-

16, Mito 78, and Mito 81 (Table S6) were studied with 9 for interactions in solution using isothermal 

titration calorimetry (ITC) (Figure S4). We found that most KD values of G4-mtDNA substrates 

determined were in nanomolar to submicromolar range (0.06-0.27 M), which was markedly stronger 

than that of non-G4-DNAs (> 4.7 M). The results support that 9 may interact with different G4-

mtDNA structures with strong affinity. 

Cell-based MTT assays were then performed to examine the cytotoxicity of the ligands against a 

panel of cancer cells and noncancerous cells. The results were summarized in Table 2. The ligands 

generally show mild toxicity against both human cancer cell lines (HCT116, HeLa, HepG2, MDA-

MB-231, PANC-1 and LoVo) and noncancerous cell lines (HFF1 and BJ) and, in most cases, the IC50 

values obtained are greater than 20 M; and some are even greater than 40 M. Notably, 9 shows the 

highest cytotoxicity against two colorectal cancer cell lines (HCT116, IC50 = 3.4 M; LoVo, IC50 = 

13.4 M). On the contrary, 9 exhibits a comparatively mild cytotoxicity against both HFF1 and BJ 

cells (IC50 > 32 M). The colorectal cancer cells are markedly more susceptible to 9. Thus, the ligand 
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could be a potential anticancer agent for treating human colorectal cancer (CRC), which is currently 

a global challenge in clinical cancer therapy. 

To verify the subcellular location of 9 after internalization in living CRC cells (HCT116), we 

performed live-cell imaging to colocalize the ligand with organelle-specific dyes including 

Hoechst33342 (nucleus), Lyso-Tracker Blue (lysosome), ER-Tracker Blue (endoplasmic reticulum) 

and Mito-Tracker Deep Red (mitochondria). The confocal images (Figure S5) reveal that 9 is 

primarily localized in mitochondria, as indicated by a good colocalization with Mito-Tracker 

(Pearson’s correlation: r = 0.59). Notably, the ligand shows no observable co-localization signal in 

both nucleus and lysosome, while a weak co-localization signal is found in the endoplasmic reticulum 

(Pearson’s correlation: r = 0.30). The results may support that 9 is mitochondria-selective. The 

selectivity is most likely due to tailored structural features (di-cationic and small sized) of the ligand 

that could be more favorable to deliver into mitochondria of cancer cells where have high MMP.31-35 

As aforementioned, two monomeric analogues, 11 and 12 (Scheme S1), were also synthesized to 

demonstrate the importance of the di-cationic scaffold design to achieve high intracellular selectivity 

targeting mitochondria. As shown in Figure S6A, 11 and 12 were also found exhibiting very good 

selectivity towards G4-mtDNAs over other nucleic acid structures. However, live-cell imaging results 

reveal that both 11 and 12 are not mitochondria-selective, as indicated clearly by the intensive 

fluorescent signal observed in the subnuclear region of the cells (Figure S6B). Therefore, these results 

indicate that the molecular charge may be a critical factor that determines the ability of the ligand to 

target mitochondria selectively in living cells. In addition, probably due to the monomeric ligands 

entering nucleus, 11 and 12 may interact with nuclear DNAs and thus they generally exhibit high 

cytotoxicity against both cancer and noncancerous human cells examined (Table S7). 

2.2 The Study of Ligand 9 Interacting with G4-mtDNA Sequences of Mitochondrial Genes 

Encoding Essential Proteins.  

From the above preliminary screening experiments, the best ligand, 9, was identified to be 

mitochondria-selective and capable of interacting with different G4-mtDNA structures in vitro with 
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Figure 1. (A) Fluorescence titration experiments. The enhanced fluorescence intensity monitored at 

650 nm for the interaction of 5 M ligand 9 with 20 M different G4-mtDNA and non-G4-DNA. (B) 

Single confocal plane images: Living HCT116 cells incubated with 4 M ligand 9 (λex=488 nm) for 1 h 

and 1 M Hoechst33342 (λex=405 nm) for 30 min after treatment with 1 M FCCP for 20 min or 1 M 

CsA for 24 h. The scale bar is 10 m. The image magnification is 400x. (C) Single confocal plane 

images: Living HCT116 cells incubated with 4 M ligand 9 (λex=488 nm) for 1 h and 1 M 

Hoechst33342 (λex=405 nm) for 30 min, then the cells were fixed and incubated with 200 units RNase 

A for 3 h or incubated with 200 units DNase I for 3 h. The scale bar is 10 m. The image magnification 

is 400x. (D) Single confocal plane images: Living HCT116 cells incubated with 4 M ligand 9 (λex=488 

nm) for 1 h and 1 M Hoechst33342 (λex=405 nm) for 30 min, then the cells were treated with MitoPDS 

at different concentrations for 3 h. The scale bar is 10 m. The image magnification is 400x. The data 

are presented as mean ± SEM, and statistical significance is determined by the t test as (ns) not 

significant, (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001. 100 cells were measured. 
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strong affinity in nanomolar to submicromolar level. We then investigated its interaction with 71 G4-

mtDNA sequences (Table S1) selected from 12 mitochondrial genes encoding essential proteins that 

were associated with the mitochondrial respiratory chain, mitochondrial D-loop structure, and 

mitochondrial rRNA. It is because G4-structures formed from these mitochondrial genes are the 

potential cellular targets of 9. The stabilization of these G4-structures with 9 may cause  

mitochondrial dysfunction.  

We found that when 9 interacted with various G4-mtDNAs of these mitochondrial genes (Figure 

1A), the fluorescent signal was markedly enhanced with respect to the concentration of G4-mtDNA 

used (Figure S7). In contrast, the fluorescence changes observed for non-G4-DNAs and mutant G4-

DNAs (Mut 55 and Mut 78) were much less obvious. UV-Vis titration spectra also show clearly a 

red-shift peak, indicating that 9 interacts with these G4-mtDNAs to form adducts in situ (Figure S8). 

The non-G4-DNA substrates do not show such obvious red-shift signal in the spectra under the same 

conditions. We then performed circular dichroism (CD) measurements to study the interaction of 9 

and different G4-mtDNAs. The results reveal that the in vitro interaction induce signal changes in 

CD spectra. The CD signal of Mito 0.5-16 and Mito 78 at 290 nm is increased evidently. Also, the 

CD signal of Mito 81 at 265 nm is increased (Figure S9). These results suggested that 9 may induce 

G4-formation and stabilize the adduct formed in solution.47 However, when using non-G4-DNAs 

(HP19 and SS19), almost no CD signal change was observed.  

To further validate the formation of G4-structures for Mito 78 and Mito 29 in solution, we 

performed 1H NMR study. As shown in Figure S10, the characteristic signals of imino protons of 

Mito 78 and Mito 29 G4-structures were found in the region of 10.5-12 ppm in the presence of KCl, 

while such signals were not observed under the conditions without KCl. The results suggest that both 

Mito 78 and Mito 29 may form G4-structures. Moreover, the interaction between 9 and the G4-

structure of Mito 78 or Mito 29 was studied preliminary with 1H NMR titrations. With 0.5 and 1 

equivalent of 9 added to the solution of Mito 78 or Mito 29, observable proton signal changes were 
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found. The results indicate that the molecular interaction between 9 and the G4-structure of Mito 78 

or Mito 29 may be occurred.  

To further understand the stability of 9-G4-mtDNA complex formed in vitro, thermal melt CD 

assays were conducted. As shown in Figure S11, the markedly increased melting points (ΔTm) in the 

range of 3.6-16.5 °C were observed; however, the ΔTm for non-G4-DNAs was only 0.5-2.3 °C. For 

9-G4-mtDNA complexes, such as 9-Mito 78 complex (ΔTm = 11.3 °C) and 9-Mito 0.5-16 complex 

(ΔTm = 16.5 °C), the ΔTm values were found much higher. The results support that 9 may interact 

with G4-mtDNAs and stabilize the complex formed in vitro.  

Based on the biophysical studies conducted with fluorescence and 1H NMR titrations, CD 

measurements, thermal melt CD assays, and SPR and ITC binding assays, we have demonstrated that 

9 could possibly interact with a number of G4-mtDNA targets including the potential targets formed 

from 71 DNA sequences selected from 12 important mitochondrial genes as most of them show strong 

affinity (KD in submicromolar to nanomolar level) and form stable complexes (ΔTm, 3.6-16.5 °C) in 

vitro; however, the fact is that it is difficult to confirm which G4-targets of mitochondrial genes 

actually interacting with the ligand in living cells and in vivo. It is because the intracellular folding of 

G4s is a transient process,48 and currently, it has not been clear yet. Nonetheless, the biological 

influence and anticancer mechanism of 9 targeting mitochondria in HCT116 cells were 

comprehensively investigated in this study. 

2.3 Investigation of the Potential Binding Target of Ligand 9 in Living HCT116 Cells.  

The in vitro results support that 9 is highly selective binding to G4-mtDNAs. We have also verified 

that 9 is primarily located in mitochondria but not nucleus in HCT116 cells with confocal live-cell 

imaging assays (Figure S5). Moreover, to increase the concentration of 9 in live-cell imaging assays, 

it did not change the cellular location of 9 (Figure S12A). Also, increasing the incubation time from 

1 to 12 h in living cells, it showed no observable red fluorescence in nucleus (Figure S12B), indicating 

that 9 is highly mitochondria-selective.  
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We then studied how ligand 9 was delivered into mitochondria. We previously proposed that the 

high negative MMP of cancer cells could be a favorable factor to drive the ligand into mitochondria. 

To verify that MMP is the main driving force for the delivery, a potent uncoupler of mitochondrial 

oxidative phosphorylation carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) is utilized 

to depolarize the MMP of HCT116 cells.49 As shown in Figure 1B, the red foci of 9 in FCCP-treated 

cells decrease significantly compared with the control, indicating that MMP is a critical factor. 

Moreover, to understand whether 9 entered mitochondria via the mitochondrial permeability 

transition pore (mPTP), the mPTP was blocked with cyclosporin (CsA), a potent mPTP inhibitor,50 

before the cells being treated with 9. The results shown in Figure 1B indicate no significant change 

for the red foci compared to the control. Taken together, the results support that the delivery of 9 into 

mitochondria is mainly driven by MMP but not mPTP. 

To confirm the substrates in mitochondria interacted with 9 is DNA but not RNA, enzymatic 

digestion assays were performed. From Figure 1C, the cells after DNase I treatment, the red foci were 

found almost completely disappeared; however, the red foci remained no obvious change after RNase 

A treatment. These results indicate that 9 binds to mtDNA in mitochondria. To further understand 

whether the mtDNA interacted with 9 in cells is G4 in nature, a reported G4-mtDNA binding ligand, 

MitoPDS,23 was utilized for intracellular competition with 9 in living cells. From Figure 1D, the cells 

after being treated with MitoPDS, the red foci (ligand 9) were found significantly decreased in a 

concentration-dependent manner. The results suggest that 9 and MitoPDS may compete with the same 

substrates in the cells and these substrates are presumably G4-mtDNAs.  

