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Abstract

c-myc oncogene is an important regulator for cell growth and differentiation, and its aberrant 

overexpression is closely related to the occurrence and development of various cancers. Thus, 

suppression of c-myc transcription and expression has been investigated for cancer treatment. In 

this study, various new bisacridine derivatives were synthesized and evaluated for their binding 

with c-myc promoter G-quadruplex and i-motif. We found that a9 could bind to and stabilize both 

G-quadruplex and i-motif resulting in down-regulation of c-myc gene transcription. a9 could 

inhibit cancer cell proliferation, and induce SiHa cell apoptosis and cycle arrest. a9 exhibited 

tumor growth inhibition activity in SiHa xenograft tumor model, which might be related to its 

binding with c-myc promoter G-quadruplex and i-motif. Our results suggested that a9 as a dual 

G-quadruplex/i-motif binder could be effective on both oncogene replication and transcription, 

and become a promising lead compound for further development with improved potency and 

selectivity. 

KEY WORDS: bisacridine; c-myc; G-quadruplex; i-motif; cancer
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INTRODUCTION

The human c-myc proto-oncogene is an important regulator of a wide array of cellular processes 

necessary for cell growth and differentiation, and its dysregulation is one of the hallmarks of many 

cancers.1-4 The aberrant overexpression of c-myc gene is closely related to the occurrence and 

development of various human cancers.3, 5 Therefore, the strategies for suppression of c-myc 

transcription and prevention of C-MYC protein from binding to its relative proteins or genes in 

established cancer cell lines have been well studied for cancer treatment.3-4, 6-9 It has been shown 

that the crystal structure of C-MYC protein does not have a cavity that permit small molecules 

binding easily, so that it is very complicated to simulate and design direct inhibitors.9-10 Thus, the 

development of effective methods for down-regulating c-myc gene transcription by genetic 

silencing has become practical and promising therapeutic strategies.11 

The nuclease hypersensitive element III1 (NHE III1), located at upstream from the P1 promoter 

of c-myc gene, controls 85-90% of c-myc transcription.4, 12-13 The region is guanine/cytosine rich 

(GC-rich) and contains two nuclease hypersensitive sites. As a result of transcription induced 

negative superhelicity during cellular processes, GC-rich region can open up to make the 

formation of two non-B-form unique DNA secondary structures: G-quadruplexes on the G-rich 

strand and i-motif on the complementary C-rich strand.13-15 The c-myc promoter G-quadruplexes 

have been largely focused and previously characterized to play key roles as transcriptional 

repressors in modulating gene transcription, and various ligands binding to and inducing the 

formation of c-myc promoter G-quadruplex could suppress c-myc gene transcription and 

expression.12, 16-17 The population of G-quadruplexes have been found to be the lowest at cell 
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cycle stage G0/G1 (no replication), intermediate at G1/S and maximal during S phase (DNA 

replication) by using antibody staining, consistent with cellular replication dependent formation of 

G-quadruplexes.18 It should be noted that G-rich sequences are widely existed in promoter regions 

of human genome, which could be folded into G-quadruplexes. Therefore, selective recognition 

and stabilization of small molecule binding ligands is a problem. One possible solution is to have 

their corresponding C-rich strands in consideration, which could form i-motif structures and 

influence stability of corresponding G-quadruplexes. 

However, the studies of i-motif structures are rarely reported. The c-myc gene promoter C-rich 

strand at NHE III1 region could form i-motif structure, which comprises two parallel duplexes 

with intercalated hemiprotonated cytosine+-cytosine (C+-C) base pairs.6, 19-20 The i-motif structure 

can form under slightly acidic condition or at neutral pH under molecular crowding condition, and 

it is more complex than the G-quadruplex in the complementary strand.21-25 Recent studies suggest 

the existence of i-motif structure in cells and its important roles in gene regulation, which also 

make it an attractive target for anticancer drug development and gene regulation processes.19, 22-23, 

25-28 Besides, the formation of i-motifs varied over the cell cycle, with the highest level of 

formation occurring during late G1 phase, which is characterized by high levels of transcription 

and cellular growth. This is significantly different from G-quadruplex formation, which occurs 

predominately during the DNA replication S phase, suggesting that the occurrence of i-motifs and 

G-quadruplexes are generally independent, and the i-motifs regulation in cell cycle might be more 

important than the G-quadruplexes regulation.27 In addition, it has been shown that i-motifs are 

better replication inhibitors than mixed-type G-quadruplexes or hairpin structures, even though all 
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of them have similar thermodynamic stabilities.29 To date, several i-motif binding ligands have 

been characterized, including porphyrin (TMPYP4),30-31 PBP1-2,32 acridone,33 

phenanthroline34 and mitoxantrone6 (Figure 1). It has been reported that PBP1 could bind to 

and induce the formation of bcl-2 promoter i-motif to up-regulate gene transcription and 

expression. In comparison, PBP2 could bind to and induce the formation of bcl-2 promoter 

G-quadruplex and down-regulate gene transcription and expression. In a previous study, we have 

reported that an acridone derivative could selectively bind to and induce c-myc promoter i-motif 

formation, resulting in down-regulation of c-myc transcription. These findings indicated that 

c-myc promoter i-motif could play an important role as a transcriptional regulator in c-myc gene 

transcription. It should be noted that drug resistance could happen if a molecule binds to only one 

molecular target, and therefore a multi-functional molecule binding to more than one target 

especially in different phases of cell cycle could overcome drug resistance and become much 

effective. Presently, small molecules binding to both c-myc promoter G-quadruplex (cellular S 

phase arrested) and i-motif (late G1 phase interfered) could be much efficient in down-regulating 

gene transcription with improved selectivity. 
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Figure 1. The structures of TMPYP4, mitoxantrone, phenanthroline, acridone, and PBP1-2.

In order to find small molecular ligands targeting both c-myc promoter G-quadruplex and 

i-motif structures, we screened our synthesized compounds library in our laboratory by using 

FRET-melting assay. We found that an acridine derivative could stabilize both c-myc promoter 

G-quadruplex and i-motif structures. Then, we designed and synthesized a variety of structural 

analogs and derivatives, and found that a bisacridine derivative (a5) could increase the stability of 

both G-quadruplex and i-motif, with decreased stability to duplex and hairpin structures. We 

further synthesized 24 bisacridine analogs and evaluated their stability and binding affinity to both 

G-quadruplex and i-motif. Among these compounds, a9 was found to be a potent dual binding 

ligand stabilizing both c-myc promoter G-quadruplex and i-motif. Our in vitro and cellular 

experiments confirmed that a9 could interact with both G-quadruplex and i-motif structures. Our 

further studies suggested that a9 could hinder cell migration and repress tumor growth possibly 

through down-regulating c-myc gene transcription. These findings illustrated that stabilization of 
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both c-myc promoter G-quadruplex and i-motif structures with a9 could repress c-myc gene 

transcription and expression much effectively and selectively, which could offer a significantly 

improved strategy for controlling tumor cells growth and migration. 

RESULTS AND DISCUSSION

Screening of small molecules for binding to c-myc promoter G-quadruplex and i-motif. In 

order to study dual G-quadruplex/i-motif interactive compounds, fluorescence resonance energy 

transfer (FRET) melting experiment was performed to screen our compounds library containing 

about 80 compounds, including acridone derivatives, quinoline derivatives, acridine derivatives, 

and imidazole derivatives (supporting information, Figure S1), with dual labeled DNA oligomer 

containing fluorophores at both 5′-end and 3′-end (Table S1). Compounds that could increase the 

melting temperature (ΔTm) for more than 5 °C were considered as potential hits. We found that 

quinoline derivatives, imidazole derivatives, indole derivatives and acridone derivatives (B01-12) 

did not significantly increase the melting temperatures of i-motif or G-quadruplex. Acridone 

derivatives (B13-24) could stabilize c-myc promoter i-motif more significantly than G-quadruplex. 

Acridine derivatives (AD01-16) could increase the stability of both G-quadruplex and i-motif, 

which were regarded as hit compounds in the present study (Figure S1). Among these acridine 

derivatives, N1-(2,7-dimethylacridin-9-yl)-N2,N2-dimethylethane-1,2-diamine (AD06) could 

significantly stabilize both c-myc promoter G-quadruplex and i-motif structures with its ΔTm 

values of 8.3 °C and 10.0 oC respectively at 5 μM concentration. However, AD06 could also 

stabilize hairpin structure with ΔTm value of 6.8 oC, indicating its possible DNA intercalative 
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effect. It has been reported that a molecule containing two acridine units connected with a linker 

of two diethylenetriamines (named as BisA) could increase the melting temperatures of the 

G-quadruplex and i-motif much more significantly than a monomeric acridine substituted with 

two propylaminomethyl groups (named as MonoA).35 This result indicated that two or more 

pharmacophores connected with a single chain amine linker could have higher binding affinity, 

possibly through increased molecular interactions. Therefore, we designed and synthesized a new 

compound having two acridine units connected with a single chain amine linker (BisA01). We 

found that BisA01 could stabilize both G-quadruplex and i-motif with the ΔTm values of 6.2 and 

16.0 oC, respectively. In comparison, BisA01 had decreased stability to hairpin structure (ΔTm = 

2.5 oC), indicating that BisA01 might have less intercalative effect to double strand DNA possibly 

due to its increased molecular size. This could increase the selectivity of the hit compound for 

G-quadruplex and i-motif with relatively less side effect or toxicity. These inspiring data 

encouraged us to further synthesize BisA01 analogs for optimizing the activity. 

Syntheses of bisacridine derivatives. Since BisA01 was found as a hit compound with dual 

G-quadruplex/i-motif binding affinity and improved selectivity, we further synthesized various 

analogs for optimizing binding interactions with the G-quadruplex and i-motif. The two acridine 

rings of BisA01 could possibly stack on the external 5′-terminal G-quartet through π-π stacking 

interactions, or interact with the loops of G-quadruplex/i-motif. The linker of two acridine rings 

could interact with the grooves of G-quadruplex/i-motif through electrostatic interactions with 

negatively charged phosphate diester backbone. Besides, polyamine chains could facilitate 
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molecular entrances for their optimal delivery to target via polyamine transport system (PTS), 

especially for drugs interacting with DNA, to produce cellular DNA damage and cell 

apoptosis.36-38 In the present study, we designed and synthesized various bisacridine derivatives 

linked with different amine chains (a5-24), as shown in Figure 2 and Scheme I. It should be 

mentioned that several i-motif binding ligands have substituted amine side chains as shown in 

Figure 1, which could increase their stability and binding affinity to promoter i-motif. We have 

previously reported that acridone derivatives linked with benzoyl amine side chains had increased 

binding affinity to c-myc promoter i-motif. Thus, in the present study we introduced two benzoyl 

amine side chains to bisacridine derivatives for compounds a25-26. For comparison, we 

introduced two ester groups to bisacridine derivatives for compounds a27-28. 

Figure 2. Modification strategies of the bisacridine derivatives scaffold.
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Scheme I. Reagents and conditions: (a) 1-bromo-4-substituted-benzene, Cu, CuI, K2CO3, DMF, 

120 oC, 12 h; (b) conc. H2SO4, 100 oC, 2 h; (c) POCl3, 100 oC, 3 h (20-30% yield for three steps); 

(d) NH2-L-NH2, PhOH, 100 oC, 8 h (yield 22-73%); (e) Cu, K2CO3, DMF, 120 oC, 12 h; (f) conc. 

H2SO4, 140 oC, 4 h; (g) EtOH, 80 oC, 2 h (30% yield for three steps); (h) MeOH, 10% NaOH, 60 

oC, 1 h; (i) SOCl2, 60 oC, 1 h; (j) DCM, TEA, N1,N1-dimethylpropane-1,3-diamine, 0 oC, 1 h (33% 

yield for three steps); (k) DCM, TEA, MeOH, 0 oC, 1h (53% yield for three steps).

