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a b s t r a c t

The trisubstituted acridine compound BRACO-19 has been developed as a ligand for

stabilising G-quadruplex structures. It is shown here that BRACO-19 produces short- and

long-term growth arrest in cancer cell lines, and is significantly less potent in a normal cell

line. BRACO-19 reduces telomerase activity and long-term telomere length attrition is

observed. It is also shown that BRACO-19 binds to telomeric single-stranded overhang

DNA, consistent with quadruplex formation, and the single-stranded protein hPOT1 has

been shown to be displaced from the overhang in vitro and in cellular experiments. It is

concluded that the cellular activity of BRACO-19 can be ascribed both to the uncapping of 30

telomere ends and to telomere shortening that may preferentially affect cells with short

telomeres.
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1. Introduction

Telomeres are specialised nucleoproteins that protect the end

of chromosomes from recombination, degradation and end-

to-end fusions [1]. Telomeres in somatic cells progressively

shorten with each successive round of cell division until they

reach a critical length, at which point cells cease to divide and

enter the non-replicative and irreversible state of senescence.

In somatic cells, telomeres can range from 15 to >20 kb in

length. By contrast, telomeres are significantly shorter and are

maintained at a constant length in cancer cells [2,3], in most

cancer cell types by telomerase, a ribonucleoprotein complex

[4,5], allowing indefinite proliferative potential. The catalytic

subunit of this enzyme, hTERT, adds repeats of TTAGGG to the

ends of human chromosomes using a template on a separate

RNA domain (hTR). While telomerase is not an oncogene,

transfection of hTERT into normal epithelial or endothelial
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cells with SV40 antigen and N-ras oncogene permits cells to

bypass senescence and acquire tumorigenicity, supporting its

pivotal role in cancer development [6,7]. A number of studies

have demonstrated that inhibition of telomerase in cancer

cells leads to senescence and apoptosis [8–11]. One approach

to achieve this targets the telomerase RNA template directly

with oligonucleotides that inhibit recognition of the extreme

30-end nucleotides of the telomere, the initial step in

telomerase processing; an oligonucleotide to achieve this,

GRN163L, is currently in clinical trial [12]. Clinical trials with

vaccines using antigenic peptides against telomerase are also

underway [13].

In vertebrates, telomeres consist of tandem repeats of

guanine (G) rich duplex DNA sequences of 50-TTAGGG-30,

where the 30-end extends to form a single-stranded overhang

of 150–250 nt [14–16]. This overhang can form a higher-order

DNA G-quadruplex structure under appropriate conditions,
.
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Fig. 1 – Structure of BRACO-19 as the salt, showing sites of

protonation under physiological conditions.
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although in cellular conditions binding of the single-strand

binding protein hPOT1 normally inhibits quadruplex forma-

tion [17]. Formation of intramolecular quadruplex structures

halts the synthesis of further telomeric DNA repeats since the

30-end can no longer be recognised by the hTR RNA template of

the telomerase complex [18,19]. Quadruplex formation can be

induced by appropriate quadruplex-binding ligands, which

thus indirectly inhibit telomerase function [20]. A large

number of such ligands have been subsequently reported,

mostly based on a core of a polycyclic aromatic system

together with cationic side-chains that stabilise G-quadruplex

structures [21–24]. There is extensive data on the interactions

of these compounds with G-quadruplexes [25–37], and a

rapidly-growing number of reports of their cellular behaviour

[38–46]. Their effects as Telomere Targeting Agents (TTAs),

hindering telomere elongation and maintenance, lead to

telomere shortening, senescence and cell death. TTAs are

thus currently being explored as a new type of molecularly

targeted anticancer agent.

Our goal is the development of the TTA concept into

clinically-useable agents. To that end we designed a series of

3,6,9 trisubstituted acridine-based TTA molecules using

structure-based drug design [47], and have developed struc-

ture–activity relationships for derivatives with a wide range of

substituents [48,49]. A lead compound, BRACO-19 (Fig. 1), has

been previously shown to produce cell growth arrest, end-to-

end chromosomal fusions [50], and anticancer activity in

tumour xenografts [51,52]. We report here on a mechanistic

study of the cellular effects of BRACO-19, using a series of

short- and long-term growth inhibition studies in a range of

human cancer cell lines to probe the underlying mechanisms

of action of BRACO-19.
2. Materials and methods

2.1. Preparation of compounds

The TTA compound BRACO-19 was synthesized in-house

using previously published procedures [47–49], and was

judged to be analytically pure as the free base and kept at

�20 8C. 10 mM stock solutions were prepared in dimethyl-

sulphoxide (DMSO, Sigma) and kept at 4 8C. On the day of an

experiment, stock solutions were diluted to a 1 mM working

concentration in filtered sterilized deionised water and 1%

HCl.