It was previously reported that the upregulation of glycolysis by hypoxia could stimulate the 

formation of G4-mtDNA in cancer cells.23 We thus use DMOG, a HIF-PH inhibitor,51 that can 

upregulate glycolysis to treat HCT116 cells. The treated cells were then incubated with 9. We found 

that the number of red foci (ligand 9) in DMOG treated cells were increased significantly compared 

with the control (Figure 2A). On the contrary, for the treatment with HIF-1α inhibitors, 2MeOE2 and 
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KC7F252, 53 that can downregulate glycolysis, it only shows very little changes in the number of red 

foci in the cells compared with the control.  

Moreover, the Cy5 coupled mitochondrial DNA was transfected into HCT116 cells. Our results 

showed that the transfected sequences were found both in cytoplasm and mitochondria (Figure 

S13A,B). Besides, the co-localization experiments for Cy5-G4-mtDNAs (Mito 78 and Mito 0.5-16) 

and G4-specific antibody BG4 indicated that most transfected Mito 0.5-16-Cy5 and Mito 78-Cy5 

could form G4-structures in HCT116 cells (Figure S13C,D). From Figure 2B, ligand 9 was found 

well co-localized with two Cy5-G4-mtDNAs (Mito 78: r = 0.54 and Mito 0.5-16: r = 0.51), but it was 

 

Figure 2. (A) Single confocal plane images: Living HCT116 cells incubated with 4 M ligand 9 

(λex=488 nm) for 1 h and 1 M Hoechst33342 (λex=405 nm) for 30 min after treating 0.1 M 2-MeOE2, 

10 M KC7F2, or 100 M DMOG for 24 h. The scale bar is 10 m. The image magnification is 400x. 

(B) Single confocal plane images for the co-localization analysis. Living HCT116 cells were 

transfected with Cy5-coupled mtDNA (λex=635 nm) for 24 h and then incubated with 4 M ligand 9 

(λex=488 nm) 1 h and 1 M Hoechst33342 (λex=405 nm) for 30 min. For the ease of visualization and 

comparison, pseudo-color (green) was used for the Cy5 label. The scale bar is 10 m. The image 

magnification is 400x. (C) Single confocal plane images: Living HCT116 cells with overexpression of 

eBFP-tagged proteins (λex=405 nm) and then incubated with 4 M ligand 9 (λex=488 nm) for 1 h. The 

scale bar is 10 m. The image magnification is 400x. The data are presented as mean ± SEM, and 

statistical significance is determined by the t test as (ns) not significant, (*) p < 0.05, (**) p < 0.01, and 

(***) p < 0.001. 100 cells were measured. 
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poorly co-localized with Cy5-non-G4-DNAs (SS19: r = 0.28 and HP19: r = 0.18). Taken together, all 

these intracellular results further suggest that 9 may be able to target G4-mtDNAs in mitochondria of 

living HCT116 cells, although it is currently unclear which G4-mtDNA targets are bound with the 

ligand in the cells. 

To obtain more information about the interaction of 9 with G4-mtDNA targets in living HCT116 

cells, we overexpressed a G4-DNA-resolving helicase, Pif1, to unfold the G4s formed in 

mitochondria.54 After overexpression of eBFP-tagged Pif1 in HCT116 cells, the red foci (ligand 9) 

decreased significantly, while the negative control that only overexpressed eBFP showed no 

significant changes on the red foci (Figure 2C). Moreover, two non-G4-DNA-targeting helicases, 

Twinkle (a mtDNA helicase) and GRSF1 (a G4-mtRNA helicase),55, 56 were overexpressed in 

HCT116 cells. Both Twinkle and GRSF1 are not able to unwind G4-DNA structures. As expected, 

these helicases showed no significant changes on the red foci (9) in mitochondria of living HCT116 

cells (Figure 2C). Taken together, these intracellular results demonstrated with target-specific 

helicases further suggest that 9 may target G4-mtDNAs in mitochondria in living HCT116 cells.  

2.4 The Effect of Ligand 9 in Inhibiting Replication, Transcription and Translation of 

Mitochondrial Genes in HCT116 Cells.  

Mitochondria have their own DNA (mtDNA) to regulate the replication, transcription, and translation 

processes for maintaining proper functions to support various cellular activities. In these processes, 

G4s may play important roles in regulating the mitochondrial transcription and replication.25 Ligand 

9 is mitochondria-selective and also has high affinity binding to a number of G4-mtDNA targets 

examined. We thus investigated the effect of 9 on mitochondrial DNA replication, transcription and 

translation in HCT116 cells. As shown in Figure S14, the ligand showed inhibitory effects on mtDNA 

replication processes as indicated by a significant reduction in the copy numbers of ND1 and ND2 

genes in HCT116 cells. It is noteworthy that this effect is not obvious in noncancerous HFF1 cells, 

implying that G4s may take regulatory roles in the replication process in HCT116 cancer cells. 
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Figure 3. qRT-PCR study for the transcription and translation effects of 9. (A) The influence of 9 (0-4 

M) on the transcription of the selected mitochondrial genes in HCT116 cells (cancer cell line). The 

incubation time was 48 h. (B) qRT-PCR study for the influence of 9 (0-4 M) on the transcription of 

the selected mitochondrial genes in HFF1 cells (normal cell line). The incubation time was 48 h. The 

data are presented as mean ± SEM, and statistical significance is determined by the t test as (ns) not 

significant, (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001. (C) Western blot assays to determine the 

protein expression level of ND1, ND2, ND3, ND4, ND4L, ND5, ND6, COX1, COX2, COX3, CYTB, 

ATP6, ATP8 and β-actin in HCT116 cells treated with 9 (0-4 M) for 48 h. 
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To understand the effect of 9 on the transcription of mitochondrial genes, we investigated 13 

important mitochondrial genes relevant to oxidative phosphorylation with real-time quantitative 

reverse transcription PCR (qRT-PCR) in both HCT116 cells and HFF1 cells. The results indicate that 

HCT116 and HFF1 cells treated with 9 show markedly different transcriptional activity (Figure 3A,B). 

In HCT116 cells, 9 caused a significant reduction of mRNA levels for ND1, ND2, ND3, ND4, ND4L, 

ND5, COX2, ATP6 and ATP8. Interestingly, the effect of 9 in HFF1 cells was found markedly 

different from HCT116 cells because only ND2 and ND5 showed a significant reduction. Moreover, 

Western blotting assays showed that the protein levels of ND3, ND4, ND6, COX1, COX2, COX3, 

CYTB, ATP6 and ATP8 were decreased markedly in the HCT116 cells treated with 9 (Figure 3C). 

Furthermore, since these 13 mitochondrial genes are subunits of the five complexes that make up the 

mitochondrial respiratory chain, ligand 9 may also cause the downregulation of these complexes. As 

expected, Western blotting results showed evidently that the level of complex I, II, III and IV were 

downregulated markedly in the 9-treated HCT116 cells (Figure S15). Collectively, ligand 9 

selectively binds to G4-mtDNA targets with high affinity in mitochondria and effectively inhibits the 

replication, transcription and translation of mtDNA in HCT116 cells. 

2.5 The Effect of Ligand 9 in Causing Mitochondrial Dysfunction.  

To understand whether 9 interrupted mitochondrial functions, we studied MMP changes of HCT116 

cells treated with the ligand. As shown in Figure 4A, the 9-treated cells were stained with a TMRE 

dye (tetramethylrhodamine ethyl ester) and the intensitiy of TMRE-staining in the cells was found 

clearly decreased with 9 treatment in a concentration dependent manner. The reduced TMRE-staining 

indicates the decrease of MMP. It is probably attributed to the depolarization of MMP by 9 because 

this ligand is di-cationic. Then, the reactive oxygen species (ROS) production in HCT116 cells treated 

with 9 was studied with a mitochondrial ROS probe MitoSOX. We found that 9 upregulated the ROS 

level in a concentration dependent manner (Figure 4B). The increased ROS level may cause DNA 

damage in cells. Taken together, these results suggest that 9 may downregulate the expression level 

of five complexes of the mitochondrial respiratory chain and cause mitochondrial dysfunction. 
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Figure 4. (A) Single confocal plane images: The effect of 9 (0-4 M) on MMP in HCT116 cells. MMP 

was evalulated with TMRE (λex=561 nm); incubation for 48 h. The scale bar is 10 m. The image 

magnification is 400x. (B) Single confocal plane images: Ligand 9 (0-4 M) induces ROS production 
in HCT116 cells and ROS was stained with MitoSOX (λex=405 nm); incubation for 48 h. The scale bar 

is 10 m. The image magnification is 400x. (C) Single confocal plane images: The effect of 9 (0-4 M) 
on mPTP opening in HCT116 cells. The mPTP opening was evaluated with Calcein-AM (λex=488 nm) 

and CoCl2 assays; incubation for 48 h. The scale bar is 10 m. The image magnification is 400x. (D) 

Seahorse experiments to study OCR of HCT116 cells treated with 9 (0-4 M) for 3 h in response to 
electron transfer chain inhibitors (n=5). (E) Values of the basal respiration, maximal respiration, spare 
respiratory and non-mitochondrial respiration capacity. (F) The analysis of ATP production of 9-

treated cells. (G) Seahorse experiments to study ECAR of HCT116 cells treated with 9 (0-4 M) for 3 
h in response to glucose stimulation (n=5). (H) Changes of glycolysis. (I) Changes of glycolysis 
capacity. The data are presented as mean ± SEM, and statistical significance is determined by the t 
test as (ns) not significant, (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001. 
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Moreover, 9 promoted the opening of mPTP in HCT116 cells in a dose-dependent manner (Figure 

4C). This effect may further promote the delivery of 9 into mitochondria.  

To further verify the effect of 9 in the induction of mitochondrial dysfunction in HCT116 cells, 

we conducted Mito-stress test and glycolysis stress test for the cells treated with the ligand. The 

oxygen consumption rate (OCR) and extracellular acidification rate (ECRA) were determined for the 

HCT116 cells treated with the ligand for 3 h. The results showed that OCR, ECRA, ATP production, 

and glycolysis were significantly decreased (Figure 4D-I). These results evidently support that 9 

reduces oxidative phosphorylation and glycolysis in HCT116 cells. Subsequently, the ability of the 

cells in energy production may be inhibited due to the significantly reduced mitochondrial 

performance. Eventually, it may cause cellular senescence. 

2.6 The Effect of Ligand 9 in Inducing DNA Damage and Cellular Senescence.  

We found that 9 induced a markedly increase in mitochondrial ROS level in HCT116 cells. Thus, we 

investigated whether the ligand could cause DNA damage. The results of Comet assays reveal that 9 

may cause DNA damage, as indicated by the lengthened comet tails observed in HCT116 cells treated 

with the ligand (Figure 5A and Figure S16C). Besides, the significantly increased γ-H2AX protein 

level also evidently reveals that 9 induces DNA damage in HCT116 cells (Figure 5G). To further 

prove that the mtROS production induced by 9 is a major cause of DNA damage, we used 

MitoTEMPOL, a mitochondria-targeted antioxidant, to reduce the mtROS level in HCT116 cells 

treated with 9. As shown in Figure S16A, the ROS induced by 9 was inhibited significantly in the 

presence of MitoTEMPOL as expected. Besides, Comet assay (Figure S16B) showed that DNA 

damage caused by 9 was also inhibited in HCT116 cells treated with MitoTEMPOL because the tail 

moment length was significantly reduced (Figure S16C). Moreover, the cells after being treated with 

MitoTEMPOL, the DNA damage marker γ-H2A.x was downregulated (Figure S16D). Therefore, the 

mtROS induced by 9 may be the major trigger of DNA damage in HCT116 cells. 