The synthetic pathway for bisacridine derivatives a5-28 is shown in Scheme 1. Benzoic acid 1 

as starting material was reacted with bromobenzene to give intermediate 2 as a crude mixture, 

which was used for next step without purification. The intermediate 2 reacted in concentrated 

sulfuric acid through Friedel-Crafts acylation reaction to produce intermediate acridone 3, which 

was then reacted with phosphorus oxychloride immediately to generate acridine derivative 4. 

Besides, crude intermediate 6 was obtained through reaction of benzoic acid 5 with 

4-bromobenzoic acid instead of bromobenzene in a similar condition, which was followed with 

intra-cyclization reaction in concentrated sulfuric acid, and then reaction with ethanol to generate 

acridone 7. The intermediate 7 was hydrolyzed to give an acid 8 under basic condition, followed 

by treatment of SOCl2 to generate its acyl chloride, and then reaction with 

N1,N1-dimethylpropane-1,3-diamine or MeOH to give key intermediates 9 and 10, respectively. 

At last, the acridine intermediates 4, 9, 10 reacted with NH2-L-NH2 in phenol to give the target 

compounds a5-28. All synthesized intermediates and compounds were purified and their 

structures were determined by using HPLC, NMR and HRMS. The purified compounds a5-28 
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were used for subsequent biophysical and biochemical as well as cell-based studies. 

Structure-activity relationship studies. The binding affinities of the synthesized bisacridine 

derivatives for c-myc promoter G-quadruplex and i-motif were studied through FRET-melting 

experiment to evaluate their thermal stability changes, and the results were shown in Table 1 and 

Figure S2. All synthesized bisacridine derivatives with long alkyl amine linker could increase the 

stability of c-myc promoter G-quadruplex (FPu22T) with ΔTm values ranged from 7.7 to 17.1 oC. 

Among these bisacridine derivatives, a6-10 with relatively long alkyl amine linker could increase 

melting temperature (4.5-11.8 °C) of c-myc promoter i-motif (FPy33T), suggesting that long alkyl 

amine linker could be a favorable factor. a25-26 with benzoyl amide side chains could also 

increase melting temperature of c-myc promoter i-motif with ΔTm values of 27.4 and 24.3 °C, 

respectively. It is possible that the benzoyl amide side chains could participate in hydrogen 

bonding interactions with the i-motif to increase stabilization.33 

Table 1 ． Melting temperature changes for oligomers determined through FRET-melting 

experiment

ΔTm (oC)a ΔTm (oC)
Comp.

FPy33T FPu22T F10T
Comp.

FPy33T FPu22T F10T

a5 0.7 15.2 2.5 a19 0.2 11.4 1.9

a6 4.5 15.6 3.8 a20 10.1 16.8 2.7

a7 6.4 12.1 6.2 a21 1.2 10.0 1.7

a8 7.3 7.7 10.8 a22 1.4 15.7 1.8
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a9 11.0 9.9 4.5 a23 3.4 15.3 3.6

a10 11.8 12.5 9.8 a24 0.6 8.8 9.3

a11 1.0 13.5 2.3 a25 27.4 8.3 2.2

a12 0.1 14.3 3.0 a26 24.3 17.1 2.8

a13 0.1 10.6 3.4 a27 1.0 14.3 2.5

a14 2.4 14.1 0.7 a28 2.0 8.6 4.8

a15 1.3 14.0 2.2 AD06 2.7 6.2 4.1

a16 9.1 10.4 0.8 AD07 1.3 0.8 3.3

a17 0.4 13.9 2.0 AD08 1.2 1.1 3.1

a18 1.0 11.0 2.7

a ∆Tm = Tm (DNA + ligand) - Tm (DNA). The concentrations of FPy33T, FPu22T and F10T 

were 0.2 µM, and the concentrations of compounds were 1.0 µM. The melting temperatures of 

FPy33T, FPu22T and F10T in the absence of compounds were 53.2 oC, 66.5 oC and 59.1 oC, 

respectively.

Then, we studied the binding affinity and selectivity of our synthesized bisacridine derivatives 

to c-myc promoter G-quadruplex and i-motif through SPR method. The binding constant KD 

values for binding affinity of the bisacridine derivatives to G-quadruplex, i-motif, C-rich single 

stand oligomer, and hairpin were determined as shown in Table 2 and Figure S3. As a control 

experiment, their corresponding monomeric acridines with AD06-08 as examples, showed no 

significant interaction with the DNA. All synthesized bisacridine derivatives with long alkyl 
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amine linkers could bind to G-quadruplex structure formed by Pu27 with KD values ranged from 

1.1 to 18.3 μM. Compounds a5, a11-24 with relatively few amine functional groups on the linkers 

showed relatively weak i-motif binding affinity. Compounds a6-10 with relatively more amine 

functional groups on the linkers could bind well to c-myc promoter i-motif with their KD values 

ranged from 2.4 to 9.1 μM, suggesting that the amines on the linkers could be favorable for their 

binding affinity to c-myc promoter i-motif. 

Table 2. The binding affinity of bisacridines a5-28 to different DNA structures determined by 

using SPR

KD (µM) KD (µM)

Comp. Py33 

(i-motif)

Py33 

(ssDNA)
Pu27 Duplex

Comp. Py33 

(i-motif)

Py33 

(ssDNA)
Pu27 Duplex

a5 12.3 - a 4.7 6.5 a19 14.5 26.1 16.3 -

a6 10.5 13.9 5.5 22.2 a20 12.4 4.7 1.1 -

a7 10.7 8.91 6.9 16.4 a21 25.1 - 14.3 -

a8 9.1 - 18.3 8.1 a22 - 8.8 6.1 10.7

a9 2.4 - 7.7 18.5 a23 - - 10.3 24.8

a10 3.8 - 13.8 6.0 a24 - 14.7 11.6 7.4

a11 26.2 - 3.6 22.1 a25 8.5 - 3.7 17.4

a12 13.0 21.6 5.1 33.2 a26 1.0 - 2.7 21.7

a13 16.0 - 9.3 5.8 a27 10.3 2.9 1.4 12.5

a14 - - 9.2 35.4 a28 3.8 - 2.9 11.8
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a15 - 13.7 4.3 10.1 AD06 - - - 13.1

a16 16.0 6.8 2.9 - AD07 - - - -

a17 - - 1.6 - AD08 - - - -

a18 - 23.7 7.3 33.6

a No significant binding was found for the addition of up to 50 μM ligand, which might indicate no 

specific interaction between the ligand and the DNA.

Next, carboxyl amide side chains were introduced to compounds a11 and a9 to give a25 and 

a26, which showed increased binding affinity to c-myc promoter i-motif with KD values of 8.5 and 

1.0 μM respectively, indicating their favorable effect for binding interactions with the i-motif. 

Besides, these compounds generally had relatively high binding affinity to c-myc promoter i-motif 

structure rather than C-rich single-stand oligonucleotide at pH 7.4 (Table 2 and Figure S3). In 

addition, we found that most bisacridine derivatives with various R1 and R2 substitutive groups 

showed relatively weak binding affinity to double-strand DNA. In comparison, a5, a10, a13 and 

a24 without substituent showed relatively high binding affinity to double-strand DNA. This might 

indicate that R1 and R2 substitutive groups could disturb their interactions with double-strand 

DNA. Generally, our structure-activity relationship data for their binding to G-quadruplex and 

i-motif were consistent with those for their stability to G-quadruplex and i-motif. Among our 

synthetic compounds, a9 and a26 exhibited much better binding affinity (Table 2 and Figure S3) 

than the hit compound BisA01. Our FRET and SPR results all showed that our bisacridine 

derivatives with substitutive groups had generally weak binding affinity and stability to duplex 

Page 15 of 69

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

DNA, indicating their insignificant intercalative effect compared with their binding affinity to 

c-myc promoter G-quadruplex/i-motif. 

In-depth studies of selected bisacridine derivatives. On the basis of the above data, 

compounds a9 and a26 had relatively high ΔTm values and strong binding affinity, which were 

selected for further studies with other compounds as controls for comparison. Their interactions 

with G-quadruplex/i-motif were studied through circular dichroism (CD) spectroscopy, isothermal 

titration calorimetry (ITC), NMR, and native PAGE for further verification of these interactions. 

CD spectroscopy has been used previously as a sensitive method to determine the effects of 

various ligands on the conformations of G-quadruplex/i-motif under different conditions.6, 23 The 

oligomer Pu27 (Table S1) was used as the c-myc G-quadruplex forming sequence. As shown in 

Figure 3A, in the presence of 100 mM KCl, Pu27 showed a positive peak at 260-265 nm and a 

negative peak at near 240 nm, which suggested the formation of a typical parallel G-quadruplex 

structure. In the absence of potassium ion, its CD spectrum is similar to that in the presence of 

KCl, but with much lower signal intensity. After treatment with different bisacridine derivatives in 

the absence of potassium ion, we found that some compounds increased Pu27 CD signal intensity, 

while some others did not affect or decreased its signal intensity (Figure S4). Generally, the 

bisacridines with linker containing amine group, alkyl group or oxygen atom could maintain or 

increase the CD signal intensity, especially the derivatives with linker containing oxygen atom 

(a11-13, a27) (Figure 3A). This might indicate that these compounds could effectively induce the 

formation of parallel G-quadruplex formation in the absence of metal ion. 
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Figure 3. Interactions of the bisacridine derivatives to c-myc promoter G-quadruplex and 

i-motif. (A) CD spectra of Pu27 in 10 mM Tris-HCl buffer (pH 7.4) in the absence or presence of 

a11-13, and a27. (B) CD spectra of Py33 in the absence or presence of a9-10, a25-26 at pH 5.5. 

(C) Native PAGE image analysis for concentration-dependent binding of a9 or a26 to Py33.
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Then we also studied the effects of our bisacridines on c-myc promoter i-motif by using CD 

spectroscopy. Oligomer Py33 showed a positive peak at 287-290 nm and a negative peak at near 

260 nm at pH 5.5, which indicated the formation of i-motif structure.6, 23, 39 For comparison as a 

control at pH 7.0, the CD spectra exhibited the feature of random coil (blue) with only a positive 

peak at near 270 nm (Figure 3B).40-43 a9-10 and a25-26 had relatively high stability and strong 

binding affinity to the i-motif, which decreased both positive peak at 288 nm and negative peak at 

260 nm without switching to random coil characterized with 270 nm in the CD spectroscopy 

(Figure 3B), indicating that these compounds could cause some conformational change on c-myc 

promoter i-motif structure. We preformed CD melting experiment for a9, a11, and a26. Our 

results showed that a9 and a26 stabilized both G-quadruplex and i-motif, while a11 stabilized 

G-quadruplex only (Table S3, Figure S5), which were consistent with our FRET-melting result. 

1H NMR spectroscopy was also a common method to characterize conformation of 

G-quadruplex/i-motif structures.14,39 We studied the effects of a9 on c-myc promoter 

i-motif/G-quadruplex using 1H NMR. The hemi-protonated C-C+ base pairs imino proton peaks of 

oligomer Py33 were at 15-16 ppm, which indicated the formation of c-myc promoter i-motif. 

Upon titration with increasing concentration of a9, the i-motif signals at 15-16 ppm were 

gradually increased (Figure S6B). This result showed that a9 could induce formation of i-motif 

structure. The Hoogsteen hydrogen imino proton peaks of oligomer Pu27 were at 10.5-12 ppm, 

which indicated formation of G-quadruplex. Compound a9 increased the G-quadruplex signal at 

10.5-12 ppm (Figure S6B), indicating that a9 could induce formation of G-quadruplex structure. 

ITC was a method to determine binding affinity of two in-solution biomolecules.44 Here, we 
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used ITC to study the binding of a9 with c-myc promoter i-motif or G-quadruplex. As shown in 

Figure S6A, a9 bound to c-myc promoter i-motif with a KD value of 0.65 μM, and bound to c-myc 

promoter G-quadruplex with a KD value of 0.81 μM. These results showed that a9 bound tightly 

with c-myc promoter i-motif and G-quadruplex, which were consistent with our SPR result. 

