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Abstract 

G-quadruplexes are higher-order nucleic acid structures which can form in G-rich 

telomeres and promoter regions of oncogenes. Telomeric quadruplex stabilization by 

small molecules can lead to telomere uncapping followed by DNA damage response 

and senescence, as well as chromosomal fusions leading to deregulation of mitosis 

followed by apoptosis, and down-regulation of oncogene expression. We report here on 

investigations into the mechanism of action of tetra-substituted naphthalene diimide 

(ND) ligands on the basis of cell biological data together with an NCI COMPARE study. 

We conclude that  four principal mechanisms of action are implicated for these 

compounds: a) telomere uncapping with subsequent DNA damage response and 

senescence, b) inhibition of transcription/translation of oncogenes, c) genomic instability 

though telomeric DNA end fusions, resulting in mitotic catastrophe and apoptosis and d) 

induction of chromosomal instability by telomere aggregate formation. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 27, 2012 as DOI: 10.1124/mol.112.081075

 at A
SPE

T
 Journals on A

pril 18, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #81075  
 

4 
 

 Introduction 
        

G-rich nucleotide sequences comprising repetitive short G-tracts, such as in telomeric 

DNA, diverse gene promoter regions and the 5’ untranslated regions of many mRNAs, 

may fold into G-quadruplex higher-order non-duplex structures (Burge et al., 2006). 

These can be involved in telomere maintenance or DNA damage signaling, and may act 

as molecular switches to regulate transcription and translation (Lipps & Rhodes, 2009; 

Bochman, Paeschke and Zakian, 2012).  

        G-quadruplex stabilization by small molecules has diverse cellular effects, 

depending on the target nucleic acid. It can activate a DNA damage response in cancer 

cells, indicated by DNA double strand break foci with phosphorylated histone γ-H2AX 

and chromosomal fusions in metaphase (Gomez et al., 2003; Leonetti et al., 2008; 

Pennarun et al., 2005; Burger et al., 2005; Tahara et al., 2006; Salvati et al., 2007; 

Rodriquez et al., 2008). This activates cell cycle checkpoints, growth arrest, senescence 

and apoptosis (Tauchi et al., 2003; Pennarun et al., 2005; Qi et al., 2006). The DNA 

damage response is a result of telomeric protein uncapping, notably the end-protection 

POT1 protein (Zaug et al., 2005). Small-molecule quadruplex-binding ligands inhibit 

POT1 binding to the telomeric overhang (Gomez et al., 2006a,b; Gunaratnam et al., 

2007) and may dissociate other proteins from the telomere, such as TRF2 (Karlseder et 

al., 1999; Gunaratnam et al., 2007; Tahara et al., 2006; Zhou et al., 2009). The ligand 

telomestatin displaces POT1 in both normal and cancer cells, but displaces TRF2 only 

in the latter, resulting in selective DNA damage response activation (Gomez et al., 

2006; Tahara et al., 2006). TRF2 represses ATM kinase, which is activated on 

dissociation from the complex (Rizzo et al., 2009; Denchi et al., 2007; Pennarun et al., 
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2008). Chromatin immunoprecipitation sequencing analysis of the effects of a 

quadruplex ligand on a cancer cell genome (Rodriguez et al., 2012) has shown that 

damage is not restricted to telomeres but also occurs at other gene loci. 

      Checkpoint signaling upon telomere damage can proceed in a p53-dependent or 

p16INK4a/Rb dependent manner (Feldser & Greider, 2007; Smogorzewska & de Lange, 

2002). Up-regulation of senescence-associated cyclin-dependent kinase inhibitors p21 

and p16INK4a produces chromosomal fusions in prostate cancer cells treated with the 

compound BRACO-19 (Incles et al., 2004). Treatment of leukaemia cells with 

telomestatin leads to phosphorylation of Chk2, up-regulation of p21, senescence and 

cell cycle arrest in G1 phase (Tauchi et al., 2003). Other G-quadruplex ligands, such as 

TMPyP4, cause G2/M phase arrest in MCF7 cells at sub-cytotoxic concentrations 

(Izbicka et al, 1999). Multiple effects on cell cycle progression, such as activation of S-

phase checkpoint and increase of M-phase, can also occur (Pennarun et al., 2005),as 

well as S- and G2/M phase arrest (Leonetti et al., 2004; Huang et al., 2008).  

        These cell cycle effects may depend on cell type, on individual mutations in genes 

involved in checkpoint signaling in particular cancer cell lines, the nature and 

concentration of ligand, as well as its binding mode and selectivity for particular G-

quadruplexes. Most ligands can affect telomere stability, with formation of chromosomal 

end-fusions, anaphase bridges (Capra et al., 2010) and translocations, resulting in 

mitotic catastrophe (Tauchi et al., 2003; Pennarun et al., 2005; Shimizu et al., 2005). 