Cellular senescence is a state of stable cell cycle arrest under which cells remain metabolically 

active, but no longer divide and do not respond to growth-promoting stimuli.57-59 Senescence can be 
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triggered by various factors including oxidative stress, DNA damage, and mitochondrial 

dysfunction.57-59 The cellular results clearly show that 9 causes mitochondrial dysfunction, increases 

ROS production, and induces DNA damage in HCT116 cells. We therefore speculate that 9 may also 

 

Figure 5. (A) Comet assay to analyze DNA damage induced by 9 (0-4 M) for 72 h treatment in the 

cells. The cell was stained by DAPI (λex=405 nm). The scale bar is 10 m. The image magnification 

is 200x. The lengthened comet tail image indicates DNA damage. (B) Immunofluorescence analysis 

of Lamin B1 (λex=635 nm) in HCT116 cells after 9 (0-4 M) treatment for 72 h. The scale bar is 10 

m. The image magnification is 400x. (C) Immunofluorescence analysis of Ki67 (λex=635 nm) in 

HCT116 cells after 9 (0-4 M) treatment for 72 h. The scale bar is 10 m. The image magnification is 

400x. (D) SA-β-gal assay was used to detect the senescence of HCT116 cells after 9 (0-4 M) 

treatment for 72 h. The image magnification is 100x. (E) β-galactosidase activity of HCT116 cells after 

9 (0-4 M) treatment for 72 h. The data are presented as mean ± SEM, and statistical significance is 

determined by the t test as (ns) not significant, (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001. (F) Cell 

cycle analysis of HCT116 cells treated with 9 (0-4 M) for 72 h. (G) Western blot assays to determine 

the translation of Lamin B1, p53, p21, p16, γ-H2A.x, and β-actin in HCT116 cells treated with 9 (0-4 

M) for 72 h. (H) Western blot assays to determine the translation of Caspase3, Cleaved-caspase3 

and β-actin in HCT116 cells after 9 (0-4 M) treatment for 72 h. (I) Cell apoptosis analysis of HCT116 

cells treated with 9 (0-4 M) for 72 h. The cells were stained by Annexin V-BUV396 and 7-AAD. 
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induce cellular senescence. Lamin B1 is a known nuclear membrane structural component. The 

downregulation of Lamin B1 represents an established biomarker for cellular senescence.60 The 

immunofluorescence and Western blotting results show that the protein level of Lamin B1 decreases 

markedly in the HCT116 cells treated with 9 in a concentration-dependant manner (Figure 5B,G). 

Also, the cell proliferation marker Ki67 was found clearly decreased in the cells treated with 9 (Figure 

5C), suggesting that 9 inhibited the growth of HCT116 cells. Furthermore, 9 was applied in SA-β-gal 

assays to study its effect on senescence of HCT116 cells. As shown in Figure 5D, it is obvious that 9 

is positive in the SA-β-gal staining. Besides, the β-galactosidase activity of HCT116 cells was found 

to increase by 6.61%-17.63% after the treatment with 9 (Figure 5E), suggesting that about 17.63% 

cells were senescent finally.  

The results of cell cycle analysis indicated that the HCT116 cells treated with 9 were arrested in 

G0/G1 phase. The percentage of G0/G1 phase is increased from 50.66% to 66.01%, in a 

concentration-dependent manner (Figure 5F and Figure S17). Moreover, p53, p21 and p16, the 

inhibitors of cell cycle, were also found upregulated for the cells treated with 9 (Figure 5G). The 

apoptosis marker cleaved-caspase3 was also increased markedly in the 9-treated HCT116 cells 

(Figure 5H). By staining the HCT116 cells with Annexin V-BUV396 and 7-AAD, 9 induces 

apoptosis in a dose-dependent manner, and it is increased from 2.64% to 27.4% (Figure 5I and Figure 

S18). Taken together, these results suggest that 9 causes substantial mitochondrial dysfunction and 

DNA damage in HCT116 cells, and eventually it induces senescence and apoptosis. 

2.7 RNA-sequencing Analysis Indicating Ligand 9 Targeting Mitochondria in HCT116 Cells.  

To get more information on cellular targets of 9 in HCT116 cells, we performed RNA-sequencing 

for the cells treated with 9 at 4 M. DMSO was used as a control. Heatmap and vocano plot showed 

an overview of the differentially expressed genes (Figures 6A and Figure S19). Only about 3% of the 

total genes were influenced by 9 (0.8% genes were upregulated and 2.2% genes were downregulated 

with log2 fold change > 1 or < -1 and padj < 0.05). These results suggest that the targets of 9 in 

HCT116 cells are relatively concentrated and thus a low off-target effect could be expected. Of these 
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affected genes, 20 genes in the mitochondria were affected, of which 13 were downregulated and 7 

upregulated with log2 fold change > 2 or < -2 and padj < 0.05 (Figure 6B). Interestingly, in the 13 

genes related to the mitochondrial respiratory chain, most of them were downregulated. The finding 

is consistent with the results of qRT-PCR and Western blotting shown in Figure 3. Moreover, most 

of these downregulated genes contain G-rich sequences showing high propensity to form G4-

 
Figure 6. RNA-sequencing analysis. (A) Heatmap showing the expression pattern in HCT116 cells 

treated with 4 M ligand 9 (vs 0.08% DMSO). Genes are clustered using hierarchical clustering. Red 

indicates higher expression, and blue indicates lower expression. Color bar indicates row Z score. (B) 

Heatmap showing the effect of 4 M ligand 9 on mtDNA expression after 48 h treatment as determined 

by RNA-Seq. (C) KEGG enrichment analysis of genes change after 4 M ligand 9 treatment. The size 

of bubbles represents the number of genes in each term. (D) The top 10 significantly enriched 

pathways in HCT116 cells treated with 4 M ligand 9 (versus 0.08% DMSO). 
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structures, which are the potential targets of 9. The stabilization of these G4-mtDNA structures with 

9 in cellulo may inhibit gene expression in both transcriptional and translational level.  

For the enrichment and differential analysis, the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) enrichment was showed in Figure 6C. Among the 20 most influenced KEGG enrichment 

pathways in RNA-seq, oxidative phosphorylation was influenced markedly (Figure S20). 

Additionally, the gene set enrichment analysis (GSEA) showed that 6 mitochondria-related pathways 

(red) were influenced by 9 in the top 10 markedly enriched pathways (Figure 6D), including 

toxoplasmosis, necroptosis, β-alanine metabolism, ether lipid metabolism, galactose metabolism and 

glycerophospholipid metabolism. These enriched pathways are found related to mitochondria. The 

ROS produced by mitochondria has an important relationship with toxoplasmosis and necroptosis,61, 

62 since 9 induces ROS production in mitochondria in HCT116 cells, and these two pathways may 

possibly be influenced. Moreover, ether lipid plays vital roles in mitochondria against oxidative 

stress.63 The excess ROS in mitochondria induced by 9 may thus influence the ether lipid metabolism. 

In addition, β-alanine and galactose are directly related to oxidative phosphorylation.64, 65 We have 

verified that 9 is able to downregulate the oxidative phosphorylation in HCT116 cells. Therefore, the 

metabolism of β-alanine and galactose may be influenced in the cells treated with 9. Furthermore, 

mitochondria are the sites for the synthesis of some phospholipids including cardiolipin, 

phosphatidylglycerol and phosphatidylethanolamine.66 The mitochondrial dysfunction caused by 9 

may therefore affect the metabolism of glycerophospholipid. Collectively, RNA-seq analysis reveals 

that 9 is concentratedly targeting mitochondria in HCT116 cells.  

 

2.8 Ligand 9 shows potent antitumor efficacy in a mouse xenograft model of colorectal cancer 

in vitro an in vivo.  

To further evaluate the in vitro anticancer activity of 9 against colorectal cancer cells, we performed 

trans-well assays and colony formation assays to study the influence of 9 on morphology, migration 

and colony formation of HCT116 cells. As shown in Figure 7A, the morphology of HCT116 cells 
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and HFF1 cells after being treated with 9 at 4 M was found clearly different. Obviously, 9 caused 

more cell death in HCT116 compared to HFF1 cells. The HCT116 cell migration was also inhibited 

by 9 with a reduction of 40% (Figure 7B,C). In addition, for the HCT116 cells treated with 9, the 

proliferation ability was markedly decreased in a concentration-dependent manner (Figure 7D). The 

proliferation was almost completely suppressed by 9 at 4 M (Figure 7E). All these results suggest 

that 9 shows potent anticancer activity against human colorectal cancer.  

A xenograft mouse model of HCT116 was utilized to evaluate the in vivo antitumor efficacy of 9. 

Two groups of HCT116 tumor-bearing male Balb/c nude mice (6 mice per group) were injected 

intravenously every two days (Group 1 (PBS) and Group 2 (9, 5 mg/kg)). The in vivo results show 

that the dose at 5 mg/kg did not influence the growth of mice because the body weight of mice in two 

groups did not show significant changes (Figure 8A). Nonetheless, 9 significantly inhibited the 

growth of tumors (Figure 8B-E). Compared to the control group, the tumor growth in terms of tumor 

weight for the 9-treated group was reduced by 70% approximately. Moreover, the tumor tissues taken 

 

Figure 7. (A) The study of cell morphology for HCT116 and HFF1 cells treated with 9 (4 M) and 

without 9 treatments (control). The image magnification is 100x. (B) The migration of HCT116 was 

treated with 9 for 72 h at a concentration of 0, 1, 2, 4 M by Trans-well assay. The image magnification 

is 100x. (C) The quantification of the trans-well assay. Data are expressed as mean ± SD; *p < 0.05, 

**p < 0.01, ***p < 0.001. (D) The inhibition of cancer cell proliferation. HCT116 cells were treated with 

ligand 9 for 7 days at a concentration of 0, 1, 2, 4 M, and their clone formation were determined. (E) 

The quantification of the colony-forming assay. Data are expressed as mean ± SD; *p < 0.05, **p < 

0.01, ***p < 0.001. 
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Figure 8. The evaluation of in vivo antitumor efficacy of 9. (A) Body weight change of HCT116 tumor-
bearing nude mice injected with 9 (5 mg/kg) in tail vein over 16 days (n=6, mean ± SD). (B) Time-

dependent change of tumor volume after different treatments for 16 days (n=6, mean ± SD, *p < 0.05, 

**p < 0.01, and ***p < 0.001). (C) Weight of isolated tumors in HCT116 tumor-bearing nude mice after 
16 days of treatment (n=6, mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001). (D) Digital photographs 

of HCT116 tumor-bearing nude mice on day 1 and day 16 of different groups. (E) Digital photographs 
of isolated tumors from different groups of HCT116-bearing nude mice after 16 days. (F) 

Representative histological images of H&E, TUNEL and Ki67 antigen immunofluorescence-stained 
tumor tissue sections of HCT116 tumor-bearing nude mice tumors from different groups after 16 days 

of treatment. The scale bar is 200 m. The image magnification is 200x. 
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from the mice were analyzed. The nuclear sequestration and fragmentation in H&E images were 

clearly observed compared to the control group. TUNEL staining data also showed that 9 promoted 

apoptosis of tumor cells. Furthermore, Ki67 staining assays showed clearly that 9 inhibited tumor cell 

proliferation (Figure 8F). Taken together, the in vivo results support that 9 shows high potency against 

human colorectal cancer. 