To further confirm the binding affinity of a9 and a26 to c-myc promoter i-motif, native PAGE 

electrophoresis experiments were performed, which have been previously used to study the 

binding interactions of ligands with i-motif structures.14, 45 Oligonucleotide Py33 could form 

different DNA structures at different pH conditions. Generally, under weakly acidic conditions, 

Py33 could aggregate and fold into an i-motif DNA secondary structure, resulting in larger 

molecular tightness and redistribution of peripheral charge, mainly represented by positive charge 

located at the center of the i-motif, while negative charge lay in the phosphate backbone region, 

producing a slower migration band in native PAGE gel.14 However, under nearly neutral 

conditions, Py33 could unfold into an unordered random coil, which migrated faster than i-motif. 

In the present study, Py33 was co-annealed with different concentrations of a9 and a26 in 

1×BPES buffer (pH 6.6), and the obtained mixture samples were stored at 4 oC overnight, 

separated through electrophoreses, and then silver-stained. As shown in Figure 3C, after additions 

of increasing concentration of a9 and a26, a slower migration band was formed in a 

dose-dependent manner, indicating that a9 and a26 could bind to Py33 and possibly induce its 

transformation from random coil to i-motif structure. 

Furthermore, we studied the selectivity of a9 on different G-quadruplex or i-motif structures by 

using CD-melting, UV titration and SPR experiment. The melting temperatures for promoter 
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i-motif or G-quadruplex oligomers from some other genes (bcl-2, c-kit, PDGF, telomere, VEGF) 

were determined in the presence and absence of a9. Compound a9 exhibited the highest ΔTm 

values for c-myc promoter i-motif and G-quadruplex in comparison with other oligomers (Table 

S4, Figure S5). Compound a9 also exhibited the lowest KD value for c-myc promoter i-motif and 

G-quadruplex measured through UV titration and SPR experiment, indicating good binding 

selectivity of a9 to c-myc promoter i-motif and G-quadruplex (Figure S5). These results indicated 

that a9 had good selectivity and stability to c-myc promoter i-motif and G-quadruplex structures 

over other gene promoter secondary structures. 

Bisacridine derivatives inhibited carcinoma cells proliferation. In order to investigate the 

anti-tumor activity of the derivatives, we employed MTT assay to evaluate the anti-proliferative 

activity of our bisacridine derivatives on various human cancer cell lines, such as human 

melanoma cell line A375, human squamous cervical cancer cell line Hela, human lung 

adenocarcinoma cell line A549, human bone osteosarcoma epithelial cell line U2OS, human colon 

cancer cell line HCT116, human cervical cancer cell line SiHa, human hepatocellular carcinoma 

cell line HuH7. The cytotoxicity of the bisacridine derivatives a5-28 was determined with their 

IC50 values as shown in Table 3. Most of the bisacridine derivatives showed diverse cytotoxicity 

against various tumor cells. Generally, their activity of inhibiting tumor cell growth was well 

consistent with their ability of binding to and stabilizing G-quadruplex and i-motif structures. The 

compounds interacted with both G-quadruplex and i-motif such as a6-10, showed potent 

inhibition to proliferation of tumor cells. a25-26 exhibited strong stabilizing ability and binding 

affinity to c-myc promoter G-quadruplex and i-motif, however with low cytotoxicity. These two 
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compounds with relatively high molecular weights, are substituted with easily protonated anime 

side chains, which could possibly affect their membrane permeability. Indeed, our cell uptake 

assays (Figure S7) showed that cellular uptakes of a25-26 were much lower than those of 

compound a9 and a11. Based on above results, a9 could stabilize c-myc promoter 

G-quadruplex/i-motif with high ΔTm values, bind the G-quadruplex/i-motif with submicromolar 

binding constants, and exhibit strong inhibitory effects on the proliferation of tumor cells, and 

therefore was selected as a promising compound for our further investigation. 

Table 3. IC50 values of bisacridine derivatives a5-28 against different cell lines as determined by 

using MTT assay

IC50 (μM)
Comp.

A375 Hela A549 U2OS HCT116 SiHa HuH7

a5 6.85 13.81 9.79 5.48 11.09 11.96 19.96

a6 0.13 0.85 0.52 0.44 2.47 0.37 0.27

a7 0.23 0.37 1.16 2.04 1.95 0.49 0.19

a8 0.12 0.34 0.35 0.13 0.19 2.51 0.80

a9 0.28 0.45 0.18 0.31 0.15 1.22 0.16

a10 0.43 0.27 0.28 0.38 0.69 2.00 0.19

a11 1.75 1.36 2.26 1.23 2.12 0.56 1.95

a12 1.88 0.32 0.81 2.16 0.86 2.77 2.14

a13 0.22 0.24 1.14 0.33 0.51 2.26 0.87

a14 2.48 1.36 1.71 2.94 6.25 3.82 6.2
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a15 2.05 2.62 1.73 1.60 3.51 3.06 5.56

a16 1.92 1.47 0.47 0.55 2.06 3.70 2.68

a17 0.92 1.36 0.32 0.79 0.91 2.44 3.29

a18 0.51 0.66 0.72 1.33 0.95 1.66 2.81

a19 1.83 1.65 0.83 1.42 1.68 2.52 3.67

Regulation of c-myc transcription through interaction with its promoter G-quadruplex 

and i-motif. As mentioned above, a9 appeared to be a potent binding ligand to both G-quadruplex 

and i-motif. a11 binding to and inducing the formation of c-myc G-quadruplex only without 

significant effect on i-motif was used for comparison. In order to investigate and compare effects 

of these derivatives on c-myc transcription, several experiments were performed, including 

dual-luciferase reporter assay, reverse transcription-polymerase chain reaction (RT-PCR), and 

Western blot. 

Dual-luciferase reporter assay was performed with a psicheck2 plasmid carrying the c-myc 

promoter in front of the Renilla Firefly luciferase gene. After transfection, SiHa cells were 

incubated with the bisacridine derivatives at concentration of about 1/3 of IC50 value for 48 hours. 

As shown in Figure S8A, a9 could more significantly decrease the ratio of Renilla/Firefly 

luciferase activity than a11. It should be noted that some other compounds binding to 

G-quadruplex only did not show good activity in dual-luciferase reporter assay either, which is 

possibly due to complicated regulatory mechanisms of cells. To identify whether this inhibitory 

activity was due to its interaction with G-quadruplex/i-motif, we further constructed plasmid 
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carrying the mutant and deleted c-myc promoter, which could not form G-quadruplex/i-motif 

structures and had no NHE III1 G/C-rich DNA sequence, respectively. Upon treatment with 

increasing concentration of a9, dose-dependent decrease of the ratio of Renilla/Firefly luciferase 

activity was observed for wild-type plasmid but not for mutant or deleted plasmid (Figure S8B), 

suggesting that a9 presumably interacted with c-myc G/C-rich DNA sequence to affect 

Renilla/Firefly luciferase activity. 

Reverse transcription-polymerase chain reaction (RT-PCR) was performed to determine effect 

of a9 on regulation of c-myc gene transcription in cells. a11 binding to and inducing c-myc 

G-quadruplex formation only was again used for comparison. SiHa cells were incubated with a9 

and a11 at increasing concentration of 0, 1.25, 2.5, 5.0 μM for 3 hours. As shown in Figure 4A, 

the treatment of the cells with a9 and a11 both caused reductions of c-myc mRNA levels in 

dose-dependent manners in SiHa cells, and a9 obviously had more significant effect on 

transcriptional regulation. The levels of c-myc mRNA were reduced for up to 40.1%, 76.9% and 

92.7%, relative to a β-actin control with treatment of 1.25, 2.5 and 5.0 μM a9, while the same 

concentrations of a11 reduced the mRNA levels for only 32.6%, 55.8% and 79.8%, respectively. 

Since c-myc mRNA also contains G-quadruplex on its 5'UTR, it is necessary to know whether a9 

could affect stability of c-myc mRNA. Actinomycin D is a known antibiotic inhibiting mRNA 

synthesis.46 Our incubation of SiHa cells with Actinomycin D in the presence and absence of a9 

showed almost the same degradation velocity of c-myc mRNA (Figure S9), indicating that a9 had 

no significant effect on stability of c-myc mRNA. 
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Figure 4. Effect of a9 or a11 on c-myc transcription and expression after 24 h treatment of SiHa 

cells. Left, Western blot was used to determine the expression levels of C-MYC in SiHa cells 

treated with increasing concentrations of a9 (A) or a11 (B) (0, 0.625, 1.25, and 2.5 μM) for 24 h. 

β-actin was used as an intracellular house-keeping protein. Right, qRT-PCR was used to 

determine c-myc transcription in SiHa cells treated with increasing concentrations of a9 (A) or a11 

(B) (0, 0.625, 1.25, and 2.5 μM) for 24 h. β-actin was used as an internal control. The experiments 

were repeated for three times: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

To further identify whether this transcriptional inhibition happened through interaction of a9 

with c-myc promoter G-quadruplex/i-motif forming sequence, Raji and CA46 cells (Two Burkitt’s 

lymphoma cell lines) were comparatively incubated with a9, which has been regarded as a 
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necessary experiment to determine whether a ligand is targeting c-myc promoter 

G-quadruplex/i-motif sequence in cells.47-49 As reported previously, c-myc promoter 

G-quadruplex/i-motif forming sequence could exist in the fragment of nontranslocated 

chromosome in Raji cells but not in translocated chromosome in CA46 cells. If the mechanism of 

c-myc transcriptional modulation is mediated through its promoter G-quadruplex/i-motif sequence, 

a preferential change should be evident with a functional MYC under the control (Figure 

S10A).50-51 As shown in Figure S10B, a9 produced a dose-dependent transcriptional 

down-regulation of c-myc in Raji cells. In comparison, treatment of CA46 cells with increasing 

concentration of a9 did not cause a reduction of c-myc mRNA in a dose-dependent manner 

(Figure S10C). These results indicated that a9 could directly target c-myc promoter 

G-quadruplex/i-motif forming sequence in cells. 

Western blot was also carried out to measure C-MYC protein expression levels, as shown in 

Figure 4B. The expression levels of C-MYC were reduced for up to 39.8, 73.9 and 92.2% relative 

to a GAPDH control upon treatment with 1.25, 2.5 and 5.0 μM a9, respectively. In comparison, 

upon treatment with the same concentrations of a11, C-MYC protein levels were reduced for only 

25.3, 42.2 and 62.3%, respectively. These results showed that upon incubation with increasing 

concentrations of compound a9 and a11, the expression levels of C-MYC both decreased in 

dose-dependent manners. a9 as a dual G-quadruplex/i-motif binder, could down-regulate c-myc 

gene expression more effectively than a11 that interacted with G-quadruplex only. 

Effect of compound a9 on cancer cells apoptosis and cycle arrest. Since c-myc is a key 
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oncogene related to several cellular events, suppression of oncogenic c-myc transcription and 

expression by small molecules has significant anti-tumor effect on various types of tumor cells. 

Our above studies indicated that a9 could bind to both G-quadruplex and i-motif of c-myc 

promoter resulting in down-regulation of c-myc transcription and translation. Therefore, we 

further studied its anti-tumor activity with other biophysical and biochemical methods. As 

mentioned above, a9 could inhibit SiHa cells short-term proliferation with IC50 value of 1.22 μM. 

Its inhibitory effect on cell proliferation was further investigated through colony formation assay 

and transwell assay to study its inhibition of tumor cells long-term proliferation and invasion, 

respectively. As shown in Figure S11A, upon incubation with a9, colony formation obviously 

decreased, suggesting inhibition of cell proliferation, which was consistent with our MTT results. 

For comparison, we used Pyridostatin (PDS) as a well-known G-quadruplex stabilizing ligand52 to 

study and compare effects of G-quadruplex ligands on cells proliferation, and a9 showed 

obviously more significant effect on SiHa cells colony formation. Then, SiHa cells were incubated 

with 0.5 μM a9 for 24 hours, and the cells migration was reduced for approximately 85% as 

shown in Figure S11B, indicating that a9 could inhibit SiHa cells invasion. The above results 

suggested that a9 could inhibit proliferation and invasion of cancer cells, which could be due to its 

repression of c-myc transcription. 