2.2. Cell lines

Human cancer cell lines, breast (MCF7), lung (A549), ovarian

(A2780), prostate (DU145), colon (HT-29), HGC-27 (gastric) and

A2780 (ovarian) and two normal human lung fibroblast lines

(IMR90 and WI-38) were purchased from American Type Cell

Culture (ATCC). All cell lines except HGC27 and WI38 were

maintained in Dulbecco’s Modified Eagles Media containing

10% foetal bovine serum (Invitrogen, UK), 0.5 mg/ml hydro-

cortisone (Acros Chemicals, Loughborough, UK), 2 mM L-

glutamine (Invitrogen, Netherlands), and non-essential amino

acids 1� (Invitrogen, Netherlands), and incubated at 37 8C, 5%

CO2. MCF7, A549 and IMR90 cell lines were routinely passaged
at 1:6 and DU145 and A2780 at 1:20 twice a week. The WI38 and

HGC27 lines were maintained in minimum essential medium,

prepared as above.

The sulphorhodamine B (SRB) short-term cytotoxicity

assay was performed on all cell lines. Long-term growth

inhibition studies were also carried out on MCF7, A549 and

DU145 cell lines. MCF7 and A549 cells lines were used for

studies of senescence and apoptosis induction, and the former

was used for subsequent detailed mode of action studies.

2.3. Sulphorhodamine B short-term cytotoxicity assay

Short-term growth inhibition was measured using the SRB

assay as described previously [49]. Briefly, cells were seeded

(4000 cells/wells) into the wells of 96 well-plates in DMEM and

incubated overnight as before to allow the cells to attach.

Subsequently cells were exposed to freshly-made solutions of

BRACO-19 at increasing concentrations of 0, 0.1, 1, 5 and 25 mM

in quadruplicate and incubated for a further 96 h. Following

this the cells were fixed with ice cold trichloaceticacid (TCA)

(10%, w/v) for 30 min and stained with 0.4% SRB dissolved in

1% acetic acid for 15 min. All incubations were carried out at

room temperature. The IC50 value, concentration required to

inhibit cell growth by 50%, was determined from the mean

absorbance at 540 nm for each drug concentration expressed

as a percentage of the control untreated well absorbance.

2.4. Telomerase repeat amplification protocol

Inhibition of telomerase activity following long-term exposure

to BRACO19 was measured using the telomerase repeat

amplification protocol (TRAP) assay. Protein (500 ng) from

MCF7 cells treated for 2 weeks with BRACO19 was incubated

with TS primer (0.1 mg, 50-AATCCG TCG AGC AGA GTT-30) at

30 8C for 10 min to enable elongation of primer by telomerase.
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Following this the elongated products were amplified using

ACX primer (1 mM, 50-GCG CGG [CTTACC]3 CTA ACC-30) at 92 8C

(33 cycles of 92 8C for 30 s, 55 8C for 30 s, 72 8C for 45 s). Both TS

and ACX primers were purchased from Invitrogen. The PCR

products were resolved on a 10% polyacrylamide gels, stained

with SYBR green (Sigma) and quantified using gel scanner and

gene tool software (Sygene, Cambridge, UK). The EC50 values,

concentration of ligand required to inhibit 50% of telomerase

activity was calculated.

2.5. Long-term growth inhibition studies

1 � 105 cells were seeded in 75 cm2 tissue culture flasks and

exposed to sub-cytotoxic concentrations of BRACO-19. The

concentrations were chosen according to individual IC50

values as determined in the SRB assay. Cells were grown in

a final volume of 10 ml DMEM and incubated as described

previously. Cells were exposed to BRACO-19 twice a week by

replacing with fresh media containing drug on day 3. On day 7

media was removed and cells were washed with PBS once and

trypsinised using 3 ml of trypsin. Cells were then pelleted and

resuspended in 10 ml of DMEM and viability was determined

with a haemocytometer. From this 1 � 105 cells were reseeded

and experiment was continued as described before. The

remaining cells were centrifuged and stored at �80 8C for

further analysis.