To further evaluate the biocompatibility and in vivo toxicity of 9, whole blood samples were 

collected for biochemical blood analysis when mice were killed on day 16. The biochemical 

parameters including white blood cell count, lymphocyte count, neutrophil count, red blood cell count, 

hemoglobin, mean red blood cell volume, mean red blood cell hemoglobin content, mean red blood 

cell hemoglobin concentration, mean platelet volume, and platelet count were analyzed. The results 

were shown in Figure S21A, compared with the control group, there was no significant change in all 

biochemical parameters for the mice treated with 9. More importantly, the H&E staining sections of 

major organs of the mice including heart, liver, spleen, lung and kidney, support that 9 may have low 

or no observable toxic effects to these organs (Figure S21B). Therefore, 9 shows high potential to be 

a new and potent anti-colorectal cancer agent that may target both mitochondria and the G4-mtDNA 

structures with low in vivo cytotoxicity. 

 

3. CONCLUSIONS 

In conclusion, a new small-sized di-cationic ligand 9 tailored with the functionality of mitochondria-

selective and G4-mtDNA-targeting was developed and demonstrated in living human colorectal 

cancer cells (HCT116). The affinity of the ligand binding to G4-mtDNA targets in vitro determined 

with SPR and ITC is strong and down to nanomolar level. In addition, the ligand exhibits potent 

anticancer activity against HCT116 cancer cells, while it has a markedly less cytotoxic against 

noncancerous human cells. The results of qRT-PCR and Western blotting show that the ligand 

downregulates markedly the expression of most mitochondrial respiratory chain related genes 

including ND3, ND4, ND6, COX1, COX2, COX3, CYTB, ATP6 and ATP8, and also inhibits the 
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expression of the respiratory chain complexes I-IV. Furthermore, the ligand causes substantial 

mitochondrial dysfunction including depolarizing mitochondrial membrane potential, inducing ROS 

production and mPTP opening, and downregulating both the oxidative phosphorylation and 

glycolysis. More importantly, the ligand induces DNA damage, senescence and apoptosis in HCT116 

cancer cells. The trans-well assay and colony formation assay also show that the ligand is able to 

inhibit the migration and proliferation of HCT116 cells. The in vivo antitumor efficacy of the ligand 

against human colorectal cancer xenografts (HCT116) in nude mice was validated. The ligand at 5 

mg/kg was able to reduce the tumor weight by 70% compared to the control. Taken together, the di-

catioinic ligand is a novel mitochondria-selective and G4-mtDNA-targeting anticancer agent for 

human colorectal cancer therapy with high potency and low toxicity. 

 

4. EXPERIMENTAL SECTION 

4.1 Synthesis and Characterization.  

High resolution mass spectra (HRMS) were obtained by Agilent 1260-6230TOF. By use of TMS as 

a reference, 1H and 13C NMR spectra were recorded at 400 and 100 MHz in DMSO-d6 with a Bruker 

BioSpin GmbH spectrometer. The high-performance liquid chromatography (HPLC) analysis for 

examining the purity of the ligands was performed on a SHIMADZU LC-16 system using a 

Diamonsil C18 column (250 mm × 4.6 mm, 5 m) at room temperature with an elution using the 

mobile phase (MeOH/H2O = 50:50, v/v). All ligands synthesized for assays were confirmed to have 

a purity ≥ 95%. 

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 2-methylquinoline (1.002 g, 7.0 mmol) 

and 1, 8-diiodooctane (1.244 g, 3.4 mmol) in ethanol (10 mL) under 100 °C for 24 h. Recrystallization 

of the crude product with acetone to obtain brown-green solid in 73% yield. Ligands 1–10 were 

obtained by the reaction of intermediate a (0.1 g, 0.15 mmol) and benzaldehyde (0.042 g, 0.4 mmol), 

p-methyl benzaldehyde (0.048 g, 0.4 mmol), 4-(dimethylamino)benzaldehyde (0.059 g, 0.4 mmol), 
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Indole-3-carboxaldehyde (0.058g, 0.4 mmol), 1H-indole-2-carbaldehyde (0.058 g, 0.4 mmol), 4-

(methylthio)benzaldehyde (0.061 g, 0.4 mmol), N-ethylcarbazole-3-carboxaldehyde (0.089 g, 0.4 

mmol), 4-(1-pyrrolidino)benzaldehyde (0.070 g, 0.4 mmol), 4-(piperidin-1-yl)benzaldehyde (0.076 

g, 0.4 mmol) or 4-morpholinobenzaldehyde (0.076 g, 0.4 mmol) and 4-methylpiperidine (30 L), 

ethanol (3 mL) in 100 °C refluxed overnight. The crude products were purified by flash silica gel 

column chromatography (MeOH/DCM = 1:20, v/v). The pure ligands obtained were characterized 

by 1H NMR, 13C NMR, and HRMS. The purity of ligands determined with HPLC analysis was ≥ 

95%. 

A synthetic route to the ligands 11 and 12 is shown in Scheme S1. Intermediate b and c were 

obtained by the reaction using 2-methylquinoline (0.286 g, 2.0 mmol) and Iodomethane (0.426 g, 3.0 

mmol) or 1-iodobutane (0.552 g, 3.0 mmol) in acetonitrile (4 mL) under 80 °C overnight. Ligands 11 

and 12 were obtained by the reaction of intermediate b (0.142 g, 0.5 mmol) or intermediate c (0.164 

g, 0.5 mmol) with 4-(Piperidin-1-yl)benzaldehyde (0.132 g, 0.7 mmol), and 4-methylpiperidine (30 

L), ethanol (3 mL) in 100 °C refluxed overnight. The crude products were purified by flash silica 

gel column chromatography (MeOH/DCM = 1:20, v/v). The pure ligands obtained were characterized 

by 1H NMR, 13C NMR, and HRMS. The purity of ligands determined with HPLC analysis was ≥ 

95%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-styryl)quinolin-1-ium) iodide (1). Brown solid with 65% yield. 

1H NMR (400 MHz, DMSO-d6) δ 9.14 (d, J = 8.9 Hz, 2H), 8.61 (d, J = 9.0 Hz, 2H), 8.55 (d, J = 9.1 

Hz, 2H), 8.41 (d, J = 7.1 Hz, 2H), 8.25 – 8.17 (m, 4H), 7.99 (t, J = 7.6 Hz, 2H), 7.97 – 7.91 (m, 4H), 

7.88 (d, J = 15.9 Hz, 2H), 7.49 (d, J = 7.3 Hz, 6H), 5.19 – 5.06 (m, 4H), 1.86 (m, 4H), 1.51 (m, 4H), 

1.35 (m, 4H). 13C NMR (100 MHz, DMSO-d6) δ 156.06, 147.77, 145.26, 138.71, 135.79, 135.26, 

131.84, 130.98, 129.61, 128.84, 122.09, 119.62, 119.32, 51.16, 29.02, 26.11. HRMS m/z: calcd for 

C42H42N2
2+, [M]2+ = 287.3976, found 287.1637. HPLC analysis: retention time at 5.141 min eluted 

with MeOH/H2O = 50:50 (v/v), purity = 99.1%. 
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(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-4-methylstyryl)quinolin-1-ium) iodide (2). Brown solid with 

68% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.10 (d, J = 8.9 Hz, 2H), 8.57 (d, J = 8.7 Hz, 2H), 8.52 

(d, J = 9.0 Hz, 2H), 8.39 (d, J = 8.1 Hz, 2H), 8.15 (d, J = 15.7 Hz, 4H), 7.98 (d, J = 7.1 Hz, 2H), 7.80 

(t, J = 11.0 Hz, 6H), 7.24 (d, J = 7.9 Hz, 4H), 5.06 (m, 4H), 2.24 (s, 6H), 1.77 (m, 4H), 1.52 (m, 4H), 

1.36 (m, 4H). 13C NMR (100 MHz, DMSO-d6) δ 156.07, 147.98, 144.98, 142.24, 138.67, 135.68, 

132.61, 130.96, 130.18, 129.61, 128.69, 121.90, 119.52, 118.12, 50.88, 28.96, 28.68, 25.92, 21.55. 

HRMS m/z: calcd for C44H46N2
2+, [M]2+ = 301.4242, found 301.1835. HPLC analysis: retention time 

at 5.141 min eluted with MeOH/H2O = 50:50 (v/v), purity = 99.1%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-4-(dimethylamino)styryl)quinolin-1-ium) iodide (3). Dark 

green solid with 61% yield. 1H NMR (400 MHz, DMSO-d6) δ 8.77 (d, J = 9.1 Hz, 2H), 8.42 (d, J = 

9.2 Hz, 2H), 8.37 (d, J = 8.8 Hz, 2H), 8.25 (d, J = 7.0 Hz, 2H), 8.14 (d, J = 15.1 Hz, 2H), 8.07 (t, J = 

7.8 Hz, 2H), 7.85 (t, J = 7.6 Hz, 2H), 7.72 (d, J = 8.9 Hz, 4H), 7.33 (d, J = 15.5 Hz, 2H), 6.64 (d, J = 

9.0 Hz, 4H), 4.90 (m, 4H), 2.88 (s, 12H), 1.84 (m, 4H), 1.61 (m, 4H), 1.46 (m, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 155.80, 153.05, 149.76, 142.56, 138.62, 134.84, 132.32, 130.58, 128.55, 127.57, 

122.67, 120.76, 118.92, 112.15, 111.23, 49.85, 28.47, 25.76. HRMS m/z: calcd for C46H52N4
2+, [M]2+ 

= 330.4654, found 330.2107. HPLC analysis: retention time at 5.124 min eluted with MeOH/H2O = 

50:50 (v/v), purity = 98.5%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-2-(1H-indol-3-yl)vinyl)quinolin-1-ium) iodide (4). Orange 

solid with 71% yield. 1H NMR (400 MHz, DMSO-d6) δ 12.29 (s, 2H), 8.82 (d, J = 9.2 Hz, 2H), 8.62 

(d, J = 15.3 Hz, 2H), 8.56 (d, J = 9.3 Hz, 2H), 8.38 (d, J = 9.0 Hz, 2H), 8.32 (s, 2H), 8.26 (d, J = 7.0 

Hz, 2H), 8.07 (dd, J = 7.8, 3.5 Hz, 4H), 7.84 (t, J = 7.5 Hz, 2H), 7.49 – 7.45 (m, 2H), 7.40 (d, J = 

15.4 Hz, 2H), 7.23 – 7.18 (m, 4H), 4.97 – 4.87 (m, 4H), 1.89 (m, 4H), 1.63 (m, 4H), 1.48 (m, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 185.43, 156.26, 143.95, 142.52, 138.93, 138.65, 138.12, 137.51, 

135.64, 134.81, 130.62, 128.45, 127.41, 125.41, 123.92, 122.58, 122.35, 121.28, 120.44, 118.75, 