It has been previously reported that decreased expression of c-myc could induce cellular 

apoptosis and cell cycle arrest of proliferating cancer cells.53-54 Therefore, we investigated whether 

a9 could induce cellular apoptosis and cell cycle arrest of SiHa cells through down-regulation of 

c-myc transcription. SiHa cells treated with a9 were analyzed by using flow cytometry. As shown 
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in Figure 5, G2/M phase cell cycle arrest was significant for SiHa cells treated with a9 for 24 

hours, compared with the control group. The cells were arrested at G2/M phase for up to 56.9% 

upon treatment with 0.6 μM a9. Besides, A sub G0 peak was observed upon treatment with 0.6 

μM of a9. SiHa cells treated with or without a9 were examined for apoptosis by using PI and 

annexin V staining. As shown in Figure 6A-B, upon incubation of SiHa cells with a9 at 

increasing concentration of 0, 0.6, 1.2, and 2.4 μM for 24 hours, both early and late cell apoptosis 

were induced. The percentages of early apoptosis cells were 0.3%, 18.1%, 43.2%, and 55.4%, 

while the percentages of late apoptosis cells were 0.4%, 3.8%, 18.7%, and 27.5%, respectively. 

Our results indicated that a9 could induce SiHa cell cycle arrest at G2/M phase and apoptosis, 

possibly through repression of c-myc transcription. 

Figure 5. Cell cycle arrest of SiHa cells with or without treatment of a9. (A) Cell cycle analysis 

after 24 h treatment with different concentrations of a9, followed with propidium iodide (PI) 

staining and EXPO32 ADC software analysis. (B) Percentage of cells in different phases of the 

cell cycle. All the experiments were repeated for three times. 
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Figure 6. Inhibition of cell proliferation by inducing cell apoptosis. SiHa cells were treated with 

increasing concentrations of a9. (A) Cell apoptosis was measured by using Annexin - FITC/PI 

double-staining flow cytometry. Quantitative analysis of the percentage of cells in each cell cycle 

was performed by using EXPO32 ADC analysis software. (B) Analysis of the levels for the 

apoptosis-related proteins caspase-7, cleaved caspase-7, caspase-9, and cleaved caspase-9 was 

performed through Western blot. The protein bands were quantified by using Quantity One. All 

these experiments were repeated for three times. 

Since activation of caspases is an important process during cell apoptosis, the detection of 

apoptosis markers such as caspase 7, cleaved caspase 7, caspase 9 and cleaved caspase 9 in SiHa 
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cells upon treatment with a9 was carried out using Western blot. As shown in Figure 6B, upon 

treatment with increasing concentration of a9, the levels of caspase 7 and caspase 9 decreased in 

dose-dependent manners. On the contrary, cleaved caspase 7 and cleaved caspase 9 showed 

dose-dependent increase upon treatment with a9, suggesting that a9 induced apoptosis possibly 

through decreasing the levels of active caspases 7 and 9 while activating cleaved caspase 7 and 

cleaved caspase 9 in cancer cells. 

Besides, we studied and compared the effects of a9 and PDS on cells proliferation, apoptosis 

and cell cycle distribution for Raji and CA46 cells. PDS has been shown to silence a series of 

oncogenes including c-myc and SRC, which showed inhibition on both Raji and CA46 cells in the 

present study. In contrast, a9 inhibited only Raji cells proliferation, and induced Raji cells 

apoptosis and cycle arrest at G2/M phase, without significant effect on CA46 cells (Table S5, 

Figure S12, Figure S13). These results further indicated that a9 repressed tumor cells growth 

through down-regulation of c-myc transcription. 

Compound a9 inhibited tumor growth in a SiHa cervical xenograft. Since above results 

showed that a9 could down-regulate c-myc gene transcription and inhibit tumor cells growth, its 

anti-tumor activity was further evaluated against a human cervical cancer xenograft (SiHa) in 

athymic nude mice, as shown in Figure 7A-C. An experimental group of six tumor-bearing mice 

was treated with a9 once two days at a dosage of 15 mg/kg for 18 days. No significant change in 

body weight was observed during the treatment with a9 (Figure 7A). The negative control group, 

which was treated with saline only, had an average tumor volume of 750 mm3 after 18 days. In 

contrast, the tumor-bearing mice treated with a9 had an average tumor volume of 450 mm3. The 
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tumor weight in the presence of a9 reduced around 41.6% to a final weight of 0.55g (Figure 7B). 

The positive control group was treated once two days with cisplatin at a dosage of 0.2 mg/kg for 

18 days, with average tumor volume reduced to 200 mm3 and average tumor weight reduced to 

0.18g. These results suggested that a9 had good anti-tumor activity on the SiHa xenografted mice. 

The effect of compound a9 on various organs was also assessed as shown in Figure 7D, and no 

significant change was observed. This indicated that a9 could have high selectivity to tumor cells 

without significant toxicity to normal body in comparison with cisplatin. 

Figure 7. Evaluation of the tumor growth inhibition by a9 in a SiHa xenograft model. (A) The 

body weights were measured and recorded every two days. (B) Tumor volumes of the mice in 
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each group during the observation period. The volume (mm3) = length (mm) × width (mm)2/2. (C) 

The average weights of the excised tumors from each group. (D) Organs weights of the mice in 

each group at the end of the observation period. 

Molecular docking studies for the binding of compound a9 to c-myc promoter 

G-quadruplex and i-motif. Molecular docking studies were performed to understand possible 

interactions of a9 with c-myc promoter G-quadruplex and i-motif structures by using the MOE 

program. a9 was docked to c-myc promoter G-quadruplex (PDB ID: 2l7v) structure. However, 

either NMR or X-ray crystallographic structure of c-myc promoter i-motif is not available in 

literature, and therefore telomeric i-motif DNA (PDB ID: 1eln) was used as a model structure for 

analyzing possible binding interactions of a9 to i-motif. As shown in Figure 8A, our docking 

result for interaction of a9 with c-myc promoter G-quadruplex showed that one acridine ring could 

stack on the external 5′-terminal G-quartet through a π-π stacking interaction, and another acridine 

backbone could possibly lay on the DNA groove space. a9 should be positively charged in 

physiological condition, which could interact with negatively charged phosphate diester backbone 

of c-myc promoter G-quadruplex through electrostatic interactions. The amine linker could form 

two important H-bonds with the backbone of c-myc promoter G-quadruplex in distances of 3.3Ǻ 

and 3.5Ǻ. Our docking result for interaction of a9 with c-myc promoter i-motif was shown in 

Figure 8B. Our docking result showed that both acridine rings of a9 could interact with i-motif 

through π-π stacking interactions. Similar to the binding interaction of a9 with c-myc promoter 

G-quadruplex, a9 could interact with i-motif through electrostatic interactions and H-bonds in 
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distances of 3.2Ǻ. Our UV-titration data showed that the absorption peak of a9 shifted toward a 

longer wavelength in the present of G-quadruplex or i-motif, indicating the π-π stacking 

interactions between a9 and G-quadruplex or i-motif (Figure S14). This result was in accordance 

with the docking study. These results further reinforced our design to have acridine dimer for 

interacting with both G-quadruplex and i-motif. 

Figure 8. Hypothetical binding mode of a9 to c-myc promoter DNA secondary structures. A. top 

views for binding of a9 to the 5′ end of c-myc promoter G-quadruplex (PDB code 2L7V) and side 

views. B. top views for binding of a9 to a model tetrameric i-motif (PDB ID: 1YBL) and side 

views. 
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Conclusion

It should be noted that previous efforts have been largely focused on study of G-quadruplex 

binding ligands, while i-motif binding ligands have been much less studied. In the present study, 

we explored a new strategy of targeting both G-quadruplex and i-motif on c-myc oncogene 

promoter for transcriptional regulation through syntheses and evaluation of disubstituted 

bisacridine derivatives. FRET, NMR, SPR, ITC and CD experiments were carried out to study the 

effects of different disubstituted derivatives with various chain linkers on binding to and 

stabilization of c-myc promoter G-quadruplex/i-motif. Our FRET and SPR results showed that our 

bisacridine derivatives with substitutive groups had generally weak binding and stability to duplex 

DNA, indicating their insignificant intercalating effect compared with their binding affinity to 

c-myc promoter G-quadruplex/i-motif. Compound a9 was found to be a potent dual 

G-quadruplex/i-motif binder and selected for further biological evaluation. a9 could 

down-regulate c-myc gene transcription and expression, possibly through stabilization of c-myc 

promoter G-quadruplex/i-motif. Our cellular experiments showed that a9 exhibited 

anti-proliferative effect on cancer cells by inducing cell apoptosis and cycle arrest. Its 

anti-proliferative effect was further evaluated with a cervical cancer xenograft model, indicating 

its high selectivity to SiHa cancer cells. 

The population of G-quadruplexes has been found to be maximal in S phase of cell cycle by 

using antibody staining, consistent with cellular replication dependent formation of 

G-quadruplexes. The formation of i-motifs varied over the cell cycle with the highest level 
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occurred in late G1 phase, which is characterized by high levels of transcription and cellular 

growth. G-quadruplex and i-motif of c-myc oncogene promoter may serve as dual regulating 

system to securely lock down oncogene transcription and expression. Our present study showed 

that a9 as a dual G-quadruplex/i-motif binder, could down-regulate c-myc gene transcription and 

induce cell apoptosis more effectively than a11 that interacted with G-quadruplex only. a9 as a 

dual G-quadruplex/i-motif binder, could be effective on both oncogene replication and 

transcription, while a11 could be effective mainly on oncogene replication stage. a9 could become 

a promising lead compound for further development for cancer treatment targeting both c-myc 

promoter G-quadruplex and i-motif with improved potency and selectivity. Our present results 

increased our understanding of gene regulation system, which shed light on development of 

improved anticancer drugs. 

EXPERIMENTAL SECTION

General Methods for Syntheses. All chemicals were purchased from commercial sources used 

as starting materials, which were analytical grade without further purification unless otherwise 

specified. All synthesized compounds were confirmed by using 1H, 13C NMR spectra and HRMS 

spectrometry. 1H and 13C NMR spectra were recorded using TMS as the internal standard in 

DMSO-d6, CD3OD, or CDCl3 with a Bruker BioSpin GmbH spectrometer at 400 and 100 MHz, 

respectively. High resolution mass spectra (HRMS) were recorded on Shimadzu LCMS-IT-TOF 

of MAT95XP mass spectrometer (Thermo Fisher Scientific, USA). The purity of the synthesized 

compound was confirmed to be higher than 95% by using analytical HPLC performed with a dual 
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pump Shimadzu LC-20 AB system equipped with an Ultimate XB-C18 column (4.6 mm × 250 

mm, 5 μm), eluting with methanol-water (10:90 to 60:40) containing 0.05% TFA at a flow rate of 

0.5 mL/min. 

The intermediates were prepared following the process shown in Scheme 1. 

Synthesis of 5-substituted-2-(4-substituted-phenylamino)benzoic acid (2)

To a solution of 2-amino-5-substituted-benzoic acid (1, 19.87 mmol) in anhydrous 

dimethylformamide (50 mL), were added 1-bromo-4-substituted-benzene (59.6 mmol, 3 equiv), 

anhydrous potassium carbonate (4.11g, 29.8 mmol), copper powder (300 mg), copper iodide (100 

mg). The mixture was stirred and heated under reflux and nitrogen atmosphere, monitored by 

using TLC. After cooling down, the mixture was poured into ice water and stirred, with pH 

adjusted to 3-4. Ethyl acetate (100 mL) was added and stirred for another 10 mins, filtered, and the 

residue was extracted with ethyl acetate (3×50 mL). The combined organic layer was washed with 

diluted hydrochloric acid, and then brine for three times, dried over anhydrous sodium sulfate, 

filtered, and concentrated under reduced pressure to give crude compound 2, which was used for 

the next step without purification. 