2.6. Effects on DNA, RNA and protein synthesis

The effects of BRACO-19 on DNA, RNA and protein synthesis

were measured by 24 h labelling of cells with either 3H-

thymidine, 3H-uridine or 3H-leucine, respectively. [Methyl-3H]

thymidine (3.03 Tbq/mmol), [5,6-3H] uridine (1.6 TBq/mmol)

and L-[4,5-3H] leucine (5.62 TBq/mmol) were purchased from

Amersham Biosciences. Cells were seeded at a density of

105 cells/cm2 in 25 cm2 flask in 5 ml DMEM and incubated

overnight. Following this the medium was removed and

replaced with medium containing 0, 1, 2, 5, 7.5 and10 mM

BRACO-19 and 37 KBq (1 mCi) of tritiated precursor and

incubated for further 4 h. For each treatment and precursor,

experiments were set up in quadruplicates. At the end of

incubation, one flask from each treatment point was taken

and trypsinised as described before and viability was

determined.

For the measurement of tritium incorporation, cells were

washed in PBS, three times and incubated with 5 ml of cold

thymidine, uridine or leucine appropriately at room tempera-

ture for 5 min to remove any non-specific binding. Cells were

washed again in PBS, three times and treated with 2 ml of 10%

TCA (w/v) for 5 min to remove acid soluble radioactivity.

Samples were then digested overnight in 2 ml of 0.5 M NaOH at

37 8C. The radioactivity of samples was determined by

scintillation counting.

2.7. Interaction with the telomeric DNA single-strand
overhang

Interaction of BRACO-19 with the telomeric overhang was

measured using g-32P-ATP labelled 21C oligonucleotide com-

plementary to the overhang. Aliquots of 2 mg undigested
genomic DNA were hybridized with 0.5 pmol of g-32P-ATP

labelled oligonucleotide in potassium buffer overnight at

50 8C. The reaction was stopped by the addition of 6 ml of

loading buffer. Samples were separated on 0.8% agarose gel in

1� TBE buffer containing ethidium bromide. Subsequently the

gel was dried on Whatman filter paper using a gel drier.

Ethidium bromide fluorescence and radioactivity were

scanned with a phosphorimager. Results are expressed as

relative hybridisation signal normalised to ethidium bromide

signal.

2.8. Telomere length analysis

Telomere lengths in cells treated with BRACO-19 were

measured using restricted genomic DNA (2 mg) and 0.5 pmol

of g-32P-ATP labelled oligonucleotide as described previously

with slight modifications [53]. Genomic DNA was digested

overnight with Rsa1 and Hinf1 (1.5 units each) overnight at

37 8C in the presence of g-32P-ATP labelled oligonucleotide.

The reaction was stopped by the addition of 6 ml of loading

buffer. Samples were separated on an 0.7% agarose gel

containing ethidium bromide in 1� TBE buffer at 115 V for

2 h and 30 min along with a 35S labelled DNA molecular weight

marker (Amersham Biosciences). Subsequently the gel was

dried on Whatman filter paper using a gel drier and exposed to

X-ray film overnight before visualizing with a phosphorima-

ger.

2.9. Electrophoretic mobility gel shift assay (EMSA)

hPOT1 protein was prepared with the TnT Coupled Transcrip-

tion/Translation system (Promega) using the pET22bPOT1

vector. Oligonucleotides were labelled at the 50-end with T4

polynucleotide kinase (New England Biolabs) and [g-32P]ATP

(3000 Ci/mmol, Amersham) and gel purified. The binding

reactions were performed in 20 ml of the following buffer:

50 mM Tris–HCl (pH 8.0), 100 mM KCl, 2 mM MgCl2, 10%

glycerol, 0.1% NP40, 20 nM labelled TEL1 probe in the presence

of hPOT1 (2 mg). The SACC1 oligonucleotide (250 nM) and

salmon sperm DNA (50 mg/ml) were also added as competitors.