118.62 – 118.53, 114.97, 113.47, 112.89, 111.08, 50.17, 29.08, 28.43, 26.35. HRMS m/z: calcd for 
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C46H44N4
2+, [M]2+ = 326.4336, found 326.1794. HPLC analysis: retention time at 5.121 min eluted 

with MeOH/H2O = 50:50 (v/v), purity = 98.1%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-2-(1H-indol-2-yl)vinyl)quinolin-1-ium) iodide (5). Orange 

solid with 66% yield. 1H NMR (400 MHz, DMSO-d6) δ 11.90 (s, 2H), 8.97 (d, J = 9.0 Hz, 2H), 8.51 

(d, J = 9.1 Hz, 2H), 8.40 (d, J = 9.1 Hz, 2H), 8.33 (d, J = 7.1 Hz, 2H), 8.23 (d, J = 15.6 Hz, 2H), 8.13 

(t, J = 7.4 Hz, 2H), 7.92 (t, J = 7.5 Hz, 2H), 7.64 (d, J = 15.7 Hz, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.38 

(d, J = 8.2 Hz, 2H), 7.13 (t, J = 7.6 Hz, 2H), 7.09 (s, 2H), 6.93 (t, J = 7.4 Hz, 2H), 4.93 (m, 4H), 1.74 

(m, 4H), 1.56 (m, 4H), 1.40 (m, 4H). 13C NMR (100 MHz, DMSO-d6) δ 155.36, 144.13, 139.37, 

138.63, 137.79, 135.41, 130.87, 129.23, 128.34, 125.82, 122.18, 121.13, 120.71, 119.23, 115.91, 

112.53, 112.03, 50.55, 28.70, 25.94. HRMS m/z: calcd for C46H44N4
2+, [M]2+ = 326.4336, found 

326.1795. HPLC analysis: retention time at 5.141 min eluted with MeOH/H2O = 50:50 (v/v), purity 

= 97.6%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-4-(methylthio)styryl)quinolin-1-ium) iodide (6). Yellow solid 

with 74% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.08 (d, J = 9.0 Hz, 2H), 8.56 (d, J = 9.1 Hz, 2H), 

8.52 (d, J = 9.1 Hz, 2H), 8.38 (d, J = 7.3 Hz, 2H), 8.17 (dd, J = 15.3, 7.6 Hz, 4H), 7.96 (t, J = 7.6 Hz, 

2H), 7.86 (d, J = 8.4 Hz, 4H), 7.77 (d, J = 15.7 Hz, 2H), 7.31 (d, J = 8.4 Hz, 4H), 5.12 – 5.02 (m, 4H), 

2.46 (s, 6H), 1.81 (m, 4H), 1.54 (m, 4H), 1.37 (m, 4H). 13C NMR (100 MHz, DMSO-d6) δ 155.9, 

147.59, 144.78, 144.08, 138.70, 135.64, 131.53, 130.94, 130.06, 129.52, 128.64, 125.91, 121.76, 

119.49, 117.73, 50.83, 28.98, 28.72, 25.98, 14.49. HRMS m/z: calcd for C44H46N2S2
2+, [M]2+ = 

333.4892, found 333.1565. HPLC analysis: retention time at 5.142 min eluted with MeOH/H2O = 

50:50 (v/v), purity = 98.2%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-2-(9-ethyl-9H-carbazol-3-yl)vinyl)quinolin-1-ium) iodide (7). 

Red solid with 69% yield. 1H NMR (400 MHz, DMSO-d6) δ 8.65 (s, 2H), 8.60 (d, J = 9.0 Hz, 2H), 

8.25 (d, J = 9.1 Hz, 2H), 8.21 (d, J = 9.1 Hz, 2H), 8.14 (d, J = 7.4 Hz, 2H), 8.08 (dd, J = 11.6, 3.8 Hz, 

4H), 8.00 (t, J = 7.5 Hz, 2H), 7.95 (d, J = 7.7 Hz, 2H), 7.84 (t, J = 7.5 Hz, 2H), 7.59 (t, J = 11.5 Hz, 

4H), 7.42 (d, J = 8.2 Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.14 (t, J = 7.4 Hz, 2H), 4.85 (m, 4H), 4.26 (q, 
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J = 6.9 Hz, 4H), 1.64 (m, 8H), 1.55 (m, 4H), 1.18 (t, J = 7.1 Hz, 6H). 13C NMR (100 MHz, DMSO-

d6) δ 155.37, 149.56, 143.46, 141.76, 140.28, 138.18, 135.05, 130.60, 128.85, 128.53, 127.73, 126.95, 

126.28, 123.05, 122.26, 120.85, 120.09, 118.81, 114.66, 110.14, 50.04, 37.61, 28.21, 27.92, 25.42, 

14.11. HRMS m/z: calcd for C58H56N4
2+, [M]2+ = 404.2247, found 404.2261. HPLC analysis: 

retention time at 5.142 min eluted with MeOH/H2O = 50:50 (v/v), purity = 96.6%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-4-(pyrrolidin-1-yl)styryl)quinolin-1-ium) iodide (8). Black 

solid with 70% yield. 1H NMR (400 MHz, DMSO-d6) δ 8.71 (d, J = 9.2 Hz, 2H), 8.36 (dd, J = 9.1, 

4.6 Hz, 4H), 8.23 (d, J = 7.1 Hz, 2H), 8.11 (d, J = 15.2 Hz, 2H), 8.05 (t, J = 7.5 Hz, 2H), 7.83 (t, J = 

7.5 Hz, 2H), 7.68 (d, J = 8.7 Hz, 4H), 7.24 (d, J = 15.3 Hz, 2H), 6.42 (d, J = 8.8 Hz, 4H), 4.85 (m, 

4H), 3.09 (m, 8H), 1.88 (m, 8H), 1.85 – 1.75 (m, 4H), 1.64 (m, 4H), 1.50 (m, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 155.67, 150.58, 149.99, 142.18, 138.60, 134.74, 132.57, 130.51, 128.37, 127.42, 

122.40, 120.68, 118.82, 112.46, 110.47, 47.72, 28.30, 25.66, 25.21. HRMS m/z: calcd for C50H56N4
2+, 

[M]2+ = 356.5026, found 356.2266. HPLC analysis: retention time at 5.143 min eluted with 

MeOH/H2O = 50:50 (v/v), purity = 98.6%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-4-(piperidin-1-yl)styryl)quinolin-1-ium) iodide (9). Black 

solid with 71% yield. 1H NMR (400 MHz, DMSO-d6) δ 8.84 (d, J = 9.1 Hz, 2H), 8.47 (d, J = 9.3 Hz, 

2H), 8.40 (d, J = 9.0 Hz, 2H), 8.28 (d, J = 7.5 Hz, 2H), 8.16 (d, J = 15.4 Hz, 2H), 8.09 (t, J = 7.9 Hz, 

2H), 7.87 (t, J = 7.5 Hz, 2H), 7.74 (d, J = 8.8 Hz, 4H), 7.41 (d, J = 15.4 Hz, 2H), 6.90 (d, J = 8.8 Hz, 

4H), 4.95 (m, 4H), 3.27 (m, 8H), 1.80 (m, 4H), 1.56 (m, 8H), 1.49 (m, 8H), 1.43 (m, 4H). 13C NMR 

(100 MHz, DMSO-d6) δ 155.96, 153.47, 149.27, 142.97, 138.67, 135.00, 132.31, 130.69, 128.71, 

127.76, 123.76, 120.98, 119.04, 114.09, 112.31, 49.97, 48.03, 28.61, 25.92, 25.37, 24.35. HRMS m/z: 

calcd for C52H60N4
2+, [M]2+ = 370.7409, found 370.2424. HPLC analysis: retention time at 5.144 min 

eluted with MeOH/H2O = 50:50 (v/v), purity = 97.8%. 

(E)-1,1'-(octane-1,8-diyl)bis(2-((E)-4-morpholinostyryl)quinolin-1-ium) iodide (10). Black solid 

with 77% yield. 1H NMR (400 MHz, DMSO-d6) δ 8.91 (d, J = 9.0 Hz, 2H), 8.51 (d, J = 9.2 Hz, 2H), 

8.44 (d, J = 9.0 Hz, 2H), 8.31 (d, J = 7.8 Hz, 2H), 8.19 (d, J = 15.4 Hz, 2H), 8.11 (t, J = 7.8 Hz, 2H), 
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7.90 (t, J = 7.5 Hz, 2H), 7.79 (d, J = 8.6 Hz, 4H), 7.51 (d, J = 15.5 Hz, 2H), 6.94 (d, J = 8.6 Hz, 4H), 

4.99 (m, 4H), 3.68 (t, 8H), 3.20 (t, 8H), 1.81 (m, 4H), 1.57 (m, 4H), 1.41 (m, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 156.03, 153.64, 148.99, 143.46, 138.67, 135.15, 131.90, 130.77, 128.94, 127.96, 

125.07, 121.15, 119.18, 114.21, 113.52, 66.21, 50.20, 47.06, 28.69, 25.94. HRMS m/z: calcd for 

C50H56N4O2
2+, [M]2+ = 372.5021, found 372.2215. HPLC analysis: retention time at 5.124 min eluted 

with MeOH/H2O = 50:50 (v/v), purity = 95.9%. 

(E)-1-methyl-2-(4-(piperidin-1-yl)styryl)quinolin-1-ium iodide (11). Black solid with 82% yield. 

1H NMR (400 MHz, DMSO-d6) δ 8.85 (d, J = 9.1 Hz, 1H), 8.52 (d, J = 9.2 Hz, 1H), 8.45 (d, J = 9.0 

Hz, 1H), 8.25 (dd, J = 11.3, 8.4 Hz, 2H), 8.10 (t, J = 7.9 Hz, 1H), 7.86 (t, J = 8.6 Hz, 3H), 7.60 (d, J 

= 15.5 Hz, 1H), 7.05 (d, J = 8.7 Hz, 2H), 4.46 (s, 3H), 3.45 (d, J = 4.7 Hz, 4H), 1.62 (m, 6H). 13C 

NMR (100 MHz, DMSO-d6) δ 156.8, 153.64, 148.90, 142.63, 139.69, 134.71, 132.44, 130.30, 128.61, 

127.40, 123.92, 120.79, 119.38, 114.20, 113.16, 48.18, 25.49, 24.43. HRMS m/z: calcd for C23H25N2
+, 

[M]+ = 329.4575, found 329.2024. HPLC analysis: retention time at 5.140 min eluted with 

MeOH/H2O = 50:50 (v/v), purity = 98.0%. 

(E)-1-butyl-2-(4-(piperidin-1-yl)styryl)quinolin-1-ium iodide (12). Black solid with 75% yield. 1H 

NMR (400 MHz, DMSO-d6) δ 8.85 (d, J = 9.1 Hz, 1H), 8.55 (d, J = 9.2 Hz, 1H), 8.44 (d, J = 9.0 Hz, 

1H), 8.32 – 8.24 (m, 2H), 8.12 (dd, J = 11.7, 4.3 Hz, 1H), 7.86 (dd, J = 16.6, 8.3 Hz, 3H), 7.50 (d, J 

= 15.4 Hz, 1H), 7.07 (d, J = 9.0 Hz, 2H), 5.10 – 4.96 (m, 2H), 3.47 (d, J = 5.4 Hz, 4H), 1.92 – 1.82 

(m, 2H), 1.61 (d, J = 5.6 Hz, 4H), 1.56 (dd, J = 15.1, 7.5 Hz, 4H), 0.99 (t, J = 7.3 Hz, 3H). 13C NMR 

(100 MHz, DMSO-d6) δ 156.11, 153.69, 149.44, 142.93, 138.76, 135.00, 132.44, 130.65, 128.69, 

127.75, 123.84, 120.95, 119.14, 114.27, 112.32, 50.00, 48.22, 30.94, 25.47, 24.46, 19.65, 14.18. 