Synthesis of 2-substituted-7-substituted-acridin-9(10H)-one (3)

To a 100 mL round bottom flask containing residue 2 (4.0 g), was added 10 mL concentrated 

sulfuric acid. The mixture was stirred at 100 oC under nitrogen atmosphere, monitored by using 

TLC. After cooling down, the reaction mixture was poured into ice water and stirred, filtered, and 

the solid was washed with saturated sodium bicarbonate, dried to give crude compound 3, which 
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was used for the next step without purification. 

Synthesis of 9-chloro-2-substituted-7-substituted-acridine (4)

To a 100 mL round bottom flask containing residue 3 (3.0 g), was added POCl3 (10 mL) 

dropwise, followed with DMF (0.1 mL) at 0-5 oC. The reaction mixture was stirred for 30 mins, 

and then heated to 100 oC slowly with stirring, which was monitored until reaction completed by 

using TLC. After cooling down, the solvent was removed, and the residue was poured into ice 

water with stirring. Ethyl acetate (50 mL) was added, and pH was adjusted to 9-10 with sodium 

bicarbonate. The resulting solution was filtered, and the water phase was extracted with ethyl 

acetate (20 mL × 3). The combined organic layer was washed with brine for three times, dried 

over anhydrous sodium sulfate, filtered, and then concentrated under reduced pressure. The 

residue was purified by using chromatograph on silica gel with petroleum ether / ethyl acetate 

(10/1 - 2/1) to give the desire intermediate 4, with an overall yield of 20-30 % for three steps. 

9-chloro-2,7-dimethylacridine (4a), yellow solid, yield 30%. 1H NMR (400 MHz, CDCl3) δ 

8.15 (s, 2H), 8.10 (d, J = 8.9 Hz, 2H), 7.61 (dd, J = 8.9, 1.8 Hz, 2H), 2.61 (s, 6H). ESI-MS (m/z) 

242 [M + H]+.

9-chloro-2-methylacridine (4b), yellow solid, yield 20%. 1H NMR (400 MHz, CDCl3) δ 8.42 

(dd, J = 8.7, 0.5 Hz, 1H), 8.27 – 8.16 (m, 2H), 8.13 (d, J = 8.9 Hz, 1H), 7.78 (ddd, J = 8.7, 7.9, 4.7 

Hz, 1H), 7.69 – 7.57 (m, 2H), 2.63 (s, 3H). ESI-MS (m/z) 228 [M + H]+.

9-chloroacridine (4c), yellow solid, yield 24%. 1H NMR (400 MHz, CDCl3) δ 8.11 (dd, J = 7.5, 

1.4 Hz, 2H), 8.03 (dd, J = 7.5, 1.6 Hz, 2H), 7.75-7.71 (m, 2H), 7.61-7.57 (m, 2H). ESI-MS (m/z) 
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228 [M + H]+.

Synthesis of 2-((4-carboxyphenyl)amino)-5-methylbenzoic acid (6)

Based on the procedure for preparation of compound 2, with bromobenzene replaced by 

4-bromobenzoic acid, a crude intermediate 6 was obtained and used for the next step without 

purification. 

Synthesis of ethyl 7-methyl-9-oxo-9,10-dihydroacridine-2-carboxylate (7)

To a 100 mL round bottom flask containing residue 6 (4.0 g, crude), was added 10 mL 

concentrated sulfuric acid. The reaction mixture was stirred at 120 oC under nitrogen atmosphere, 

and monitored by using TLC. After cooling down, ethanol (50 mL) was added dropwise at 0 oC. 

The mixture was heated under reflux under nitrogen atmosphere for 2 hours. After cooling down, 

the reaction mixture was poured into ice water with stirring, filtered, and the solid was washed 

with saturated sodium bicarbonate, dried and purified by using chromatograph on silica gel with 

DCM/MeOH (80/1-10/1) to give 7 as a yellow solid with an overall yield of 30% for three steps. 

1H NMR (400 MHz, DMSO) δ 11.98 (s, 1H), 8.81 (d, J = 1.8 Hz, 1H), 8.16 (dd, J = 8.8, 2.0 Hz, 

1H), 8.02 (s, 1H), 7.63 – 7.52 (m, 2H), 7.47 (d, J = 8.4 Hz, 1H), 4.35 (q, J = 7.1 Hz, 2H), 2.43 (s, 

3H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 176.49, 165.28, 143.45, 138.77, 

135.38, 132.71, 131.23, 128.61, 125.17, 121.75, 120.77, 119.43, 117.70, 117.60, 60.59, 20.53, 

14.23. ESI-MS (m/z) 282 [M + H]+. 
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Synthesis of 7-methyl-9-oxo-9,10-dihydroacridine-2-carboxylic acid (8)

To a solution of 7 (2.0 g, 7.12 mmol) in MeOH (30 mL), was added 5 mL 10% sodium 

hydroxide solution. The mixture was stirred at 60 oC and monitored with TLC until completion of 

reaction. After cooling down, the mixture was concentrated, and 20 mL ice water was added. The 

mixture was stirred with pH adjusted to 5-6, filtered and washed with H2O, dried to give 

intermediate 8 as a crude solid, which was used for the next step without purification. 

Synthesis of 9-chloro-N-(3-(dimethylamino)propyl)-7-methylacridine-2-carboxamide (9)

To a 100 mL round bottom flask containing intermediate 8 (400 mg, 1.58 mmol), was added 5 

mL SOCl2 dropwise followed with 3 drops of DMF at 0-5 oC. The reaction mixture was heated to 

80 oC slowly and reacted for 2 hours. After cooling down to room temperature, the solvent was 

evaporated and the residue was dissolved in TCM (10 mL). The reaction mixture was cooled to 0 

oC, and then N1,N1-dimethylpropane-1,3-diamine (322 mg, 3.16 mmol) and TEA (638 mg, 6.32 

mmol) were added with stirring for 1h. The reaction mixture was quenched and poured into ice 

water with stirring, and filtered. The water layer was extracted with DCM (10 mL × 3), and 

combined organic layers were washed with brine, dried over anhydrous sodium sulfate, filtered 

and concentrated under reduced pressure, and purified by using chromatograph on silica gel with 

DCM/MeOH (20/1-5/1, contained 1 % NH3·H2O) to give 9 as a yellow solid, with an overall yield 

of 33% for three steps. 1H NMR (400 MHz, DMSO) δ 9.05 (t, J = 5.4 Hz, 1H), 8.87 (d, J = 1.0 Hz, 

1H), 8.26 (dd, J = 9.1, 1.7 Hz, 1H), 8.21 (d, J = 9.0 Hz, 1H), 8.14 (s, 1H), 8.11 (d, J = 8.9 Hz, 1H), 

7.80 (dd, J = 8.9, 1.4 Hz, 1H), 3.41 (q, J = 12.7, 6.7 Hz, 2H), 2.61 (s, 3H), 2.49 (t, J = 7.3 Hz, 2H), 
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2.31 (s, 6H), 1.86 – 1.74 (m, 2H). 13C NMR (101 MHz, DMSO) δ 165.78, 148.71, 148.62, 140.52, 

138.56, 135.00, 133.32, 130.20, 129.84, 129.02, 124.39, 124.18, 123.18, 122.61, 56.99, 45.05, 

38.29, 26.92, 22.13. ESI-MS (m/z) 356 [M + H]+.

Synthesis of methyl 9-chloro-7-methylacridine-2-carboxylate (10)

Based on the procedure for preparation of 9, with N1,N1-dimethylpropane-1,3-diamine replaced 

by MeOH, a crude intermediate 10 was obtained and purified by using chromatograph on silica 

gel with petroleum ether / ethyl acetate (5/1 - 1/1) to give 10 as a yellow solid, with an overall 

yield of 53% for three steps. 1H NMR (400 MHz, CDCl3) δ 9.20 (s, 1H), 8.33 (d, J = 9.1 Hz, 1H), 

8.23 (d, J = 9.0 Hz, 1H), 8.19 (s, 1H), 8.14 (d, J = 8.8 Hz, 1H), 7.71 (d, J = 8.9 Hz, 1H), 4.04 (s, 

3H), 2.64 (s, 3H). ESI-MS (m/z) 286 [M + H]+. 

General procedure for preparation of acridine derivatives a5-a28

To a solution of intermediate 4, 9, or 10 (0.42 mmol, 2.05 equiv) in 2 mL phenol, was added 

various alkylamine (NH2-L-NH2, 0.2 mmol). The mixture was stirred at 100 oC under nitrogen 

atmosphere, which was monitored by using TCL. After cooling down, ethyl acetate (20 mL) was 

added with stirring at 0 oC, and then 15 mL ice cold 20% NaOH was added dropwise followed 

with stirring for 20 mins. The solution was extracted with ethyl acetate (5 mL × 3), and the 

combined organic phase was washed with 5% NaOH, then brine, and dried over anhydrous 

sodium sulfate. The solution was filtered, concentrated under reduced pressure, and purified by 

using chromatograph on silica gel with DCM/MeOH (10/1-5/1, containing 1% NH3·H2O) to give 
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a5-a28. 

N1-(acridin-9-yl)-N2-(2-(acridin-9-ylamino)ethyl)ethane-1,2-diamine (a5). Yellow solid, yield 

88%. 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 8.6 Hz, 2H), 8.06 (d, J = 8.0 Hz, 2H), 7.66 – 7.60 

(m, 2H), 7.31 – 7.22 (m, 2H), 3.93 (t, J = 5.0 Hz, 2H), 3.06 (t, J = 5.0 Hz, 2H). 13C NMR (101 

MHz, CDCl3) δ 151.69, 148.63, 130.11, 129.52, 123.07, 116.92, 115.85, 49.75, 49.61. Purity was 

determined to be 97.2% by using HPLC. HRMS (ESI; m/z). Calcd for C30H27N5, [M + H]+, 

458.2339; found:458.2332.

N1-(2,7-dimethylacridin-9-yl)-N3-(3-((2,7-dimethylacridin-9-yl)amino)propyl)-N3-methylpropa

ne-1,3-diamine (a6). Yellow solid, yield 60%. 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 8.8 Hz, 

2H), 7.73 (s, 2H), 7.39 (dd, J = 8.8, 1.3 Hz, 2H), 3.82 (t, J = 6.3 Hz, 2H), 2.60 (t, J = 6.3 Hz, 2H), 

2.39 (s, 6H), 2.38 (s,3H), 1.98 – 1.83 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 149.82, 147.76, 

132.31, 131.94, 129.39, 121.14, 116.93, 56.91, 50.34, 42.64, 28.30, 21.92. Purity was determined 

to be 95.7% by using HPLC. HRMS (ESI; m/z). Calcd for C37H41N5, [M + H]+, 556.3361; found: 

556.3382.

N1-methyl-N3-(2-methylacridin-9-yl)-N1-(3-((2-methylacridin-9-yl)amino)propyl)propane-1,3-d

iamine (a7). Yellow solid, yield 53%. 1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.7 Hz, 4H), 

7.91 (d, J = 8.7 Hz, 2H), 7.71 (s, 2H), 7.53 (t, J = 7.6 Hz, 2H), 7.39 (d, J = 8.7 Hz, 2H), 7.15 (t, J 

= 7.6 Hz, 2H), 3.86 (t, J = 6.2 Hz, 4H), 2.60 (t, J = 6.1 Hz, 4H), 2.38 (s, 9H), 1.97 – 1.84 (m, 4H). 
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13C NMR (101 MHz, CDCl3) δ 150.78, 148.80, 147.69, 132.40, 132.33, 129.44, 129.18, 129.07, 

128.95, 123.20, 122.41, 121.05, 116.47, 56.88, 50.36, 42.64, 28.14, 21.94. Purity was determined 

to be 98.4% by using HPLC. HRMS (ESI; m/z). Calcd for C35H37N5, [M + H]+, 528.3141; found: 

528.3147. 