BRACO-19 was added at room temperature 15 min before the

protein. Then, the protein was added and binding was

performed for 15 min at room temperature. Reaction products

were separated by electrophoresis in 6% non-denaturing

polyacrylamide gels in 0.25� Tris borate EDTA buffer. The

gels were run at 180 V for 1.5 h, dried on Whatman DE81 paper

at 80 8C and visualized by a Phosphorimager (Typhoon 9210,

Amersham).

Oligonucleotides used were as follows: TEL1 50-TAA-

CCCTAACCCTAAGCGAATTCGTCATGCGAATTCGCTTAGGGTT-

AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG-30 SACC1 50-

ACTGTCGTACTTGATATGTGGGTGTGTGTGGG-30.

2.10. Immunofluorescence

For immunofluorescence microscopy, HT1080-GFPPOT1 cells

plated on glass cover slips were permeabilized in 0.5% Triton

X-100/PBS and fixed with 3% paraformaldehyde. Cells were

then washed twice in PBS and treated with permeabilization

buffer (20 mM Tris–HCl (pH 8.0), 50 mM NaCl, 3 mM MgCl2,



Table 1 – Short-term cytotoxicity in terms of growth
inhibitory concentrations for BRACO-19 in a panel of
cancer and normal fibroblast (IMR90 and WI-38) cell lines

Cell line Short-term cytotoxicity (mM)

MCF7 2.5

Fig. 2 – (a) Long-term growth inhibition of MCF7 cells exposed to various concentrations of BRACO-19 for 2 weeks in culture.

Results are average population doublings of three experiments W S.E.M. (b) Telomere restriction fragments of A2780 cells

exposed to 0 and 2 mM BRACO-19 for up to 5 weeks. Lanes 1 and 2 are from untreated cells at week one and week five,

respectively; lanes 3 and 4 are from cells treated with 2 mM BRACO-19 at week one and week five, respectively; M represents

a DNA molecular weight marker. (c) Effects of various concentrations of BRACO-19 on DNA, RNA and protein syntheses and

viability of MCF7 cells treated for 4 h following labelling with tritiated precursors. All data points are calculated as a

percentage of untreated cells.
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300 mM sucrose and 0.5% Triton X-100), washed twice with

PBS followed by antibody staining with 1 ng/ml for TRF2 4A794

mouse monoclonal (Upstate Biotechnology) in 0.5% Triton X-

100/PBS. The nuclear DNA was stained with 1 mM of Hoechst.

Secondary antibodies raised against mouse were labelled with

Alexa 568 (molecular probes).

For experiments on living cells, EcR293GFP-hPOT1 cells

were plated on glass cover slips in complete media supple-

mented with 0.1 mM of Hoechst 33342. GFP and Hoechst

fluorescence were recorded on a heated stage (37 8C) and CO2

chamber of an Axiovert 200 M inverted microscope (Carl Zeiss,

Oberkochen, Germany).
A549 2.4

DU145 2.3

HT-29 2.7

HGC-27 2.6

A2780 2.5

WI-38 10.7

IMR90 >25
3. Results

BRACO-19 showed optimal growth inhibitory activity in long-

term culture at sub-cytotoxic concentrations in all cancer cell

lines while showing selectivity between cancerous versus the
normal fibroblast cell lines IMR90 and WI-38, as revealed by

short-term exposure experiments (Table 1). Fig. 2(a) shows a

typical series of population growth curves, with progressive

decreases in the rate of population doubling until a threshold

is reached, at which point growth is inhibited almost from the



Fig. 3 – Changes in activity of telomerase in MCF7 cells

treated with BRACO-19 for a period of 2 weeks, measured

using the TRAP assay with 500 ng of telomerase protein

extract. (a) The TRAP assay gels. Lanes 1–4 are for vehicle

control at weeks 1–4. Lanes 5–8 are for cells administered

BRACO-19, and evaluated in the assay at weeks 1–4,

respectively. Lane 9 shows a negative control. (b) Enzyme

activity is represented as the percentage of untreated

sample at time zero, with samples taken immediately after

the addition of appropriate concentrations of BRACO-19.