Nevertheless, not only telomeric and-to-end fusions but also the re-organization of 

telomeres in 3D interphase nuclei, e.g. the formation of so-called telomeric aggregates, 

can result in chromosomal instability (Chuang et al., 2004; Louis et al., 2005), an effect 
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which possibly also plays a role in G-Quadruplex effects on the genome. Additionally, 

G-quadruplex stabilization may hinder cell cycle progression directly: DNA needs to be 

unwound for DNA synthesis in S-phase, and accordingly, stabilisation may stop S-

phase progression (Paeschke et al., 2008).  

      Several G-quadruplex ligands have been shown to decrease oncogene expression 

(reviewed by Qin & Hurley, 2008; Balasubramanian, Hurley and Neidle, 2011). In 

theory, oncogenes associated with all six hallmarks of cancer (Hanahan and Weinberg, 

2011) can be targeted with G-quadruplex ligands. G-quadruplex ligands can inhibit c-kit 

expression and activity in a c-kit-expressing gastrointestinal stromal tumor cell line 

(Bejugam et al., 2010; Gunaratnam et al., 2009; McLuckie et al., 2011). The G-

quadruplex ligand quarfloxin decreases RNA polymerase I transcription by inhibiting 

nucleolin binding to ribosomal DNA G-quadruplexes in the nucleoli (Drygin et al., 2009). 

A study of quarfloxin using the COMPARE computer program did not show any 

correlation to known compounds, suggesting a unique mechanism of action.  

       We have previously reported on a family of tetra-substituted naphthalene diimide 

(ND) ligands which show elevated G-quadruplex DNA stabilization and potent anti-

proliferative activity in a panel of cancer cell lines (Cuenca et al., 2008; Gunaratnam et 

al., 2009; Hampel et al., 2010; Gunaratnam et al., 2011; Collie et al., 2012). We report 

here on studies of the cellular mechanism of action of three selected ND compounds 

from this family with N,N'-bis(3-(4-methylpiperazine)) substituents (BMSG-SH-3 - 5: 

Figure 1). Compound BMSG-SH-3 is the particular focus of this study since previous 

xenograft studies have demonstrated in vivo anti-tumor activity against the MIA-Pa-Ca-2 

pancreatic cancer (Gunaratnam et al., 2011). It is shown here that this compound 
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induces DNA damage and senescence, may inhibit protein synthesis and initiate 

genomic instability, which has an anti-mitotic effect. A number of other ND compounds 

with G-quadruplex affinity have been described (see for example, Nadai et al., 2011; 

Doria et al., 2012a,b; Wang et al., 2012), with telomerase activity and telomere targeting 

ability in some instances. 

Materials and methods 

FRET melting temperature  

The oligonucleotide sequences were purchased from Eurogentec, UK. From a 

50 μM nucleotide stock solution, a 400 nM solution in FRET buffer (50 mM sodium 

cacodylate pH 7.4) was prepared. The nucleotide was annealed by heating the sample 

up to 90 °C for 10 min and allowing it to cool down to room temperature within 4 h. A 10 

mM stock solution of BMSG-SH-1 in deionised water was diluted to double of the 

required concentrations with FRET buffer. Each well of RT-PCR 96-well plates (MJ 

Research, Waltham, MA) was loaded with 50 μL of oligonucleotide solution and 50 μL 

of drug solution. Drug concentrations of 0.1, 0.2, 0.5, 1, 2, 5 and 10 μM were used, and 

repeated 3 times. Measurements were conducted on a DNA Opticon Engine (MJ 

Research) with excitation at 450–495 nm and detection at 515–545 nm. The 

fluorescence was read at intervals of 0.5 °C, over the range 30–100 °C. Before each 

reading the temperature was held constant for 30 s. The raw data were processed using 

Origin (Version 7.0, OriginLab Corp.). The graphs were smoothed using a 10-point 

running average and normalized. The melting temperature was obtained by determining 

the maximum of the first derivative of the smoothed melting curve. The value of ΔTm is 
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the difference in melting temperatures between that for the quadruplex in the presence 

of the drug at a certain concentration and that for the native quadruplex.  

Tissue Culture 

The human carcinoma cell lines MCF7, A549, MIA-Pa-Ca-2 (European Collection 

of Cell Cultures), and HPAC (American Type Culture Collection), were maintained in 

monolayer culture in 75 cm2 flasks (TPP, Switzerland) under a humidified 5 % CO2 

atmosphere at 37 °C. Incubations were also carried out under these conditions, unless 

specified otherwise. For the cell lines MCF7 and A549,  Dulbecco’s medium DMEM was 

used (GIBCO 21969, Invitrogen, UK) supplemented with L-glutamine (2 mM, GIBCO 

25030, Invitrogen, UK), essential amino acids (1 %, GIBCO 11140, Invitrogen, UK), 

foetal calf serum (10 %, S1810, Biosera, UK) and  hydrocortisone (0.5 μg/mL, Acros 