N1-(acridin-9-yl)-N3-(3-(acridin-9-ylamino)propyl)-N3-methylpropane-1,3-diamine (a8). 

Yellow solid, yield 41%. 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 8.5 Hz, 4H), 7.91 (d, J = 8.7 

Hz, 4H), 7.49 (t, J = 7.5 Hz, 4H), 7.09 (t, J = 7.6 Hz, 4H), 3.77 (t, J = 5.7 Hz, 4H), 2.48 (t, J = 5.3 

Hz, 4H), 2.27 (s, 3H), 1.84 – 1.76 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 151.66, 148.80, 129.86, 

128.48, 123.25, 122.29, 116.10, 56.66, 50.18, 42.46, 27.85. Purity was determined to be 97.8% by 

using HPLC. HRMS (ESI; m/z). Calcd for C33H33N5, [M + H]+, 500.4382; found: 500.4398.

N1,N1'-(ethane-1,2-diyl)bis(N3-(2,7-dimethylacridin-9-yl)propane-1,3-diamine) (a9). Yellow 

solid, yield 58%. 1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 8.6 Hz, 1H), 7.82 (s, 1H), 7.44 (d, J = 

8.7 Hz, 1H), 3.85 (t, J = 7.5 Hz, 1H), 2.87 (s, 2H), 2.49 (s, 3H), 1.87-1.82 (m, 1H). 13C NMR (101 

MHz, CDCl3) δ 150.20, 147.78, 132.20, 132.03, 129.31, 121.40, 116.87, 50.68, 49.75, 48.86, 

30.78, 22.11. Purity was determined to be 100% by using HPLC. HRMS (ESI; m/z). Calcd for 

C38H44N6, [M + H]+, 585.2881; found: 585.2880.

N1,N1'-(ethane-1,2-diyl)bis(N3-(acridin-9-yl)propane-1,3-diamine) (a10). Yellow solid, yield 

45%. 1H NMR (400 MHz, CD3OD_ SPE) δ 8.16 (d, J = 8.6 Hz, 1H), 7.76 (d, J = 8.7 Hz, 1H), 
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7.58 (t, J = 7.6 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H), 3.86 (t, J = 6.4 Hz, 1H), 2.73 – 2.59 (m, 2H), 

1.93 – 1.77 (m, 1H). 13C NMR (101 MHz, CD3OD_SPE) δ 153.06, 147.62, 130.49, 125.89, 

123.85, 121.97, 115.33, 70.14, 48.78, 48.45, 29.73. Purity was determined to be 96.2% by using 

HPLC. HRMS (ESI; m/z). Calcd for C34H36N6, [M + H]+, 529.3151; found: 529.3153.

N,N'-((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(2,7-dimethylacridin-9-amine) (a11). 

Yellow solid, yield 52%. 1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.8 Hz, 1H), 7.82 (s, 1H), 

7.42 (d, J = 8.8 Hz, 1H), 3.84 (t, J = 4.8 Hz, 1H), 3.69 (s, 1H), 3.62 (t, J = 4.8 Hz, 1H), 2.45 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 149.76, 147.29, 133.22, 132.32, 128.98, 121.04, 118.30, 

70.51, 70.36, 50.21, 22.02. Purity was determined to be 95.2% by using HPLC. HRMS (ESI; m/z). 

Calcd for C36H38N4O2, [M + H]+, 559.3062; found: 559.3060.

N,N'-((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(2-methylacridin-9-amine) (a12). 

Yellow solid, yield 52%. 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.7 Hz, 1H), 7.97 (d, J = 8.6 

Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.82 (s, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.33 (d, J = 8.7 Hz, 1H), 

7.22 (t, J = 7.6 Hz, 1H), 3.91 (t, J = 4.8 Hz, 2H), 3.77 (t, J = 4.7 Hz, 2H), 3.75 - 3.73 (m, 2H), 2.41 

(s, 3H). 13C NMR (101 MHz, CDCl3) δ 151.52, 146.77, 145.69, 133.01, 132.90, 130.14, 127.25, 

127.00, 123.36, 122.99, 121.53, 117.06, 117.01, 70.31, 70.20, 50.14, 21.89. Purity was determined 

to be 96.3% by using HPLC. HRMS (ESI; m/z). Calcd for C34H34N4O2, [M + H]+, 531.2375; 

found: 531.2379.
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N,N'-((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(acridin-9-amine) (a13). Yellow solid, 

yield 54%. 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.6 Hz, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.47 

(t, J = 7.3 Hz, 1H), 7.17 (t, J = 7.4 Hz, 1H), 3.94 (t, J = 6.0 Hz, 1H), 3.81 (t, J = J = 6.0 Hz, 3.3 Hz, 

1H), 3.75 (t, J = 1.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 152.61, 146.39, 130.59, 126.33, 

123.51, 122.77, 116.63, 70.39, 70.13, 50.29. Purity was determined to be 95.1% by using HPLC. 

HRMS (ESI; m/z). Calcd for C32H30N4O2, [M + H]+, 503.7911; found: 503.7910.

N1,N3-bis(2,7-dimethylacridin-9-yl)propane-1,3-diamine (a14). Yellow solid, yield 55%. 1H 

NMR (400 MHz, DMSO-d6) δ 7.90 (s, 2H), 7.59 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 8.7 Hz, 2H), 

3.94 (t, J = 5.9 Hz, 2H), 2.33 (s, 6H), 2.29 – 2.15 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ 

151.96, 144.95, 132.84, 131.68, 126.41, 123.01, 116.07, 47.77, 32.09, 21.72. Purity was 

determined to be 99.2% by using HPLC. HRMS (ESI; m/z). Calcd for C33H32N4, [M + H]+, 

485.2699; found: 485.2712.

N1,N3-di(acridin-9-yl)propane-1,3-diamine (a15). Yellow solid, yield 42%. 1H NMR (400 MHz, 

CDCl3) δ 8.15 – 7.88 (m, 4H), 7.59 (s, 2H), 7.25 – 7.11 (m, 2H), 4.08 (t, 2H), 2.33 – 2.19 (m, 2H). 

13C NMR (101 MHz, CH3OD) δ 154.07, 149.10, 131.27, 127.66, 124.75, 123.28, 117.26, 48.70, 

33.49. Purity was determined to be 95.1% by using HPLC. HRMS (ESI; m/z). Calcd for 

C29H24N4, [M + H]+, 429.2073; found: 429.2085.

N1,N4-bis(2,7-dimethylacridin-9-yl)butane-1,4-diamine (a16). Yellow solid, yield 43%. 1H 
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NMR (400 MHz, DMSO-d6) δ 8.03 (s, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.44 (d, J = 8.7 Hz, 1H), 

3.75 (s, 1H), 2.41 (s, 3H), 1.81 (s, 1H). 13C NMR (101 MHz, DMSO-d6) δ 150.54, 147.15, 132.21, 

131.60, 128.53, 122.89, 117.09, 50.19, 28.82, 21.91. Purity was determined to be 95.2% by using 

HPLC. HRMS (ESI; m/z). Calcd for C34H34N4, [M + H]+, 499.2856; found: 499.2853.

N1,N4-bis(2-methylacridin-9-yl)butane-1,4-diamine (a17). Yellow solid, yield 43%. 1H NMR 

(400 MHz, CDCl3) δ 8.21 (d, J = 8.5 Hz, 1H), 8.03 (s, 1H), 7.72 (s, 1H), 7.67 – 7.63 (m, 1H), 7.55 

(t, J = 7.4 Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.19 (t, J = 7.4 Hz, 1H), 3.78 (t, J = 7.0 Hz, 2H), 2.39 

(s, 3H), 1.88 – 1.73 (m, 2H). 13C NMR (101 MHz, DMSO) δ 151.56, 147.49, 146.13, 132.69, 

131.50, 130.06, 126.90, 126.65, 125.16, 123.29, 122.07, 116.96, 116.86, 50.27, 28.86, 21.80. 

Purity was determined to be 95.7% by using HPLC. HRMS (ESI; m/z). Calcd for C32H30N4, [M 

+ H]+, 471.2543; found: 471.2561.

N1,N5-bis(2,7-dimethylacridin-9-yl)pentane-1,5-diamine (a18). Yellow solid, yield 59%. 1H 

NMR (400 MHz, DMSO-d6) δ 8.05 (s, 2H), 7.74 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.7 Hz, 2H), 

3.69 (t, J = 7.1 Hz, 2H), 2.43 (s, 6H), 1.77 – 1.60 (m, 2H), 1.48 – 1.36 (m, 1H). 13C NMR (101 

MHz, DMSO-d6) δ 150.54, 132.20, 131.63, 131.61, 122.85, 122.78, 117.03, 50.27, 30.92, 24.35, 

21.93. Purity was determined to be 99.1% by using HPLC. HRMS (ESI; m/z). Calcd for 

C35H36N4, [M + H]+, 513.3012; found: 513.3040.

N1,N5-bis(2-methylacridin-9-yl)pentane-1,5-diamine (a19). Yellow solid, yield 46%. 1H NMR 
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(400 MHz, CDCl3) δ 8.00 (d, J = 8.6 Hz, 2H), 7.92 (d, J = 8.8 Hz, 1H), 7.75 (s, 1H), 7.58 (t, J = 

7.6 Hz, 1H), 7.43 (d, J = 8.7 Hz, 1H), 7.25 (t, J = 7.6 Hz, 1H), 3.71 (t, J = 7.1 Hz, 2H), 2.44 (s, 

3H), 1.83 – 1.70 (m, 2H), 1.57 – 1.46 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 151.09, 147.82, 

146.83, 132.99, 132.96, 129.99, 128.10, 127.91, 123.04, 122.97, 120.98, 116.33, 116.31, 50.26, 

31.13, 24.21, 21.95. Purity was determined to be 95.1% by using HPLC. HRMS (ESI; m/z). Calcd 

for C33H32N4, [M + H]+, 485.2700; found: 485.2714.

N1,N6-bis(2,7-dimethylacridin-9-yl)hexane-1,6-diamine (a20). Yellow solid, yield 61%. 1H 

NMR (400 MHz, DMSO-d6) δ 8.06 (s, 2H), 7.73 (d, J = 8.7 Hz, 2H), 7.47 (dd, J = 17.7, 10.0 Hz, 

2H), 3.68 (t, J = 7.1 Hz, 2H), 2.43 (s, 6H), 1.78 – 1.57 (m, 2H), 1.42 – 1.22 (m, 2H). 13C NMR 

(101 MHz, DMSO-d6) δ 151.00, 146.59, 132.52, 131.73, 127.88, 122.96, 116.74, 50.10, 30.94, 

26.55, 21.89. Purity was determined to be 97.8% by using HPLC. HRMS (ESI; m/z). Calcd for 

C36H38N4, [M + H]+, 527.3079; found: 527.3090.

N1,N6-bis(2-methylacridin-9-yl)hexane-1,6-diamine (a21). Yellow solid, yield 48%. 1H NMR 

(400 MHz, CDCl3) δ 8.08 (d, J = 8.7 Hz, 1H), 7.96 (d, J = 8.7 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 

7.83 (s, 1H), 7.57 (t, J = 7.5 Hz, 1H), 7.41 (d, J = 8.7 Hz, 1H), 7.25 (t, J = 7.5 Hz, 1H), 3.78 (t, J = 

6.8 Hz, 2H), 2.44 (s, 3H), 1.81 (s, 2H), 1.46 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 152.12, 

146.45, 145.30, 133.53, 132.94, 130.65, 126.40, 126.20, 123.42, 122.86, 121.41, 115.55, 115.48, 

50.01, 30.91, 26.40, 21.76. Purity was determined to be 98.0% by using HPLC. HRMS (ESI; m/z). 