Fig. 4 – Interference of BRACO-19 with the telomeric single-

stranded overhang in vitro. (i) Overhang signal and

corresponding ethidium bromide staining for DNA

quantification. (ii) Overhang signal presented as a ratio of

overhang signal:DNA, and normalised as a percentage of

sample containing BRACO-19.
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outset of the experiment. Affected cells at this sub-lethal

concentration of BRACO-19 (<IC50 value) are not killed; instead

they are apparently initially quiescent and non-replicating.

Telomere shortening, of ca 2 kb, was detected in A2780 cells

following a 5-week exposure to BRACO-19 (Fig. 2(b)). This

corresponds to an average loss of ca 57 nt per day for this cell

line, which has a 24 h doubling time. The small difference in

telomere length between treated and untreated cells after 1

week (lanes 1 and 3) is well within the margin of error for

telomere length measurements, and we do not consider it to

be significant.

Effects on nucleic acid and protein synthesis were

evaluated following short-term exposure of MCF7 cells to

BRACO-19. Fig. 2(c) shows that changes (notably on DNA and

RNA synthesis) were only evident at higher drug concentra-

tions, greater than 2 mM.
3.1. Effects on telomerase and telomeres

Protein extracts from MCF7 cells treated with BRACO-19 for up

to 2 weeks were used to measure telomerase activity using the

TRAP assay. This showed that telomerase activity was

inhibited by a total of 65% at the end of the 2-week treatment

at a 1 mM BRACO-19 concentration compared to the untreated

samples (Fig. 3). The inhibition appears to be dose-dependent,

so that at the lower 0.5 mM BRACO-19 concentration, there is

no significant difference at the end of week two in the level of

inhibition compared to untreated samples.

Binding and interference of BRACO-19 at the telomeric

single-strand overhang was examined in vitro by solution

hybridisation studies with 32P-ATP labelled oligonucleotide

complementary to the telomeric overhang sequence. DNA

extracted from MCF7 cells were incubated overnight with

varying concentrations of BRACO-19 and labelled with the

oligonucleotide. The data shows a dose-dependent reduction

in the overhang signal, indicating that BRACO-19 competes

with the oligonucleotide probe and therefore binds to the

telomeric overhang (Fig. 4). The maximum reduction in the

overhang signal was approximately 35% of the control.

3.2. Effects on hPOT1 binding

The effect of BRACO-19 on hPOT1 binding to the TEL1

oligonucleotide, which serves as a reconstituted model for

the double-stranded telomere with a short telomeric 30

overhang, was evaluated by EMSA. Two specific complexes

of hPOT1 with the single-stranded extension of TEL1 were

detected in the absence of the ligand (Fig. 5(a), see (*) and (**)

bands). In the presence of BRACO-19 (2–10 mM), a dose-

dependent reduction of the intensity of the signal of the

upper complex (*) was observed, while no effect of the ligand
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was seen onto the lower complex (**). Quantification indicated

that the upper complex (*) is decreased to 45%, in the presence

of 10 mM BRACO-19 (Fig. 5(a)ii). These data suggest that the

formation of the complex with the lower mobility is

preferentially inhibited by the presence of BRACO-19, in

agreement with the results obtained for another G-quadruplex

ligand, telomestatin [54].
Fig. 5 – The inhibition of POT1 binding to telomeric sequences b

protein (2 mg) on TEL1 oligonucleotide. POT1 forms two specific

(+pET22b). The addition of BRACO-19 or telomestatin (2–10 mM)

migration of the free TEL1 probe is indicated by an arrow. (ii) Q

POT1-TEL1 upper (*) and lower (**) complexes. Results are expre

GFP-POT1 localization at telomeres in EcR293 and HT1080 cells. (

GFP-POT1. Fluorescence for GFP-POT1 (green) and Hoechst (blue

induced by BRACO-19 (2 mM, 48 h) in EcR293 cells. (c) Effect of B

treated for 48 and 72 h. Fluorescence for GFP-POT1 (green), TRF2

cells. GFP-POT1 colocalizes with TRF2 signal in control HT1080 c

normal telomeric sites of GFP-POT1 fluorescence in an importan

fluorescence. Some figures of a marked nucleolar accumulation

HT1080 cells together with the marked GFP-POT1 telomeric dec

figure legend, the reader is referred to the web version of the a
To examine the effect of BRACO-19 on the binding of hPOT1