Organics, UK). For MIA-Pa-Ca-2, Dulbecco’s MEM, supplemented with L-glutamine (2 

mM) and foetal calf serum (10 %) was used. For HPAC, D-MEM/F12 (1:1)(21331, 

Invitrogen, UK) supplemented with L-glutamine (2 mM), insulin (0.002 mg/ml, GIBCO 

12585-014, Invitrogen, UK), transferrin (0.005 mg/ml, 11108-016, Invitrogen, UK), 

hydrocortisone (40 ng/ml), epidermal growth factor (10 ng/ml, 53003-018, Invitrogen, 

UK) and foetal calf serum (10 %) was used. To passage the cells, they were washed 

with PBS (GIBCO 14040, Invitrogen, UK), treated with trypsine (GIBCO 25300, 

Invitrogen, UK), and re-seeded into fresh medium, resulting in an initial cell density of 

approximately 1x104 cells/mL medium. Cells were counted using a Neubauer 

haemocytometer (Assistant, Germany) by microscopy or a MacsQuant flow cytometer 

(Miltenyi Biotech, Germany) on a suspension of cells obtained by washing with PBS, 
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trypsinisation, centrifugation at 8 °C at 8000 rpm for 3 minutes, and re-suspension in 

fresh medium. 

Cell uptake  

Cover glasses (16 mm diameter, thickness #1, FB58700, Fisher, UK) were 

cleaned in HCl (2 M) overnight, rinsed with deionised water and sterilized in ethanol (70 

% v/w) overnight, dried and coated with poly-lysine solution (100 μg/mL, P4832, Sigma 

Aldrich, UK) under sterile conditions. In a 6-well plate (Nunc A/S), 0.5 mL indicator-free 

medium (GIBCO 31053, Invitrogen, UK) containing 2x105 cells were placed on top of 

one dry cover glass per well. After incubation overnight leading to enhancement of the 

cells to the cover glasses, the suitable amount of a 1 mM stock solution of the drug was 

added, and the cells incubated for 30 min. The media were then removed, the cells 

washed with PBS and fixed with fresh formaldehyde solution (2 % in PBS) for 10 min at 

RT. After washing with PBS (5 x 2 mL), the cover glasses were placed face down on 

microscopy slides (631-0114, VWR international) using mounting medium (6 μL, 

Vectashield, Vector Laboratories, CA, USA). The edges of the cover glasses were 

sealed with nail varnish. Visualization was performed with a LSM 710 META confocal 

microscope (Zeiss, Germany) with a plan-apochromat 40x/1.3 Oil DIC M27 oil 

submersion lens and a 410–533 nm filter. Cell morphology was visualized by light 

microscopy, and the drug was visualized due to its fluorescence in the red light 

spectrum. 

Long-term growth inhibition  
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After counting, 3*104 cells were seeded in 10 mL of medium containing the compound 

to be tested in a 75 cm2 flask and incubated for 7 days. The cells were then harvested 

and counted. 3*104 of the cells were re-seeded, and the process was repeated for 

another week. Population doublings were calculated using the formula  

Nf = N0 2
pd 

pd = log(Nf/N0)/log2 

where N0 is the number of cells at the time of seeding (3*104), Nf is the number of cells 

at the time of counting, and pd is the number of population doublings. 

Senescence staining 

Staining for senescence-associated β-galactosidase was carried out following the 

protocol from the supplier (Cell Signaling Technology, Inc., Beverly, MA). 1x105 cells 

obtained from the long term studies were seeded in 35 mm 6-well plates (Nunc A/S) in 

2 mL medium and incubated overnight. The medium was then removed, the cells 

washed, fixed with formaldehyde (2 %) and glutaraldehyde (0.2 %) in PBS for 15 min, 

and washed twice more. 1 mL of a staining solution (citric acid/sodium phosphate (40 

mM), pH 6.0, NaCl (0.15 M), MgCl2 (2 mM), potassium ferrocyanide (5 mM), potassium 

ferricyanide (5 mM), X-gal (1 mg/mL, 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside) was added to each well. The cells were incubated overnight and 

examined by light microscopy (magnification 200 x) for the characteristic senescence-

associated blue stain. 

Flow cytometry and cell cycle analysis 
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       Flow cytometry experiments were carried out on a MACS Quant flow cytometer 

(Miltenyi Biotech, Germany) with specific MACS Quantify software. After incubation with 

the compound, cells were harvested by trypsinization and centrifuged (4 min at 8000 

rpm). Eventual floating cells in the media were also collected. Cells were washed with 

PBS and fixed with ice cold ethanol (70 %) while mixing and stored at 4 °C. The ethanol 

was removed by centrifugation (8 min at 12000 rpm) and the cells washed with PBS 

twice. The pellet was incubated with ribonuclease A solution (50 μL, 100 μg/mL, 15 min 

at RT, Sigma Aldrich, UK), and PI solution (450 μL of a 50 μg/mL solution in PBS, 

Sigma Aldrich, UK) was added to the mixture. During flow cytometric analysis, at least 

10,000 events were collected. Events on the PI channel were collected on a linear 

scale, and in a dot plot displaying PI area versus PI height, doublets, clumps and subG1 

cells were gated out. 