HRMS m/z: calcd for C26H31N2
+, [M]+ = 371.5372, found 371.2497. HPLC analysis: retention time 

at 5.140 min eluted with MeOH/H2O = 50:50 (v/v), purity = 96.8%. 

4.2 Materials and Methods.  

All chemicals and reagents used for experiments were AR grade. Hoechst 33342 (Cat. 62249), Mito-

Tracker Deep Red (Cat. M22426), Mito-Tracker Green (Cat. M7514), ER-Tracker Blue (Cat. 
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E12353), Lyso-Tracker Blue (Cat. L7525), MitoSOX Red (Cat. M36005), PI/RNase Staining 

Solution (Cat. F10797), DNase Ⅰ (Cat. 18047019) and RNase A (Cat. AM2271) were purchased from 

Thermo Fisher Scientific. FCCP, Cyclosporin A (CsA), 2MeOE2, KC7F2, DMOG and 

MitoTEMPOL were purchased from TargetMol. Mitochondrial Permeability Transition Pore Assay 

Kit (Cat. C2009S) and BeyoFast SYBR Green One-Step qRT-PCR Kit (Cat. D7268M) were 

purchased from Beyotime Biotechnology. Seahorse XF Glycolysis Stress Test Kit (Cat. 103020-100) 

and Seahorse XF Cell Mito Stress Test Kit (Cat. 103010-100) were purchased from Agilent. Comet 

Assay Kit (ab238544) were purchased from Abcam. Annexin V-BUV396 and 7-AAD were 

purchased from BD Pharmingen. Plasmid were purchased from GenScript. All the oligonucleotides 

were synthesized and purified by Sangon Biotech and the sequences were listed in Table S1-Table 

S5. All the antibodies were purchased from Abcam, Cell Signaling Technology and Thermo Fisher 

Scientific. The cell lines used in this study were purchased from ATCC. 

4.2.1 Fluorescence Spectroscopy. Fluorescence spectra were recorded with a LS-45 fluorescence 

spectrometer (Perkin Elmer). The slit width of the colorimetric dish is 1 mm and optical diameter is 

10 mm. The emissions of ligands were acquired by exciting the samples. The emission spectra 

collection range of ligands was 550-800 nm. All oligonucleotides were pre-annealed by heating at 

95 °C for 10 min, followed by slow cooling to room temperature in Tris-HCl buffer (10 mM, pH 7.4) 

with 100 mM KCl. Small aliquots of a stock solution of oligonucleotides were added into the solution 

containing ligands at the fixed concentration (5 M). In the titration studies, the final concentration 

of oligonucleotides was varied from 0 to 20 M. After the addition of each sample, the mixture was 

stirred and allowed to equilibrate for at least 1 min. 

4.2.2 UV-Visible Spectroscopy. UV-Vis spectra were obtained using a Lambda 25 

Spectrophotometer (Perkin Elmer). The slit width of the colorimetric dish is 1 mm and optical 

diameter is 10 mm. The absorption spectra collection range of ligands was 300-700 nm. All 

oligonucleotides were pre-annealed by heating at 95 °C for 10 min, followed by slow cooling to room 

temperature in Tris-HCl buffer (10 mM, pH 7.4) with 100 mM KCl. Small aliquots of a stock solution 
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of oligonucleotides were added into the solution containing ligands at the fixed concentration (5 M). 

In the titration studies, the final concentration of oligonucleotides was 20 M. After the addition of 

each sample, the mixture was stirred and allowed to equilibrate for at least 1 min. The UV spectra of 

ligands was collected first and then nucleic acids with different concentrations was added in turn (2.5 

M, 5 M, 10 M, 15 M and 20 M), and the UV spectra were collected, respectively. 

4.2.3 Circular Dichroism (CD) and Melting Point Assay. The CD spectra were performed on a 

JASCO J-1500 Circular Dichroism Spectrometer. In the experiment, a quartz cuvette with a length of 

1 mm was used to record the spectrum in a wavelength range of 220 to 700 nm with a 1 nm bandwidth, 

a 1 nm step and 1 s per point. Each curve was scanned 3 times. After setting the parameters, 400 L 

of nucleic acid with a concentration of 5 M was placed in a colorimetric dish. The CD spectra of 

nucleic acid were collected first and then 9 with different concentrations was added in turn (5 M, 10 

M, 15 M and 20 M), and the CD spectra were collected, respectively. Melting point assays were 

set at a fixed wavelength, while gradually increasing the temperature from 25 to 95 °C, 1 nm step 

size, and 5 s per point. The experiments were performed using 5 M ligand 9 and 5 M different 

nucleic acids in 10 mM Tris-HCl buffer at pH 7.4 containing 20 mM KCl. The collected data were 

normalized by Origin software. 

4.2.4 NMR Spectroscopy. Before taking 1H NMR measurements, Mito 78 and Mito 29 with a 

concentration of 300 M was dissolved in phosphate buffer (25 mM KH2PO4, 10% D2O, 100 mM 

KCl, pH = 7.4) and was heated to 95 °C, then annealed to room temperature and incubated for 24 h. 

During the measurement, ligand 9 with different concentrations was added in turn (150 M and 300 

M). The experiments were carried out at 25 °C on a 600 MHz spectrometer.  

4.2.5 Isothermal Titration Calorimetry (ITC) Assay. ITC experiments were carried out in a 

MicroCal PEAQ-ITC (Malvern, USA) microcalorimeter. oligonucleotides were pre-annealed in 25 

mM KH2PO4, 60 mM KCl buffer (pH 7.4, containing 0.2% (v/v) DMSO) by heated to 95 °C in water 

bath for 5 min. Then, it was cooled to 25 °C and placed at 4 °C overnight. Ligand 9 (10 M) in buffer 
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was kept in the sample cell and 40 L pre-annealed oligonucleotides (100 M) was filled in the 

syringe in the same buffer. Ligand 9 was mixed with oligonucleotides by stirring the syringe at 750 

rpm at 25 °C. There were 29 injections with a duration of 4 s and an interval of 150 s. Finally, the 

data were fitted into the built-in binding model to obtain the binding enthalpy. 

4.2.6 Surface Plasmon Resonance (SPR) Assay. The immobilization of biotinylated DNA and 

kinetics assay were performed using Sierra SPR-32 Pro (Bruker). Briefly, biotinylated DNA 

sequences were dissolved in running buffer (10 mM Tris-HCl, 100 mM KCl, 0.05% Tween 20, pH 

7.4). Biotinylated DNA in 800 nM was allowed to immobilize onto biotin capture sensor chip (Bruker 

Daltonics) with streptavidin chemistry to achieve 800-1000 RU. Different concentrations of ligands 

were then injected at a flow rate of 30 L/min for 200 seconds of contact time, followed with 250 

seconds of dissociation at 25 °C, using multi-injection cycle kinetics (MICK) mode. The chip was 

regenerated with injection of 2 M KCl between consecutive cycles. Data was analyzed with Sierra 

Analyzer R3 software, using kinetics model for fitting data. 

4.2.7 Plasmid Construction. cDNAs encoding Pif1, Twinkle and GRSF1 were obtained by gene 

synthesis from GenScript. To generate eBFP-tagged protein, cDNA was inserted into the pcDNA3.1+ 

vector. 

4.2.8 Cell Culture. The human cancer cell lines including MDA-MB-231 (HTB-26), HeLa (CRM-

CCL-2), HepG2 (HB-8065), LoVo (CCL-229), HCT116 (CCL-247), PANC-1 (CRL-1469), human 

fibroblast HFF-1 (SCRC-1041) and human fibroblast BJ (CRL-2522) were purchased from ATCC. 

The cell lines were cultured in different complete medium as shown below: MDA-MB-231, HeLa, 

PANC-1 and HFF1 were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum 

(FBS) (Gibco) and 1% P/S (Gibco). LoVo and HCT116 were cultured in RPMI1640 (Gibco) 

supplemented 10% FBS and 1% P/S. PANC-1 and BJ was cultured in MEM (Gibco) supplemented 

with 10% FBS and 1% P/S. The cells were incubated in incubator at 37 °C with 5% CO2. In all 

experiments needed for cell collection, the cells were trypsinized by 0.25% trypsin-EDTA (Gibco) 

and suspended in various buffers for further analysis. 
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4.2.9 MTT Assay. The cancer cells (MDA-MB-231, HeLa, HepG2, LoVo, HCT116 and PANC-1) 

and normal cells (HFF1 and BJ) were examined in the MTT experiments. The cells were cultured on 

96-well plates with a density of 5000 cells per well approximately. The culture condition was set at 

37 °C and 5% CO2. After cultured for 24 h, the cells were treated with ligand s at different 

concentration (0, 0.625, 1.25, 2.5, 5, 10, 20, 30 and 40 M) for 48 h, respectively. After incubation, 

the medium was decanted. Then, 0.5 mg/mL of MTT solution, 100 L per well, was added to the 

sample and followed was incubated for 4 h in dark. Then, the MTT solution was decanted and DMSO 

(100 L per well) was added to ensure the deck adhering to 96-well plate complete dissolution. These 

treated 96-well plates were measured for absorbance with an enzyme label and the absorption 

wavelength was 570 nm. Finally, the cell survival rate and the half maximal inhibitory concentration 

(IC50) of ligands on the cells were calculated from the obtained absorbance values. 