Calcd for C34H34N4, [M + H]+, 499.2856; found: 499.2834.
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N1,N7-bis(2,7-dimethylacridin-9-yl)heptane-1,7-diamine (a22). Yellow solid, yield 52%. 1H 

NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.8 Hz, 2H), 7.79 (s, 2H), 7.47 (dd, J = 8.8, 1.7 Hz, 2H), 

3.68 (t, J = 7.2 Hz, 2H), 2.52 (s, 6H), 1.80 – 1.65 (m, 2H), 1.52 – 1.33 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 149.75, 147.65, 132.91, 132.17, 129.40, 120.85, 117.35, 50.87, 31.63, 31.58, 

26.78, 22.08. Purity was determined to be 97.6% by using HPLC. HRMS (ESI; m/z). Calcd for 

C37H40N4, [M + H]+, 541.3325; found: 541.3341.

N1,N7-bis(2-methylacridin-9-yl)heptane-1,7-diamine (a23). Yellow solid, yield 51%. 1H NMR 

(400 MHz, CDCl3) δ 8.06 (d, J = 3.4 Hz, 1H), 8.04 (d, J = 3.4 Hz, 1H), 7.98 (d, J = 8.8 Hz, 1H), 

7.78 (s, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.47 (dd, J = 8.8, 1.2 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 3.69 

(t, J = 7.2 Hz, 2H), 2.49 (s, 3H), 1.74 – 1.62 (m, 2H), 1.42 – 1.23 (m, 4H). 13C NMR (101 MHz, 

CDCl3) δ 150.71, 148.68, 147.78, 132.88, 132.66, 129.59, 129.22, 129.04, 122.98, 122.92, 120.85, 

116.81, 116.74, 50.74, 31.56, 28.93, 26.69, 22.07. Purity was determined to be 95.3% by using 

HPLC. HRMS (ESI; m/z). Calcd for C35H36N4, [M + H]+, 513.3012; found: 513.3030.

N1,N7-di(acridin-9-yl)heptane-1,7-diamine (a24). Yellow solid, yield 65%. 1H NMR (400 MHz, 

CDCl3) δ 8.05 (t, J = 9.3 Hz, 4H), 7.63-7.56 (m, 2H), 7.32-7.28 (m, 2H), 3.71 (t, J = 7.2 Hz, 2H), 

1.71 – 1.58 (m, 2H), 1.39 – 1.20 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 151.43, 149.13, 129.96, 

129.21, 122.98, 122.77, 116.51, 50.70, 31.56, 28.87, 26.63. Purity was determined to be 97.9% by 

using HPLC. HRMS (ESI; m/z). Calcd for C33H32N4 (Exact Mass: 484.2627), [M + Na]+, 

Page 46 of 69

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



47

507.2712; found: 507.2720.

9,9'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(azanediyl))bis(N-(3-(dimethylamino)pro

pyl)-7-methylacridine-2-carboxamide) (a25). Yellow solid, yield 33%. 1H NMR (400 MHz, 

CDCl3) δ 8.90 (s, 1H), 8.77 (s, 1H), 7.88 (d, J = 6.6 Hz, 1H), 7.83 (d, J = 7.9 Hz, 1H), 7.78 (s, 1H), 

7.74 (d, J = 8.8 Hz, 1H), 7.39 (d, J = 7.3 Hz, 1H), 3.96 (t, J = 4.7 Hz, 2H), 3.78 (s, 2H), 3.75 (s, 

2H), 3.57 – 3.50 (m, 2H), 2.45 (t, J = 6.2 Hz, 2H), 2.41 (s, 3H), 2.26 (s, 6H), 1.80 – 1.71 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 167.00, 157.18, 152.62, 133.60, 132.77, 129.55, 127.67, 126.91, 

124.65, 121.90, 119.56, 116.26, 115.71, 115.42, 70.05, 58.44, 58.42, 49.71, 45.25, 40.09, 25.76, 

21.83. Purity was determined to be 100% by using HPLC. HRMS (ESI; m/z). Calcd for 

C46H58N8O4, [M + H]+, 787.4854; found: 787.4875.

9,9'-(((ethane-1,2-diylbis(azanediyl))bis(propane-3,1-diyl))bis(azanediyl))bis(N-(3-(dimethylam

ino)propyl)-7-methylacridine-2-carboxamide) (a26). Yellow solid, yield 44%. 1H NMR (400 MHz, 

CD3OD) δ 8.58 (d, J = 1.4 Hz, 1H), 7.78 (dd, J = 9.0, 1.7 Hz, 1H), 7.62 (s, 1H), 7.53 (d, J = 9.0 

Hz, 1H), 7.45 (d, J = 8.7 Hz, 1H), 7.35 – 7.26 (m, 1H), 3.75 (t, J = 6.2 Hz, 2H), 3.34 (t, J = 7.1 Hz, 

2H), 2.76 – 2.68 (m, 4H), 2.35 – 2.27 (m, 5H), 2.15 (s, 6H), 1.86 – 1.76 (m, 2H), 1.76 – 1.66 (m, 

2H). 13C NMR (101 MHz, CD3OD) δ 167.88, 153.19, 147.94, 146.12, 133.47, 132.31, 127.26, 

126.67, 125.76, 125.60, 125.44, 122.19, 115.26, 113.86, 56.95, 49.45, 48.47, 47.83, 44.07, 38.18, 

29.55, 26.89, 20.52. Purity was determined to be 96.5% by using HPLC. HRMS (ESI; m/z). Calcd 

for C48H64N10O2, [M + H]+, 814.3427; found: 814.3414.
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dimethyl 

9,9'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(azanediyl))bis(7-methylacridine-2-carboxy

late) (a27). Yellow solid, yield 62%. 1H NMR (400 MHz, CDCl3) δ 8.62 (s, 1H), 7.79 (d, J = 8.4 

Hz, 1H), 7.64 (d, J = 8.3 Hz, 1H), 7.55 (d, J = 8.3 Hz, 2H), 7.09 (d, J = 7.6 Hz, 1H), 3.95 – 3.86 

(m, 4H), 3.82 (s, 3H), 3.81 – 3.76 (m, 2H), 2.23 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.64, 

152.92, 133.45, 132.43, 129.46, 129.42 (d, J = 2.4 Hz), 128.14, 122.79, 122.44, 122.40, 116.52, 

115.10, 70.59, 69.96, 52.14, 50.66, 21.59. Purity was determined to be 95.8% by using HPLC. 

HRMS (ESI; m/z). Calcd for C38H38N4O6, [M + H]+, 647.2846; found: 647.2818.

dimethyl 

9,9'-(((ethane-1,2-diylbis(azanediyl))bis(propane-3,1-diyl))bis(azanediyl))bis(7-methylacridine-2-

carboxylate) (a28). Yellow solid, yield 71%. 1H NMR (400 MHz, CDCl3) δ 8.88 (s, 1H), 8.02 (d, 

J = 9.0 Hz, 1H), 7.80 (dd, J = 17.3, 8.8 Hz, 2H), 7.68 (s, 1H), 7.42 (d, J = 8.7 Hz, 1H), 3.99 – 3.93 

(m, 2H), 3.91 (s, 3H), 3.00 – 2.90 (m, 4H), 2.43 (s, 3H), 1.97 – 1.83 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ 167.23, 152.86, 149.91, 148.09, 133.54, 132.24, 129.41, 128.44, 127.87, 127.79, 122.40, 

121.81, 115.45, 113.97, 52.12, 50.53, 49.10, 48.63, 29.70, 21.78. Purity was determined to be 

100% by using HPLC. HRMS (ESI; m/z). Calcd for C40H44N6O4, [M + H]+, 673.3454; found: 

673.3474.

Biophysical and biochemical evaluation experiments
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Biochemicals and materials. All oligomers/primers used in this study were purchased from 

Invitrogen or Sangon, as shown in Table S1 in Supporting Information. Stock solutions of all the 

derivatives (10 mM) were prepared using DMSO (10%) or double-distilled deionized water. 

Further dilutions to working concentrations were carried out with double-distilled deionized water 

or buffer. All other chemicals or solvents were of analytical grade or better.

Fluorescence resonance energy transfer (FRET) melting assay

FRET melting assay was carried out on a real-time PCR apparatus following previously 

published procedures. The following fluorescently dual labeled oligonucleotides were used as the 

FRET probes. FPy33T was prepared as 10 μM solution in 1 × BPES buffer containing 30 mM 

(KH2PO4, K2HPO4), 1 mM EDTA, and 100 mM KCl, pH 5.5. FPu22T: 5′-FAM-TGAG 

GGTGGGTAGGGTGGGTAA-TAMRA-3′, was prepared as 10 μM solution in Tris-HCl buffer 

(10 mM, pH 7.4) containing 10 mM KCl. F10T: 

5′-FAM-dTATAGCTATA-HEG-TATAGCTATA-TAMRA-3′, was prepared as 10 μM solution in 

Tris-HCl buffer (10 mM, pH 7.4) containing 60 mM KCl. Donor fluorophore FAM is 

6-carboxyfluorescein, and acceptor fluorophore TAMRA is 6-carboxytetramethylrhodamine, and 

HEG linker is [(-CH2-CH2-O-)6]. These oligonucleotides were thermally annealed. Fluorescence 

melting curves were determined with a Roche Light Cycler 2 real-time PCR instrument, using a 

total reaction volume of 20 μL, with 0.2 μM dual labeled oligonucleotide with or without 

compounds for FPy33T, FPu22T, F10T, respectively. Fluorescence readings with excitation at 

470 nm and detection at 530 nm were taken at intervals of 1 °C over the range 37-99 °C, with a 
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constant temperature being maintained for 30 s prior to each reading to ensure a stable value. The 

melting of i-motif, G-quadruplex and duplex were monitored in the absence or presence of various 

concentrations of compounds. Final analysis of the data was carried out using Origin8.0 

(OriginLab Corp.). 

Surface Plasmon Resonance (SPR) measurement

SPR measurement was performed on a ProteOn XPR36 Protein Interaction Array system 

(Bio-Rad Laboratories, Hercules, CA) using a Neutravidin-coated GLH sensor chip. For 

immobilization, all DNA samples were biotinylated and attached to a reptavidin-coated sensor 

chip. Oligomer 5′-biotin Py33 was diluted to 1 μM in running buffer (20 mM 

2-(4-morpholino)ethanesulfonic acid, pH 5.8, 100 mM KCl and 0.05% Tween-20), and 5′-biotin 

Pu27 and 5′-biotin duplex DNA were diluted to 1 μM in running buffer (Tris-HCl 50 mM, pH 7.4, 

100 mM KCl). The DNA samples were then captured (1000 RU) in flow cells, and a blank cell 

was set as a control. Different ligand-containing solutions were prepared with the running buffer 

through serial dilutions from stock solution (10 mM in DMSO). Six concentrations were injected 

simultaneously at a flow rate of 25 mL/ min for 260 s of association phase, followed with 300 s of 

dissociation phase at 25 oC. The GLH sensor chip was regenerated with short injection of 50 mM 

NaOH between consecutive measurements. The final graphs were obtained by subtracting blank 

sensorgrams of i-motif, G-quadruplex or duplex DNA. Data were analyzed with ProteOn manager 

software. 
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CD experiments

CD experiments were performed on a Chirascan circular dichroism spectrophotometer (Applied 

Photophysics). A quartz cuvette with 4 mm path length was used for the spectra recorded over a 

wavelength range of 230-400 nm at 1 nm bandwidth, 1 nm step size, and 0.5 s per point. The 

oligomer c-myc Py33 or Pu27 was diluted from stock to the required concentration (1 μM) in the 

absence or presence of compounds (Py33: 1 × BPES buffer, pH 5.5 or 6.8; Pu27: 10 mM Tris-HCl 

buffer, pH 7.4), and then annealed by heating at 95 °C for 5 min, gradually cooled to room 

temperature, and stored at 4 °C overnight. Spectra were recorded three times over a wavelength 

range of 230-350 nm, averaged, smoothed, and baseline corrected to remove signal contribution 

from buffer. Final analysis of the data was carried out using Origin 8.0 (OriginLab Corp.).