γ-H2AX staining 

After incubation with the compound, cells were harvested by trypsinization and 

centrifuged (4 min at 8000 rpm). Eventual floating cells in the media were also collected. 

The cells were washed with PBS and fixed with paraformaldehyde (2 % in PBS) for 

15 min at RT while mixing. 1 mL of ice cold PBS was added, and the solvent removed 

by centrifugation (8 min at 12000 rpm). The cells were permeabilized with triton x (0.1 % 

in PBS, Sigma Aldrich, UK, 1 mL) for 30 min at room temperature and washed twice 

with blocking buffer (3 % BSA, Sigma Aldrich, UK, and 0.05 % triton x in PBS). Phospho 

histone H2AX (Ser139)(20E3) rabbit mAb alexa fluor 488 conjugate (5 μL, # 9719, Cell 

Signaling, USA) was added and the cells incubated for 30 min at room temperature. 
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The cells were washed once with PBS, and analyzed by flow cytometry after re-

suspension in PBS (200 μL). At least 10 000 events were collected.  

Fluorescence in situ hybridisation (FISH) and 3D microscopy 

To investigate the telomere organization in 3D interphase cells, experiments 

were performed on the HaCaT-myc cell line cultured in DMEM with 10 % FCS and 1 % 

Penicillin/Streptomycin, and grown on cover slips. The cells were either treated with the 

ligand or for control purposes incubated only with solvent HCl. Additionally, an extra set 

of treated and untreated cells were exposed to 50 J/m2 UV-C light. In all cases the cells 

were fixed 48 hours post-treatment. 

To visualize the telomeres in the cells, 3D FISH, applying a telomere specific, 

CY3-labeled PNA probe, was performed. Therefore, the slides were fixed with 3.7 % 

formaldehyde for 10 min and then washed once in PBS/ 0.1 % glycine followed by 12 

minutes PBS/0.2 % triton x 100 and two times for 5 min in PBS. Afterwards, the slides 

were dehydrated with 70 %, 85 % and 100 % ethanol and air-dried. For hybridization, a 

CY3 labelled telomeric PNA probe (DAKO) was applied to the slides and co-denatured 

for 3 minutes at 80 °C. Hybridization took place for two hours at 30 °C. The slides were 

then washed twice for 15 min in 70 % formamide/10 mM Tris base, 1 minute in PBS and 

5 minutes in 0.1 x SSC at 55 °C. The slides were subsequently washed twice for 5 min 

in PBS/0.05 % tween 20 and mounted with 20 μL Vectashield containing 500 ng/ml 

DAPI. 

After FISH, the slides were examined with an Axioplan 2 microscope (Zeiss, 

Germany), equipped with appropriate filter sets, an HRM CCD camera (Zeiss) and an 

automated z-stage with a 63 x oil objective lense. For each region of interest 100 
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pictures for each fluorescent filter with 0.2 μm distance in Z between the pictures. For 

each experiment at least 100 cells were examined. Deconvolution was performed using 

the nearest neighbour algorithm and visually examined in 3D for telomere organization.  

All telomeres within each cell were inspected for the formation of double, triple, 

more than triple telomere associations or the formation of telomeric aggregates. In 

cases of telomeric aggregate formation, the number of telomeres involved in this 

abnormal formation cannot be determined and clearly disturbs the even and random 

distribution of telomeres through the 3D interphase nucleus.  

Results 

Quadruplex binding 

     FRET melting temperature assays have shown that compounds BMSG-SH-3 – 5 

selectively stabilize particular G-quadruplex structures (Table 1). They have high affinity 

for the telomeric G-quadruplex sequence F21T with ΔTm values between 23.8 and 

31.7 ºC, and low affinity for the T-loop duplex DNA sequence. Additionally, the 

compounds stabilize other G-quadruplex-forming sequences such as those found in the 

promoter regions of the oncogenes c-kit and hif-1α, and in the 5’-UTR of the cell survival 

gene bcl-2. Affinity for the c-kit1 sequence is low with ΔTm values 1.5 - 4.5 ºC and 

modest for the c-kit2 sequence with ΔTm values 7.7 – 15.1 ºC. Compound BMSG-SH-3 

shows low stabilization of the bcl-2 sequence, whereas BMSG-SH-4 and -5 display high 

stabilization with ΔTm values above 20 ºC. They also show moderate affinity for the 

hif-1α sequence, with ΔTm values of 5.9 K and 4.9 ºC, respectively. 