4.2.10 Live-Cell Staining and Imaging Assay. HCT116 cells were cultured in confocal dishes 

overnight with 5% CO2 at 37 °C, the RPMI1640 medium containing 10% fetal bovine serum and 1% 

P/S. The digital images were recorded on Leica TCS SPE Confocal Microscope. In the mitochondria 

co-location experiment, the cells were treated with 200 nM Mito-Tracker Deep Red for 30 min and 4 

M ligand 9 for 1 h respectively. In the Endoplasmic reticulum co-location experiment, the cells were 

treated with 1 M ER-Tracker Blue for 30 min and 4 M ligand 9 for 1 h respectively. In the 

Lysosomal co-location experiment, the cells were treated with 1 M Lyso-Tracker Blue for 30 min 

and 4 M ligand 9 for 1 h respectively. In the cyclosporin (CsA) treatment, the cells were treated with 

1 M CsA for 24 h to block the permeability transition pore on the inner membrane of mitochondria. 

The cells after CsA treatment were washed with RPMI1640 and then the cells were incubated with 4 

M ligand 9 for 1 h and 1 M Hoechst33342 for 30 min respectively. In the FCCP treatment, the cells 

were treated with 1 M FCCP for 30 min to depolarize the cells. After FCCP treatment, the cells were 

washed with RPMI1640 and then the cells were incubated with 4 M ligand 9 for 1 h and 1 M 

Hoechst33342 for 30 min respectively. In the competition experiments, the cells were incubated with 
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4 M ligand 9 for 1 h and 1 M Hoechst33342 for 30 min respectively, and then 5 M MitoPDS or 

10 M MitoPDS was added for 3 h. In Cy5-labeled DNA treatments, oligonucleotide transfections 

were performed using DNA oligonucleotides (4 g) and Lipofectamine 3000 Transfection Reagent 

(Invitrogen) for 24 h before staining, and then incubated with 4 M ligand 9 for 1 h and 1 M 

Hoechst33342 for 30 min respectively. In Cy5-labeled DNA and Mito-Tracker Green co-location 

experiment, Cy5-labeled DNA transfections were performed using DNA oligonucleotides (4 g) and 

Lipofectamine 3000 Transfection Reagent (Invitrogen) for 24 h before staining, and then incubated 

with 200 nM Mito-Tracker Green for 30 min. For the preparation of HCT116 cells overexpressing 

eBFP-tagged proteins, cells were transfected with the constructed plasmids (4 g) using 

Lipofectamine 3000 and then incubated at 37 °C for 24 h, and then incubated with 4 M ligand 9 for 

1 h and 1 M Hoechst33342 for 30 min respectively. In HIF-1α inhibitors treatment, the cells were 

treated with 0.1 M 2-MeOE2, or 10 M KC7F2 for 24 h before imaging. In HIF-PH inhibitor 

treatment, the cells were treated with 100 M for 24 h before imaging. Then the cells were incubated 

with 4 M ligand 9 for 1 h and 1 M Hoechst33342 for 30 min respectively. In mitochondrial 

membrane potential (MMP) detection, the cells were treated with different concentrations of 9 for 48 

h. After treatment, the cells were washed with RPMI1640 and then the cells were treated with 1 M 

TMRE for 30 min. In mitochondrial reactive oxygen species (ROS) detection, the cells were treated 

with different concentrations of 9 with or without 10 M MitoTEMPOL for 48 h. After treatment, the 

cells were washed with RPMI1640 and then the cells were treated with 1 M MitoSOX for 30 min. 

In mitochondrial permeability transition pore (mPTP) opening detection, the cells were treated with 

different concentrations of 9 for 48 h. After treatment, the cells were washed with RPMI1640 and 

then the cells were treated with calcein-AM and CoCl2, respectively. 

4.2.11 Fixed Cell Staining Assay. HCT116 cells were cultured in confocal dishes overnight with 5% 

CO2 at 37 °C, the RPMI1640 medium containing 10% fetal bovine serum and 1% P/S. The digital 

images were recorded on Leica TCS SPE Confocal Microscope. In DNaseⅠand RNase A digestion 
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experiments, the cells were incubated with 4 M ligand 9 for 1 h and 1 M Hoechst33342 for 30 min 

respectively before the cells were fixed. After that, the cells were fixed with 4% paraformaldehyde 

for 20 min, then the cells were infiltrated with 0.3% Triton-X 100/PBS for 1 h. Finally, the cells were 

incubated with 200 units/mL DNase Ⅰ or RNase A at 37 °C for 3 h. In Lamin B1 

immunofluorescence experiment, the cells were treated with different concentrations of 9 for 72 h. 

After treatment, the medium was removed, cells were fixed with 4% paraformaldehyde in PBS at 

room temperature for 20 min. The cells were infiltrated with 0.3% Triton-X 100/PBS for 1 h. Then, 

it was blocked with 1% BSA/PBS for 1 h. After blocking, the cells were incubated with Lamin B1 

antibody (Thermofisher Scientific, PA519468, diluted 1:1000) at 4 °C overnight. After overnight 

incubation, the cells were washed with pre-cooled PBS for 3 times and were incubated with incubated 

with Goat anti-Rabbit IgG Alexa Fluor 647 (ThermoFisher Scientific, A-21245, diluted 1:1000) for 

another 1 h. After secondary antibody incubation, the cells were washed with pre-cooled TBST for 3 

times and then treated with 1 M Hoechst33342 for 30 min. In Ki67 immunofluorescence experiment, 

the cells were treated with different concentrations of 9 for 72 h. After treatment, the medium was 

removed, cells were fixed with 4% paraformaldehyde in PBS at room temperature for 20 min. The 

cells were infiltrated with 0.3% Triton-X 100/PBS for 1 h. Then, it was blocked with 1% BSA/PBS 

for 1 h. After blocking, the cells were incubated with Ki67 antibody (Beyotime Biotechnology, 

AF1738, diluted 1:500) at 4 °C overnight. After overnight incubation, the cells were washed with pre-

cooled PBS for 3 times and were incubated with incubated with Goat anti-Rabbit IgG Alexa Fluor 

647 (ThermoFisher Scientific, A-21245, diluted 1:1000) for another 1 h. After secondary antibody 

incubation, the cells were washed with pre-cooled TBST for 3 times and then treated with 1 M 

Hoechst33342 for 30 min. In BG4 immunofluorescence experiment, Cy5-labeled DNA transfections 

were performed using DNA oligonucleotides (4 g) and Lipofectamine 3000 Transfection Reagent 

(Invitrogen) for 24 h. After transfection, the medium was removed, cells were fixed with 4% 

paraformaldehyde in PBS at room temperature for 20 min. The cells were infiltrated with 0.3% Triton-

X 100/PBS for 1 h. Then, it was blocked with 1% BSA/PBS for 1 h. After blocking, the cells were 
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incubated with BG4 antibody (EMD Millipore Corporation, MABE917, diluted 1:1000) at 4 °C 

overnight. After overnight incubation, the cells were washed with pre-cooled PBS for 3 times and 

were incubated with rabbit anti-FLAG (CST, 2368, diluted 1:1000) at room temperature for 1 h. After 

secondary antibody incubation, the cells were washed with pre-cooled PBS for 3 times. The cells 

were further incubated with goat anti-rabbit IgG Alexa Fluor 488 (ThermoFisher Scientific, A-11008, 

diluted 1:500) for another 1 h. Finally, the cells were washed with pre-cooled TBST for 3 times.  

4.2.12 Cell Cycle Analysis. In the experiment, PI was used to detect the cell cycle of HCT116 cells. 

Firstly, cells were collected at a density of 5 x 105 cells/mL after incubated with different 

concentration of 9 for 72 h, then cells were fixed with 70% ethanol in PBS at 4 °C for 2 h. After that, 

cells were stained with PI. Finally, the cells were analyzed by flow cytometry (BD Accuri C6 Flow 

Cytometer). 

4.2.13 Cell Apoptosis Analysis. HCT116 cells were seeded at density 1 x 105 cells/flask in a 25-cm2 

culture flask (TPP). After overnight incubation, the cells were treated with 9 at different 

concentrations for 72 h. After treatment, the cells were collected by trypsinization with 0.25% trypsin 

with EDTA and suspended in PBS. The cells were then treated with Annexin V-BUV39 and 7-AAD 

(BD Pharmingen) according to the manufacturer’s instructions. The treated cells were subjected to 

flow cytometry (BD FACSymphony A3 Cell Analyzer) for apoptotic analysis. 

4.2.14 Comet Assay for DNA Damage Detection. The DNA damage in HCT116 cells was detected 

by Comet assay kit (Abcam, ab238544). After overnight incubation, the cells were treated with 

different concentrations of 9 with or without 10 M MitoTEMPOL for 72 h. After treatment, the cells 

were collected by trypsinization with 0.25% trypsin with EDTA and suspended in ice-cold PBS at 

1x105 cells/mL. The sample was prepared according to the manufacturer’s instruction. Briefly, cells 

were mixed with comet agarose at 37 °C and pipetted the agarose/cell mixture onto the top of the 

base layer of comet agarose. The slide was transferred to 4 °C in the dark for 15 minutes for gelation. 

The slide was then transferred to a container with pre-chilled lysis buffer for 30 minutes at 4 °C in 

the dark. After lysis buffer treatment, the slide was treated with alkaline solution for 30 minutes at 
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4 °C in the dark. The treated slide was then transferred to a horizontal electrophoresis chamber for 

electrophoresis under alkaline electrophoresis solution (300 mM NaOH and 1 mM EDTA, pH > 13), 

with 30 V for 30 minutes. The slide was washed twice with cold water and immersed in cold 70 % 

ethanol for 5 minutes. The slide was then allowed to air dry and was treated with 1 M DAPI for 10 

minutes. The slide was subjected to Ti2-E Live-cell fluorescence imaging system (Nikon) with 405 

nm excitation LED for imaging. The tail moment length is measured from the center of the head to 

the center of the tail. 

4.2.15 β-Galactosidase (SA-β-gal) Staining of Cell Senescence. HCT116 cells were cultured in a 6-

well plate and were treated with different concentrations of 9 for 72 h. Then, the medium was removed 

and the cells were washed with PBS 3 times. The β-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 β-galactosidase staining was added 

and incubated at 37 °C overnight. Finally, the data were observed and collected under an inverted 

fluorescence microscope (Olympus IX71). 

4.2.16 Detection of β-Galactosidase Activity. In this assay, Senescence β-Galactosidase Activity 

Assay Kit (Fluorescence, Plate-Based, CST) was used to detect the β-Galactosidase activity. Briefly, 

HCT116 cells were cultured in a 6-well plate and were treated with different concentrations of 9 for 

72 h. Then, the medium was removed and the cells were washed with cold PBS for 1 time. After that, 

the cells were processed according to the manufacturer’s instruction. Finally, the samples were 

measured at an excitation wavelength of 360 nm and an emission wavelength of 465 nm.  

4.2.17 RNA Isolation and qRT-PCR. HCT116 cells or HFF1 cells were seeded at density 1 x 105 

cells/flask in a 25-cm2 culture flask (TPP). After overnight incubation, the cells were treated with 

different concentrations of 9 for 48 h. After treatment, the cells were trypsinized and subjected to 

RNA extraction with RNase Mini kit (Qiagen). The RNA samples were prepared according to the 

manufacturer’s instructions (BeyoFast SYBR Green One-Step qRT-PCR Kit, Beyotime 

Biotechnology). Each reaction mixture (20 L) contained 2x One Step SYBR Green Mix 10 L, One 
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Step SYBR Green Enzyme Mix 1 L, 50x ROX Reference Dye 1 0.4 L, Gene Specific Primer 

Forward (0.3 M) 1 L, Gene Specific Primer Reverse (0.3 M) 1 L, 50 ng of total RNA and RNase-

free ddH2O to 20 L. The reaction mixtures were incubated in a thermocycler under the following 

cycling conditions: reverse transcription at 50 °C for 30 min, denature at 95 °C for 2 min, followed 

by 40 cycles at 95 °C for 15 s and 60 °C for 30 s. 

4.2.18 DNA Isolation and q-PCR. HCT116 cells or HFF1 cells were seeded at density 1 x 105 

cells/flask in a 25-cm2 culture flask (TPP). After overnight incubation, the cells were treated with 

different concentrations of 9 for 48 h. After treatment, the cells were trypsinized and subjected to 

PureLink Genomic DNA Mini Kit (ThermoFisher Scientific). The DNA samples were prepared 

according to the manufacturer’s instructions (PowerUp SYBR Green Master Mix for qPCR, 

ThermoFisher Scientific). Each reaction mixture (20 L) contained 2x SYBR Green Master Mix 10 

L, Gene Specific Primer Forward (0.3 M) 1 L, Gene Specific Primer Reverse (0.3 M) 1 L, 50 

ng of total DNA and RNase-free ddH2O to 20 L. The reaction mixtures were incubated in a 

thermocycler under the following cycling conditions: UDG activation at 50 °C for 2 min, activation 

(Dual-Lock DNA polymerase) at 95 °C for 2 min, followed by 40 cycles at 95 °C for 15 s and 60 °C 

for 1 min. 