to telomeres in cultured cells, an immortalized EcR293 cell line

expressing GFP-hPOT1 was used. In this cell line, the GFP-

hPOT1 has been shown to colocalize with TRF2 and induces

telomere length elongation [54]. Microscopic examination of

living EcR293GFP-hPOT1 cells treated with BRACO-19 (2 mM)

for 48 h indicated a decrease in nuclear GFP-hPOT1 staining in
y BRACO-19. (a): (i) EMSA assay of in vitro translated hPOT1

complexes (*, **) with TEL1 as compared to control vector

decreases the formation of the POT1/TEL1 complexes. The

uantification of the BRACO-19 and telomestatin effect on

ssed relative to untreated control. (b) BRACO-19 alters the

i) Effect of BRACO-19 (2 mM) in living EcR293 cells for 48 h on

) were merged. (ii) A figure showing anaphase bridges

RACO-19 (10 mM) on GFP-POT1 and TRF2 in HT1080 cells

(red), Hoechst (blue) and merge were determined on fixed

ells. BRACO-19 treatment induced a marked decrease of the

t fraction of the cell population but does not modify TRF2

of GFP-POT1 (arrowheads) are also observed in treated

rease. (For interpretation of the references to colour in this

rticle.)



Fig. 5. (Continued ).
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treated cells (Fig. 5(b)). However, the presence of remaining

GFP-hPOT1 telomeric foci suggests that BRACO-19 induces

only partial (i.e. incomplete) blocking of GFP-hPOT1 telomeric

localization. The presence of anaphase bridges was observed

at this ligand concentration, suggesting that the moderate

effect to displace GFP-hPOT1 is associated with telomere

uncapping activity of BRACO-19 (Fig. 5(b)ii).

These experiments have also been performed using the

tumour cell line HT1080 transfected by GFP-hPOT1. We have

determined in parallel to the effect on GFP-hPOT1 whether the

telomeric localization of TRF2 is also modified by BRACO-19,

by using a specific antibody to this protein. We used in these

experiments BRACO-19 at 1 and 10 mM, that induces 18 and

55% cell growth inhibition, respectively, for 4 days of

treatment. Microscopic examination of treated cells for GFP-

hPOT1 and TRF2 fluorescence reveals that BRACO-19 (10 mM

for 48 and 72 h) decreases the GFP-hPOT1 signal in a fraction

(about 50%) of the treated cell population (Fig. 5(c)) by >50%.

Interestingly, the TRF2 signal is not modified in these treated

cells, indicating that BRACO-19 does not alter whole telomere

integrity. In some of the treated cells, we observed a marked

GFP-hPOT1 nucleolar accumulation that parallels the

decreased telomeric staining of GFP-hPOT1 (Fig. 5(c)). At this

BRACO-19 concentration (10 mM), the presence of anaphase

bridges was observed during mitosis, indicating that hPOT1

delocalization is associated with telomere uncapping.
At lower ligand concentration (1 mM), the decrease of the

GFP-hPOT1 signal is very faint and is only observed at few

telomeric sites, as indicated by the presence of the TRF2 foci

without GFP-hPOT1 (result not shown). Altogether these

results indicate that BRACO-19 impairs the binding of hPOT1

in a fraction of the HT1080 cell population but does not alter

the TRF2 signal.
4. Discussion

We have previously demonstrated that the G-quadruplex

stabilising compound, the 3,6,9-trisubstituted acridine

BRACO-19, is a potent telomerase inhibitor in vitro [47–49],

that it produces senescence in several cancer cell lines [50],

and that it has in vivo anticancer activity both as a single agent

[51] and in combination with taxol [52]. We show here that

BRACO-19 produces cellular growth arrest in a number of

cancer cell lines following long-term exposure at sub-

cytotoxic exposure, which is accompanied by a time-depen-

dent decrease in telomerase enzymatic activity. This extends

previous observations, which have just been at a single-time-

point [47–49], and further supports the concept that inducing

the telomeric DNA single-stranded overhang substrate to fold

into a G-quadruplex results in telomerase inhibition [18,20].