Cellular effects 
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         Due to their fluorescent properties, compounds BMSG-SH-3 – 5 were readily 

visualized in MCF7 cells (Figure 2), albeit with considerable variations in concentration 

required. BMSG-SH-3 was visualized in the cytoplasm only after incubation at high 

concentration, 50 μM, whereas BMSG-SH-4 and -5 accumulated in the cytoplasm and 

in nucleoli after incubation at a lower concentration, 500 nM, for 30 minutes; increased 

incubation times gave similar results. BMSG-SH-3 displayed significantly less intense 

fluorescence than BMSG-SH-4 and -5 (i.e. excitation 600 nm, emission 650 – 675 nm, 

see Figure S1, Supplementary Data), which, however, increased at low pH.  

         BMSG-SH-3 was found to decrease growth of the A549, MCF7, MIA-Pa-Ca-2, and 

HPAC cancer cell lines in long-term studies, at various sub-cytotoxic concentrations 

(Figure 3). Growth of A549, MCF7, and HPAC is decreased to 88 – 50 % after 

incubation with BMSG-SH-3 for one week, whereas a decrease to 90 % in growth of 

MIA-Pa-Ca-2 cells was observed after two weeks. Cell growth of MCF7, MIA-Pa-Ca-2, 

and HPAC decreased further to up to 40 % in subsequent weeks. 

        A549 cells incubated with BMSG-SH-3 at a 200 nM concentration for two weeks 

showed senescence, in terms of flattened, enlarged morphology and positive β-

galactosidase activity (with associated senescence staining at pH 6 (Figure 4)). 

       The effects of BMSG-SH-3 on the cell cycle behavior of A549 and MIA-Pa-Ca-2 

cells were investigated by PI staining and flow cytometric analysis. At sub-cytotoxic 

concentrations, no significant effects were found (results not shown); however, at 1 μM 

concentration, BMSG-SH-3 produced G2/M phase arrest and apoptosis, manifest as an 

increased sub-G1 population (Figure 5, A3, B3). The reference compound etoposide is 

known to cause DNA damage leading to mitotic catastrophe (Tanaka et al., 2007), 
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which is shown as G2/M phase arrest after incubation at 30 μM concentration (Figure 5, 

A2, B2). 

Effects at the genome level 

Since genomic and genetic changes give rise to genomic instability, we investigated the 

effects of BMSG-SH-3 at the genome level. Here, we focused on two parameters, the 

induction of double strand breaks (DNA-damage; γ-H2AX foci) as well as telomeric 

aberrations in terms of telomere length and telomere organization. 

        DNA damage in A549 and MIA-Pa-Ca-2 cells caused by BMSG-SH-3 was 

assessed using flow cytometry (see for example, Huang and Darzynkiewicz, 2006), to 

detect γ-H2AX (Figure 6). After 14 h of incubation with BMSG-SH-3 at 1 μM 

concentration, a significant level of γ-H2AX was detected (Figure 6 B, D). The reference 

compound etoposide, a known DNA damaging agent (Tanaka et al., 2007), produced a 

large amount of γ-H2AX after incubation, at a higher concentration of 30 μM (Figure 6 

A, C).      

        Telomeres, the ends of linear chromosomes, have long been known to induce 

genomic instability via breakage-fusion-breakage cycles due to short telomeres (Cowell 

and Miller, 1983; Murnane 2006). In these cases, telomeric fusions are causative for 

chromosomal breakage and the formation of translocations and other genetic changes. 

Nevertheless, it has more recently been shown that telomeres are also causative for 

genomic changes in a telomere-length independent manner, namely by changes in the 

3D telomere organization in interphase nuclei (Mai, 2010). Here, telomeres do not fuse, 

but form telomeric associations, which can be visualized as telomeric aggregates. It has 

been shown that the offspring of cells showing TAs also show chromosomal changes, 
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which were not detected in control cells (Louis et al., 2005). Therefore, BMSG-SH-5 

was examined for its ability to induce telomere aggregation in kerationzyte-derived 

HaCaT-myc cells (Boukamp et al., 1988; Schuermann et al., 1990), which show a small 

but constant fraction of TAs (Ermler et al., 2004). Treatment of HaCaT-myc cells with 

BMSG-SH-5 (40 nM, 48 h) resulted in a significant increase of associates of three or 

more telomeres and TAs (Figure 7 A and B). Both treated and untreated cells carried 

two associated telomeres. In the untreated sample 28.8 % of cells carried naturally 

occurring associates of more than three telomeres, and 1.7 % carried TAs (Figure 7 B). 