4.2.19 Western Blotting. HCT116 cells were seeded at density 80 x 104 cells/flask in a 25-cm2 culture 

flask (TPP). After overnight incubation, the cells were treated different concentrations of 9 for 48 or 

72 h. The cells were collected and incubated on ice for 20 min in the RIPA buffer (containing protease 

inhibitors and phosphatase inhibitors), then at 4 °C, 12000 × g for 10 minutes. The total protein 

concentration was quantified by BCA kit. The same amount of protein (30 µg) was loaded onto the 

SDS-PAGE gel (12%) and the separated protein was transferred to the PVDF membrane. After 

blocking with 5% skim milk, the membranes were incubated with primary antibodies against MT-

ND1 (Abcam, ab219821, diluted 1:1000), MT-ND2 (Abcam, ab181848, diluted 1:1000), MT-ND3 

(CST, 82933S, diluted 1:1000), MT-ND4 (ThermoFisher Scientific, PA5-114379, diluted 1:1000), 

MT-ND4L (ThermoFisher Scientific, PA5103953, diluted 1:1000), MT-ND5 (Abcam, ab230509, 
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diluted 1:1000), MT-ND6 (ThermoFisher Scientific, PA5-109993, diluted 1:1000), MT-COX1 (CST, 

55159S, diluted 1:1000), MT-COX2 (CST, 50003S, diluted 1:1000), MT-COX3 (ThermoFisher 

Scientific, 459300, diluted 1:1000), Cytochrome b (CST, 54618S, diluted 1:1000), MT-ATP6 (CST, 

70262S, diluted 1:1000), MT-ATP8 (CST, 96857S, diluted 1:1000), Total OXPHOS Human WB 

antibody Cocktail (Abcam, ab110411, diluted 1:1000), Lamin B1 (CST, 13435S, diluted 1:1000), p53 

(CST, 2527S, diluted 1:1000), p21 (CST, 2947S, diluted 1:1000), p16 (CST, 92803S, diluted 1:1000), 

γ-H2A.x (CST, 9718S, diluted 1:1000), Caspase3 (Abcam, ab32351, diluted 1:1000), Cleaved-

Caspase3 (Abcam, ab32042, diluted 1:1000), and β-actin (Abcam, ab8226, diluted 1:5000) 

respectively overnight at 4 °C. The membranes were washed three times with TBST buffer for 0.5 h, 

then incubated with Anti-mouse IgG, HRP-linked Antibody (CST, 7076S, diluted 1:5000) or Anti-

rabbit IgG, HRP-linked Antibody (CST, 7074S, diluted 1:5000) at room temperature for 2 h. After 

incubation, membranes were extensively washed and subjected to chemiluminescence detection with 

Immobilon Western Chemiluminescent HRP substrate (Merck Millipore). 

4.2.20 Seahorse Experiment. For Mito Stress Test, at day 1, HCT116 cells in RPMI1640 were 

seeded at density 5 x 104 cells/well in a 24-well Agilent Seahorse XF cell culture microplate (Agilent 

Technologies) overnight. The wells of A1, B4, C3 and D6 were filled with medium only as the 

reference wells. The sensor cartridge on the calibration plate (Agilent Technologies) was calibrated 

with 1 mL of Agilent Seahorse XF Calibrant (Agilent Technologies). The calibration plate was placed 

into a non-CO2 37 °C incubator overnight. At day 2, RPMI1640 was removed from the microplate 

prepared and then the cells were treated with different concentrations of 9 for 3 h. After that, 500 µL 

of assay medium (RPMI1640 assay medium provided by Agilent Technology supplemented with 1 

mM pyruvate, 2 mM glutamine and 10 mM D-glucose, pH 7.4 at 37 °C) were added to each well. 

The microplates with cells were placed into a non-CO2 incubator at 37 °C for 1 h. Besides, the sensor 

cartridges on the calibration plate prepared at day 1 were loaded with different ligands in assay 

medium (port A: 56 L 10  oligomycin; port B: 62 L of 10  FCCP; port C: 69 L of 10  

of 5 M rotenone and 5 M antimycin A). The loaded sensor cartridge on the calibration plate was 
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placed in a XF24 analyzer (Agilent Technologies) for 30 min. After incubation, the calibration plate 

was replaced with the microplate with cells. The Seahorse software Wave was used to perform the 

Mito Stress Test.  

For Glycolysis Stress Test, HCT116 cells in RPMI1640 were seeded at density 5 x 104 cells/well 

in a 24-well Agilent Seahorse XF cell culture microplate (Agilent Technologies) overnight. The wells 

of A1, B4, C3 and D6 were filled with medium only as the reference wells. The sensor cartridge on 

the calibration plate (Agilent Technologies) was calibrated with 1 mL of Agilent Seahorse XF 

Calibrant (Agilent Technologies). The calibration plate was placed into a non-CO2 37 °C incubator 

overnight. At day 2, RPMI1640 was removed from the microplate prepared and then the cells were 

treated with different concentrations of 9 for 3 h. After that, 500 µL of assay medium (RPMI1640 

assay medium provided by Agilent Technology supplemented with 2 mM glutamine, pH 7.4 at 37 °C) 

were added to each well. The microplates with cells were placed into a non-CO2 incubator at 37 °C 

for 1 h. Besides, the sensor cartridges on the calibration plate prepared at day 1 were loaded with 

different ligands in assay medium (port A: 56 L 100 m glucose; port B: 62 L of 10  

oligomycin; port C: 69 L 500 m 2-DG). The loaded sensor cartridge on the calibration plate was 

placed in a XF24 analyzer (Agilent Technologies) for 30 min. After incubation, the calibration plate 

was replaced with microplates with cells. The Seahorse software Wave was used to perform 

Glycolysis Stress Tests. 

4.2.21 RNA-sequencing (RNA-seq). HCT116 cells were seeded at density 1 x 105 cells/flask in a 

25-cm2 culture flask (TPP). After overnight incubation, the cells were treated with 4  ligand 9 for 

48 h. After treatment, the cells were trypsinized and subjected to RNA extraction with RNase Mini 

kit (Qiagen). The RNA samples were prepared according to the manufacturer’s instructions. 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: PRJNA1067376). Briefly, the quantity and quality of RNA samples were assessed by 

Qubit 4.0 fluorometer (ThermoFisher Scientific) and Agilent 2100 Bioanalyzer (Agilent) respectively. 
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cDNA libraries were prepared from RNA samples with Illumina TruSeq Stranded Total RNA Prep kit 

(ligation with Ribo-Zero Plus) and indexing kit (Illumina). 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 2000 system with 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>1 or <−1 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). The volcano plot 

was drawn with R (ggplot2). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was 

performed with clusterprofiler (R programming). Gene Set Enrichment Analysis (GSEA) was carried 

out using the GSEA software 4.1.0 (Broad Institute) with hallmark gene sets (H collection) and 

canonical pathways gene sets (CP in C2 collection) in Molecular Signatures Database (MSigDB 7.2).  

4.2.22 Colony Formation Assay. In 6-well plates, 500 HCT116 cells were seeded in RPMI1640 and 

incubated with different concentrations of 9 for 7 days. The samples were then treated with crystal 

violet (Beyotime Biotechnology) for 30 min. Finally, the plates were dried and photographed, and the 

colony numbers were counted ImageJ. 

4.2.23 Trans-well Assay. Trans-well migration assay was performed using Trans-well chambers. A 

total of 105 HCT116 cells were seeded in the upper chamber of a 24-well plate in 200 L of serum-

free RPMI1640 medium. The lower chamber was filled with 600 L of RPMI1640 medium 

containing 20% FBS. The chamber was incubated with different concentrations of 9 at 37 °C for 72 

h. At the end of incubation, cells in the upper surface of the membrane were removed with a cotton 

swab. Migrated cells on the lower surface of the membrane were treated with crystal violet. Cells 

were observed under microscope. 
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4.2.24 In Vivo Antitumor Activity in the Human Colorectal Cancer (HCT116) Xenograft Model. 

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 also 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. 

The experiments were performed with 2% isoflurane to minimize suffering. In the study, male Balb/c 

nude mice (18–20 g) were placed in small animal isolators under aseptic conditions to obtain food 

and water freely. All animal care and procedures were approved by the university ethics committee 

for use in laboratory animals. To establish a xenograft model, it was injected subcutaneously with 

HCT116 cell suspension (5×106 cells). When the subcutaneous tumor diameter was 100 mm3, the 

nude mice were divided into two groups (6 mice per group): tail vein injection of PBS (control group) 

and 9 (treatment group). The ligand dose in treatment group was 5 mg/kg, injected every two days. 

Mice were executed on the 16th day after intravenous injection of the ligand. Samples of blood were 

collected, centrifuged and separated into cell and serum fractions for routine blood data. Major organs 

and tumor tissues were taken from each group for hematoxylin and eosin (H&E) staining, TUNEL 

staining, and Ki67 staining. 

4.2.25 Statistical Test. 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, ***p < 0.001. 
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ABBREVIATIONS 

2-DG, 2-Deoxy-D-glucose; 2MeOE2, 2-methoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-

6H-cyclopenta[a]phenanthrene-3,17-diol; 7-AAD, 7-aminoactinomycin D; BMVC-12-P, 3,6-Bis-(1-

methyl-2 vinylpyridium iodide)-9-(1-(1 methyl-Piperidinium iodide)dodecyl) carbazole; DMEM, 

Dulbecco's Modified Eagle Medium; DMOG, dimethyloxalylglycine; DMSO, dimethyl sulfoxide; 

DODC, 5-(3-Ethylbenzoxazol-2-ylidene)-1-(3-ethylbenzoxazolium-2-yl)-1,3-pentadiene iodide; 

FBS, fetal bovine serum; FDR, false discovery rate; Hoechst 33342, 2'-(4-ethoxyphenyl)-6-(4-

methylpiperazin-1-yl)-1H,3'H-2,5'-bibenzo[d]imidazole; KC7F2, N,N'-(disulfanediylbis(ethane-2,1-

diyl))bis(2,5-dichlorobenzenesulfonamide); MEM, Minimum Essential Media; MitoPDS, (4-(4-(((2-

((2,6-bis((4-(2-aminoethoxy)quinolin-2-yl)carbamoyl)pyridin-4-yl)oxy)ethyl)amino)methyl)-1H-

1,2,3-triazol-1-yl)butyl)triphenylphosphonium iodide; MitoSOX, (6-(3,8-diamino-6-

phenylphenanthridin-5(6H)-yl)hexyl)triphenylphosphonium iodide;  MitoTEMPOL, 4-hydroxy-

2,2,6,6-tetramethylpiperidine 1-oxyl; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; PI, propidium 

iodide; RPMI1640, Roswell Park Memorial Institute 1640 Medium; TMPyP4, 5,10,15,20-Tetrakis-

(N-methyl-4-pyridyl)porphine; TMRE, tetramethylrhodamine ethyl ester perchlorate;  
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