For melting studies, the i-motif or G-quadruplex oligomers of c-myc, bcl-2, c-kit, PDGF,  

telomere and VEGF were diluted from stock to 1 μM in the absence or presence of a9, a11 and 

a26 (i-motif: 1 × BPES buffer, pH 6.4; G-quadruplex: 10 mM Tris-HCl buffer, 5 mM KCl, pH 

7.4), and then annealed by heating at 95 °C for 5 min followed by gradual cooling to room 

temperature. Thermal melting was monitored at 260 nm at the heating rate of 1 °C/min. The 

melting temperatures were determined through curve fitting of melting profiles using GraphPad 

Prism software.

1H NMR

The NMR samples were prepared in 10%/90% D2O/H2O solution. The oligomer c-myc Py33 or 

Pu27 was diluted from stock to 0.5 mM in the absence or presence of a9 (Py33: 1 × BPES buffer, 
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pH 6.4; Pu27: 10 mM Tris-HCl buffer, pH 7.4), and then annealed by heating at 95 °C for 5 min, 

gradually cooled to room temperature. The stock solution of compound was dissolved in 

d6-DMSO. One-dimensional 1H NMR titration experiments were performed on a Bruker 

DRX-600 MHz spectrometer at temperatures of 25 °C, and the water signal was suppressed in the 

experiment.

Isothermal titration calorimetry (ITC)

ITC experiments were performed using a VP-ITC titration calorimeter (MicroCal, Northampton, 

MA). Before loading, the solutions were thoroughly degassed. The reference cell was filled with 

the degassed buffer. The preformed DNA (500 μM Pu27 or 200 μM Py33) was kept in the sample 

cell, and a syringe with a volume of 300 μL was filled with the ligand a9 (Pu27: 50 μM a9, Py33: 

20 μM a9) in the same buffer. The ligand solution was added sequentially in 10 μL aliquots (for a 

total of 28 injections with a duration of 10 s each) at 4 min intervals at 20 °C. In control 

experiments, the heats of dilution were determined in parallel experiments by injecting ligand 

solution of the same concentration in the same buffer. The respective heats of dilution were 

subtracted from the corresponding binding experiments prior to curve fitting. The thermograms 

(integrated heat/injection data) obtained in the ITC experiments were fitted with an appropriate 

model in Origin 7.0. 

Native PAGE experiments

Native PAGE experiments were carried out in 1 × TBE buffer (pH 6.8). The oligomer c-myc 
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Py33 was diluted from stock to the required concentration (3 μM) in 1 × BPES buffer (pH 6.8) in 

the absence or presence of different concentrations of compound a9 and a26, and then annealed by 

heating at 95 °C for 5 min. Then these oligomers were gradually cooled to room temperature, and 

incubated at 4 °C overnight. Electrophoresis was carried out by using 20% acrylamide (pH 6.6) at 

140 V for 5 h at 5 oC. The gels were then silver-stained.

Cell culture

Human melanoma cell line A375, human squamous cervical cancer cell line Hela, human lung 

adenocarcinoma cell line A549, human bone osteosarcoma epithelial cell line U2OS, human colon 

cancer cell line HCT116, human cervical cancer cell line SiHa, and human hepatocellular 

carcinoma cell line HuH7 were purchased from China Center for Type Culture Collection in 

Wuhan. The cell lines were maintained in RPMI-1640 or DMEM medium supplemented with 

10% fetal calf serum at 37 oC in a humidified atmosphere with 5% CO2. 

MTT cytotoxicity assay

A375, Hela, A549, U2OS, HCT-116, SiHa, and HuH7 cells were seeded on 96-well plates 

(5.0×103 per well) with 100 μL of culture medium and incubated for 12 h at 37 oC in a humidified 

atmosphere with 5% CO2, respectively. The cells were incubated in the presence or absence of the 

indicated concentrations of compounds, and the control group was administered the same volume 

of DMSO. After incubation for 48 h, 20 μL of 2.5 mg/mL methyl thiazolyl tetrazolium (MTT) 

solution was added to each well and further incubated for 4 h. The cells in each well were then 
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treated with dimethyl sulfoxide (200 μL) after the culture medium was siphoned off and the 

absorbance was recorded at 570 nm. All drug doses were parallel tested in triplicate, and the 

cytotoxicity was evaluated based on the percentage of cell survival in dose dependent manner 

deducting the negative control. The final IC50 values were calculated by using the Graph Pad 

Prism 6. 

Dual-Luciferase reporter assay

In this assay, 200 ng of constructed psiCHECK2 luciferase plasmid (Promega, USA) containing 

c-myc wild type, mutant or deleted promoters were transfected into SiHa cells by using 

Lipofectamine 3000 (Invitrogen, USA). After 8 h, compounds were added to the cells. The cells 

were incubated at 37 °C with CO2 for 48 h, and the transfected cells were first washed with 

ice-cold 1 × PBS buffer to reduce the background signals from the medium. Luciferase assays 

were subsequently performed according to the manufacturer’s instructions using the 

dual-luciferase assay system (Promega, USA). After a 3 s delay, secreted luciferase signals were 

collected for 10 s using a microplate reader (Molecular Devices, Flex Station 3, USA). The 

quantification was performed using a multimode reader (Molecular Devices). The secreted Renilla 

luciferase activity was normalized to the firefly luciferase activity. 

RNA extraction and reverse transcription polymerase chain reaction (RT-PCR)

SiHa cells were seeded in 6-well plate (2 × 105 cells/well), and incubated for 12 h at 37 oC in a 

humidified atmosphere with 5% CO2. The cells were incubated in the presence or absence of 
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different concentrations of a9 and a26, and the control group was administered the same volume 

of DMSO. After incubation for 24 h, the harvested cells were washed with 1 × PBS (pH 7.4) and 

lysed in a TRIzol solution. The total RNA was extracted according to the protocol supplied by the 

Takara Company, and eluted with distilled, deionized water containing 0.1% diethyl 

pyrocarbonate (DEPC) to give a final volume of 30 μL. RNA was quantified 

spectrophotometrically. The total RNA was used as a template for reverse transcription according 

to the following protocol: each 20 μL reaction contained 1×M-MLV buffer, 500 μM dNTP, 100 

pmol oligo dT18 primer, 100 units of M-MLV reverse transcriptase, DEPC-H2O, and 1.5 μg total 

RNA. The mixtures were incubated at 42 °C for 60 min for reverse transcription, and then at 70 

°C for 15 min. PCR was performed according to the following protocol: each 20-μL reaction 

contained 1× PCR buffer, 500 μM dNTPs, 0.2 μM primer pairs, 1 unit Taq polymerase, 0.1% 

DEPC-H2O and 2 μL cDNA template. The reactions were performed in a Master-cycler Personal 

(Eppendorf) according to the following protocol: 95 °C for 5 min, 30 cycles of 95 °C for 1 min, 58 

°C for 30 s, and 72 °C for 1 min. The amplified products were separated on 1.2% agarose gel, and 

photographed using a Gel Doc 2000 Imager System. 

RNA stability assay

SiHa cells were seeded in 6-well plate (2 × 105/well) and incubated for 24 h at 37 oC in a 

humidified atmosphere with 5% CO2. The cells were incubated in the presence of 5 μg/mL 

Actinomycin D or 5 μg/mL Actinomycin D plus 2.5 μM a9. Total RNA was extracted according 

to the protocol supplied by the Takara Company at the indicated time points following the 
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addition of Actinomycin D. The reverse transcription and PCR process were performed using 

normal RT-PCR methods. The transcript turnover rates were then calculated based on non-linear 

fitting one phase exponential decay curves using GraphPad Prism software, and were generally 

expressed as times to 50% mRNA decay for each experiment. 

Western blot

After SiHa cells were taken board for each well of 2 × 105 and then treated with different 

concentrations of a9 and a26 for 24 h, the cells harvested from each well of culture plates were 

lysed in 200 μL of protein extraction buffer consisting of 1 mM PMSF for 30 min. The suspension 

was centrifuged at 10,000 rpm at 4 °C for 15 min, and the protein content of supernatant was 

measured by using BCA assay. The same amount of protein for each sample was loaded onto 8% 

polyacrylamide gel, and then transferred to a microporous polyvinylidene difluoride (PVDF) 

membrane. Western blotting was performed by using anti-c-MYC and anti-β-actin (cell signaling 

technology) antibodies, as well as horseradish peroxidase-conjugated anti-rabbit secondary 

antibody. Protein bands were visualized by using chemiluminescence substrate. 

Colony formation assay

SiHa cells were subsequently seeded in 6-well culture plates (500/well) for a 24 h pre-culture at 

37 oC in a humidified atmosphere with 5% CO2, and then treated with a9 at different 

concentrations for 9 days. The cells were washed with 1 × PBS and fixed with ice cold methanol 

for 10 min, followed by the addition of 0.5% crystal violet solution for 30 min to observe the 
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colony formation. Finally, the plates were washed with water, dried and photographed. 

Annexin V-FITC apoptosis detection

SiHa cells were seeded in 6-well plate (2 × 105/well) and incubated for 24 h at 37 oC in a 

humidified atmosphere with 5% CO2. After incubated in the presence of different concentrations 

of a9 and the control group was administered the same volume of DMSO for 24 h, the SiHa cells 

were washed with PBS, centrifuged and re-suspended in Annexin V-FITC solution for 15 min at 

room temperature in dark. After centrifuged for 5 min, the cells were then re-suspended in 

Annexin V-FITC solution and mixed with PI staining solution for 10 min at 2-5 oC in dark. Then, 

the cells were analyzed by using flow cytometry with an Epics Elite flow cytometer (Beckman 

Coulter, USA).

Cell cycle analysis

SiHa cells were seeded in 6-well plate (2 × 105/well) and incubated for 24 h at 37 oC in a 

humidified atmosphere with 5% CO2. After incubated in the presence of different concentrations 

of a9 and the control group was administered the same volume of DMSO for 24 h, the SiHa cells 

were then washed in PBS. The cells were harvested and fixed in ice cold 70% ethanol overnight. 

The cells were centrifuged and re-suspended in 1 mL of PBS containing 20 μg/mL of RNase A at 

37 °C for 30 min. The cells were then incubated with the DNA staining solution PI solution, and 

flow cytometry analysis was carried out using an Epics Elite flow cytometry (Beckman Coulter, 

Epics XL) measured at 488 nm. The data were analyzed by using EXPO32 ADC analysis 
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software. 

Evaluation of in vivo anti-tumor activity

BALB/c female nude mice were obtained from the laboratory animal center of Sun Yat-sen 

University. All procedures were approved by the Animal Care and Use Committee of Sun Yat-sen 

University and conformed to the legal mandates and national guidelines for the care and 

maintenance of laboratory animals. SiHa cells were harvested, pelleted through centrifugation at 

1,000 rpm for 5 min, and resuspended in sterile serum-free medium without EDTA. The cells 

(1×107 in 100 μL) were then subcutaneously implanted into the underarm regions of five mice. 

After the tumors grew to almost 1,000 mm3, the tumor tissues were removed and divided. Then, 

the divided tissues were implanted into the underarm of 18 mice. These mice were separated into 

three groups: negative control, a9-treated, and positive control (cisplatin-treated). a9, cisplatin, 

and saline were administered by ip injection to athymic nude mice with human tumor xenografts 

established using SiHa cervical cancer cells. Mice were injected ip once two days for 18 days. The 

positive control group received cisplatin at a dose of 0.2 mg/kg, and a9 was similarly administered 

to mice at a dose of 15 mg/kg. After treatment of the animals for 18 days, the animals were 

sacrificed, and organs of the mice were collected and weighed. 

ASSOCIATED CONTENT

Supporting Information

Additional experimental results, 1H and 13C NMR spectra, and HRMS spectra, as well as HPLC 
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data for final compounds (PDF) are available free of charge via the Internet at http://pubs.acs.org.

Molecular Formula Strings (CSV).

C-myc promoter G-quadruplex (PDB ID: 2L7V) or a model tetrameric i-motif (PDB ID: 1YBL) 

in complex with docking pose of compound a9 (PDB): author will release the atomic coordinates 

upon article publication.
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element III1; SPR, surface plasmon resonance. 
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