In the sample treated with BMSG-SH-5, associates of more than three telomeres were 

found in 77.1 % of cells, and TAs in 21.1 % of cells. Additionally, the samples which had 

been investigated for telomere aggregate formation by fluorescence in situ hybridization 

had been screened for signal intensity of the telomeric signals, which is a measure for 

telomere length (see Figure 7 C). This analysis showed that HaCaT-myc cells treated 

with the ligands results in an increase in telomere length 48 hours after treatment. This 

effect is even enhanced in cells which had been exposed to the ligand and additionally 

been irradiated with 50J/m2 UV-C. Interestingly, these double treated samples did not 

show as many telomeric aggregates as the cell samples that were only UV-irradiated 

(see Figure 8). 

Compatibility with published data sets 

        Compounds BMSG-SH-3 – 5 were screened in the NCI 60 cell line panel, 

(http://www.dtp.nci.nih.gov/branches/btb/ivclsp.html) and showed activity against 

numerous cell lines, with LC50/GI50 ratios of up to 389 (see Supplementary Data). Their 

activity profiles were analyzed by the COMPARE algorithm against the NCI compound 
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database (Paull et al., 1989). BMSG-SH-3 shows significant mechanistic correlation 

with other compounds of up to 82%, whereas BMSG-SH-4 and -5 only showed high 

mechanistic correlation with each other and BMSG-SH-3, and correlations with other 

compounds were only up to 59% (Table S2 in Supplementary Data). A literature search 

revealed that correlated compounds have distinctive mechanisms of action:  

 DNA and G-quadruplex DNA binding, DNA damage 

 inhibition of transcription and DNA replication 

 inhibition of translation and protein synthesis 

 targeting of mitochondria or anti-mitotic effect  

         A COMPARE analysis with the NCI microarray dataset was also performed (Table 

S3). The genes expressed in the cell lines in which compounds BMSG-SH-3 – 5 show 

activity, encode for proteins of which several are nucleotide binding, such as zinc finger 

proteins, or involved in alternative splicing. Genes encoding for proteins involved in 

protein transport and metabolic processes are correlated with ND compound activity, as 

well as proteins involved in cytokine or DNA damage signaling. 

Discussion 

      The ability of compounds BMSG-SH-3 – 5 to stabilize telomeric G-quadruplexes has 

been demonstrated in previous studies using FRET, surface plasmon resonance and 

circular dichroism techniques (Cuenca et al., 2008; Hampel et al., 2010). They are also 

confirmed to be inhibitors of the telomerase enzyme  (Greulich-Bode, K; unpublished 

observations). The present study shows that they are able to stabilize G-quadruplexes 

in promoter regions of the oncogenes c-kit and hif-1α, as well as a quadruplex formed in 
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the mRNA of the bcl-2 gene. This gives them the potential to inhibit 

transcription/translation of these oncogenes or cell survival genes, which may have anti-

proliferative and/or anti-cancer effects. Investigation of transcription or translation 

inhibition is beyond the scope of this study, although it is notable that BMSG-SH-5 has 

previously been shown by us (Gunaratnam et al., 2011) to bind to a promoter 

quadruplex in the HSP90 gene and also to down-regulate the expression of the HSP90 

protein in BMSG-SH-5-treated pancreatic cancer tumors. 

       The accumulation of BMSG-SH-4 and -5 in nucleoli indicates interactions with 

rDNA, which may inhibit nucleolin binding, decrease the transcription of RNA 

polymerase I and decrease ribosomal protein synthesis (Drygin et al., 2009). BMSG-

SH-3 may be present in nucleoli, but its fluorescence is too weak for it to be visualized 

(see Figure S1, Supplementary Data). The cytoplasmic accumulation of BMSG-SH-3 – 

5 suggests interactions with extra-nuclear nucleic acids, such as mRNAs, ribosomal 

RNA or mitochondrial DNA. Appropriate RNA sequences may form G-quadruplexes 

more readily than DNA ones, as much RNA is single-stranded and not associated with 

chromosomal proteins. Mitochondrial DNA contains ten times more sequences that form 

putative G-quadruplexes than nuclear DNA (Capra et al., 2010). 

       BMSG-SH-3 is able to initiate senescence in cancer cells, indicated by increasing 

growth inhibition in the long term study, accompanied by an altered cell morphology and 

positive senescence-associated β-galactosidase staining of A549 cells treated with 

BMSG-SH-3 for 2 weeks. The ability of BMSG-SH-3 to uncap a telomeric DNA 

sequence from the hPOT1 protein and topoisomerase IIIα has been previously 

demonstrated in vitro (Hampel et al., 2010), so that the observed senescence is 
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consistent with it being a result of telomere uncapping through G-quadruplex 

stabilization. This is in accordance with reports on human prostate cancer cells, where 

p16-associated senescence was detected after exposure to a G-quadruplex telomere 

targeting agent (Incles et al., 2004). 