The observation that the inhibition is only partial, is



Fig. 6 – Schematic representation of the possible telomere-associated pathways through which BRACO-19 produces cell

growth arrest and apoptosis in cancer cells.
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consistent with the other findings reported here, that BRACO-

19 is�100% effective in competing with the hPOT1 protein for

the overhang, which serves to disrupt G-quadruplex forma-

tion [17]. Telomere length decreases in the A2780 ovarian

cancer cell line, after extended exposure, in accord with

previous observations of shortening in the UXF1138 vulval

carcinoma cell line [51], albeit with an apparently differing rate

of telomere loss. These differences in sensitivity against

different cell lines may indicate the diversity and the

characteristics of the cell lines and their different origins, as

well as possible differences in telomere accessibility. We also

note that the cellular effects take place at concentrations

significantly lower than those required to produce changes in

global nucleic acid or protein synthesis, which is strongly

suggestive of a non-cytotoxic mechanism of action. In general,

potency is lower in the normal fibroblast lines IMR-90 and WI-

38 than in the tumour lines, indicative of selective effects in

the latter.

Senescence produced by BRACO-19 has been previously

shown [50] to be accompanied by up-regulation of p21, a

molecular marker of senescence, which is apparent after one-

week treatment. Similar short-term effects have been noted

with a range of G-quadruplex ligands [28,30,45,46] and

contrast with the long-term senescence expected only when

telomere shortening has reached a critically low point. It may

be that a sub-set of the total cell population have critically

short telomeres (as suggested by the presence of a short

telomere region in the Southern blot gels), and that as a

consequence these can rapidly be shortened to the point of

senescence onset [55].

It is also feasible that G-quartet formation at the single-

stranded overhang uncaps telomerase and hPOT1 from

physical association with the 30-end [54,56], which is known

to rapidly induce senescence [57,58] and the induction of a

DNA damage response [59–61]. Signals initiated by telomere

dysfunction are similar to those initiated due to double-strand

DNA breaks, and they are typically mediated by the DNA

damage response mediated ATM/ATR-p53–p21 pathway [62].
We suggest that both uncapping and the more classical

telomere-shortening are pathways to selective cancer cell

apoptosis that are activated by BRACO-19 (Fig. 6). Alterations

in telomere capping status have also been suggested to occur

in cells treated with the polycyclic acridinium compound

RHPS4 [45].

Binding of BRACO-19 to the telomeric 30 overhang to

stabilise quadruplex structures in vitro was confirmed by the

solution hybridisation of radio-labelled C-rich oligonucleotide

complementary to the 30 single-stranded telomeric DNA

overhang. Analogous results have been previously reported

for other G-quadruplex ligands such as Telomestatin [62] and

the pyridine dicarboxamide compound 3H-360A [63], suggest-

ing that the phenomenon is not restricted to a particular

chemical type. BRACO-19 is significantly less potent than

telomestatin in this assay, as well as for competition of hPOT1

binding in vitro to telomeric sequences [17]. Interestingly, the

cellular effect of BRACO-19 in the tumour cell line HT1080GFP-

POT1 appears to differ from telomestatin. This ligand

produced complete delocalization of POT1 accompanied by

a large decrease in the TRF2 signal at double-stranded

telomeric sequences [64,65], while BRACO-19 selectively

removes the GFP-POT1 signal without any effect on TRF2.

Interestingly, the effect of BRACO-19 on GFP-POT1 is related to

the formation of anaphase bridges and to the proliferation

arrest of the cell population, suggesting a relationship

between telomere dysfunction and the antiproliferative effect

of the compound. BRACO-19 has been reported [66] to be a 5.8-

fold less potent inhibitor of telomerase activity than telomes-

tatin, which concurs with its lower affinity [66] for the human

telomeric DNA quadruplex, and which provides an explana-

tion for the findings reported here, of the lower ability of

BRACO-19 to disrupt hPOT1-DNA binding in vitro and in vivo.

Evidently, though this is still sufficient to result in senescence

and selective cancer cell death.

This study has confirmed and extended previous observa-

tions [49,50] that BRACO-19 is able to bypass the phenotypic

time-lag inherent in a pure telomerase inhibitor, and is
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consistent with analogous findings in tumour xenografts [51],

that anticancer responses are not associated with any

significant time-delays after the onset of treatment. Thus

telomere targeting, in conjunction with telomerase inhibition

[67], may be a practical and viable new molecular targeting

modality for the treatment of human cancer.
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