          BMSG-SH-3 initiates a DNA damage response in cancer cells, which has been 

demonstrated by the detection of γ-H2AX foci. This DNA damage signal is likely to be a 

response to telomere uncapping, which may result in telomere fusions, anaphase 

bridges and chromosomal instability due to repeating breakage fusion breakage cycles. 

Telomeric G-quadruplex targeting agents have previously been shown to produce 

chromosomal fusions (Incles et al., 2004). This indicates that ND compounds have the 

potential to promote the occurrence of telomeric end-to-end fusions and initiate 

telomere uncapping. They may additionally stabilize fused telomeres, as it has been 

proposed that telomeric ends are interconnected via G-quadruplexes (Maizels et al., 

2006). BMSG-SH-3 causes G2/M arrest and apoptosis in cancer cells, which may be 

due to such telomeric chromosomal fusions, followed by anaphase bridges promoted by 

the ligand, leading to deregulation of mitosis and mitotic catastrophe. The hypothesis of 

compound induced telomere fusions is strengthened by the increase in telomere length 

48 hours after G-quadruplex exposure. This increase can be explained by telomeric 

end-to-end fusions which result in higher signal intensities per telomeric signal.  

          Additionally and independent of the telomere length, BMSG-SH-5 induced 

changes in the 3D distribution of the telomeres in interphase nuclei. This resulted in an 

increased number of telomeric associations (double, triple and more than triple 

telomeres) and telomeric aggregates in HaCaT-myc cells. This altered telomere 
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distribution has been linked to chromosomal instability by proving that cells which 

showed telomeric aggregates revealed chromosomal aberrations several population 

doublings later in metaphase (Louis 2005; Mai 2010). This is suggestive of induction of 

genomic instability via telomere aggregate formation, by the action of BMSG-SH-5.  

     TA-formation in HaCaT-myc cells can also be induced by UV-C irradiation, where 48 

and 72 hours post-irradiation approximately twice as many cells represent TAs (see 

Figure 8). We used this knowledge to investigate whether aggregate formation is 

causative for the increase in telomere length in cells treated with BMSG-SH-5. Our 

results clearly show that the large increase in telomere length is not merely induced by 

the appearance of TAs: The number of aggregates is highest in the cells which had only 

been irradiated. Nevertheless, these cells do not show a large increase in telomere 

length. Vice versa, the ligand-treated cells show a very large increase in telomere length 

within 48 hours of irradiation compared to as non-irradiated cells, but significantly have 

lower numbers of TAs as compared to the only UV-irradiated samples.        

     Taken together, the experimental results thus suggest four principal mechanisms of 

action for these ND compounds:  

a) Telomere uncapping with subsequent DNA damage response and senescence  

b) Inhibition of transcription/translation of oncogenes  

c) Genomic instability though telomeric end fusions, resulting in mitotic catastrophe and 

apoptosis. 

d) Induction of chromosomal instability by telomere aggregate formation 
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     These four mechanisms are also found among the compounds which were 

correlated with these ND compounds in the mechanistic COMPARE study (Table S2, 

Supplementary Data). BMSG-SH-4 and -5 have high mechanistic similarity with each 

other and correlate with other compounds only up to 59 %, whereas there is a higher 

correlation for BMSG-SH-3 with compounds having the above distinctive mechanisms 

of action. This may be due to its higher selectivity for G-quadruplex over duplex DNA 

(possibly as a result of its shape and size not being compatible with duplex binding 

(Hampel et al., 2010)). A large number of DNA-binding and G-quadruplex stabilising 

compounds, such as anthracyclines, ellipticinium derivatives, and a porphyrin, were 

mechanistically correlated with the ND compounds. Both G-quadruplex stabilizing and 

classic DNA damage inducing agents have been shown to cause senescence, for 

example the anthracycline doxorubicin, which is able to induce senescence in cancer 

cells lacking p53 and p21 (Ewald et al., 2010). The COMPARE study against the 

microarray library shows that the NDs have effects on cell lines expressing proteins 

which bind to or interact with DNA, and that may be involved in damage signaling. 

Compounds inhibiting protein expression were correlated with the ND mechanisms of 

action, as well as genes encoding for protein transporters. Anti-mitotic compounds and 

other compounds which target mitochondria were also correlated with the ND 

mechanisms of action – this anti-mitotic effect may be a result of mitotic catastrophe 

due to chromosomal instability after DNA damage, or a direct effect of the compounds 

binding to mitochondrial DNA, which is indicated by the cell uptake studies finding that 

they were located in the cytoplasm.  
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       These four mechanisms of action of the ND compounds may be relevant for the 

treatment of human cancer, as the likelihood of the occurrence of resistance is lower 

when multiple mechanisms of action (which may be synergistic) are present. It may also 

be possible to use NDs for combined therapy (polytherapy) together with other 

molecular targeted cancer therapeutics, e. g. PARP inhibitors or antimitotic agents 

(Salvati et al., 2010). NDs could also be used for targeting stromal and cancer stem 

cells, due to their ability to induce DNA damage and senescence. The ND compounds 

discussed here appear to be significantly more potent anti-proliferative agents than 

others that have been previously reported (see for example, Nadai et al., 2011; Doria et 

al., 2012a,b; Wang et al., 2012), possibly as a result of their superior quadruplex-

binding ability, although detailed mechanistic studies have not as yet been reported for 

these other ND compounds.   
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Figure legends 

Figure 1: Structures of BMSG-SH-3 – 5. 

Figure 2: Cell uptake study of BMSG-SH-3 – 5 in the breast cancer cell line MCF7. 

A1: BMSG-SH-3, 50 μM, 30 min, fluorescence image. A2: Transmitted light image. 

A3: Merge of images A1 and A2. A2: BMSG-SH-4, 500 nM, 30 min, fluorescence 

image. B2: Transmitted light image. B3: Merge of images B1 and B2. C1: BMSG-

SH-5, 500 nM, 30 min, fluorescence image. C2: Transmitted light image. C3: Merge 

of images C1 and C2. D: Untreated sample, merge of fluorescence and transmitted 

light image. Scale: 50 μm. 

Figure 3: Long term growth inhibition of cancer cell lines in the presence of BMSG-

SH-3. A: A549 cells. B: MCF7 cells. C: MIA-Pa-Ca-2 cells. D: HPAC cells. 

Figure 4: Senescence staining of A549 cells, incubated with BMSG-SH-3 (200 nM) 

for 14 days. 

Figure 5: Cell cycle analysis of cancer cell lines treated with BMSG-SH-3 and 

etoposide, which is known to cause DNA damage and mitotic catastrophe. A1: A549 

cells, untreated. A2: A549 cells treated with etoposide (30 μM) for 14 h. A3: A549 

cells treated with BMSG-SH-3 (1 μM) for 14 h. B1: MIA-Pa-Ca-2 cells, untreated. B2: 

MIA-Pa-Ca-2 cells treated with etoposide (30 μM) for 14 h. B3: MIA-Pa-Ca-2 cells 

treated with BMSG-SH-3 (1 μM) for 14 h. 

Figure 6: DNA damage in form of H2AX phosphorylation caused by BMSG-SH-3 in 

cancer cells. Colour code: Green – untreated, unstained. Blue – untreated, anti γ-
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H2AX stained. Purple – treated, unstained. Red – treated, anti γ-H2AX stained. A: 

A549 cells treated with etoposide, 30 μM, 14 h. B: A549 cells treated with BMSG-

SH-3, 1 μM, 14 h. C: MIA-Pa-Ca-2 cells treated with etoposide, 30 μM, 14 h. D: MIA-

Pa-Ca-2  cells treated with BMSG-SH-3, 1 μM, 14 h. 

Figure 7: A) pictures of single cells: 3D Fluorescence in situ hybridization of HaCaT-

myc cells applying a CY3 (red) labeled telomere-specific PNA probe (left: Cell 

showing double and triple telomeres, right: Cell showing a telomeric aggregate) B) 

Telomere association (2er, 3er, >3er) and telomere aggregates (TAs) in HaCaT-myc 

cells incubated with BMSG-SH-5 (40 nM, 48 h). C) Representation of the telomeric 

signal intensity as a measure for telomere length. Each set of blue dots represents 

the median telomere length within a single cell; the black bar indicates the mean 

telomere length within each data set. Here, the ligand concentration was 40nM and 

the cells were irradiated with 50J/m2 UV-C. 

Figure 8: Telomere aggregate analysis. The figure shows the percentage of 

telomerically aberrant cells for the differently treated cell samples. Only cells with 

>3er and TA’s are considered as “aberrant” since double and triple telomeres can 

occur also in genomically stable cells. The first number above the bars represents 

the number of cells with the respective aberration per slide and the second number 

the total number of observed cells per slide. 
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compound/ 

nucleotide 
F21T (G4 

DNA, K+) 

c-kit1 (G4 

DNA, K+) 

c-kit2 (G4 

DNA, K+) 

bcl-2 (G4 

RNA, Na+) 

hif-1α (G4 

DNA, K+) 

T-loop 

(duplex 

DNA, K+) 

BMSG-SH-3 23.8 1.5 7.7 3.8 n. a. 0.2 

BMSG-SH-4 33.0 4.5 8.4 22.5 5.9 3.8 

BMSG-SH-5 31.7 1.6 15.1 21.0 4.9 3.8 

Table 1: FRET melting temperature experiments with BMSG-SH-3 – 5 on various nucleotide sequences.  
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BMSG-SH-3: n = 5, R = N-methylpiperazine

BMSG-SH-4: n = 3, R = dimethylamine       

BMSG-SH-5: n = 3, R = pyrrolidine

Figure 1:  
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