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Telomerase is the enzyme responsible for extending G-strand telomeric DNA and represents a promising target for treatment
of neoplasia. Inhibition of telomerase can be achieved by stabilization of G-quadruplex DNA structures. Here, we characterize
the cellular effects of a novel G-quadruplex stabilizing compound, 3,6-bis(4-methyl-2-vinylpyrazinium iodine) carbazole

(BMVC4).
EXPERIMENTAL APPROACH

The cellular effects of BMVC4 were characterized in both telomerase-positive and alternative lengthening of telomeres (ALT)
cancer cells. The molecular mechanism of how BMVC4 induced senescence is also addressed.

KEY RESULTS

BMVC4-treated cancer cells showed typical senescence phenotypes. BMVC4 induced senescence in both ALT and
telomerase-overexpressing cells, suggesting that telomere shortening through telomerase inhibition might not be the cause
for senescence. A large fraction of DNA damage foci was not localized to telomeres in BMVC4-treated cells and BMVC4
suppressed c-myc expression through stabilizing the G-quadruplex structure located at its promoter. These results indicated
that the cellular targets of BMVC4 were not limited to telomeres. Further analyses showed that BMVC4 induced DNA breaks

and activation of ataxia telangiectasia-mutated mediated DNA damage response pathway.

CONCLUSIONS AND IMPLICATIONS

BMVC4, a G-quadruplex stabilizer, induced senescence by activation of pathways of response to DNA damage that was
independent of its telomerase inhibitory activity. Thus, BMVC4 has the potential to be developed as a chemotherapeutic

agent against both telomerase positive and ALT cancer cells.

Abbreviations

ALT, alternative lengthening of telomeres; ATM, ataxia telangiectasia-mutated; ATR, ATM and Rad3-related; BMVC,
3,6-bis(1-methyl-4-vinylpyridium iodide) carbazole; BMVC4, 3,6-bis(4-methyl-2-vinylpyrazinium iodide) carbazole;
hTERT, human telomerase reverse transcriptase; QFS, G-quadruplex forming sequences; SA-B-Gal, senescence-associated

(SA) B-galactosidase
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Introduction

Telomeres are the physical ends of eukaryotic chromosomes.
They protect chromosomes from degradation and end-to-end
fusions (O’Sullivan and Karlseder, 2010). Telomeric DNA con-
sists of short, simple and tandem repeats of DNA sequences
with one strand rich in guanine. For example, telomeric DNA
in vertebrates is comprised of the 6 bp sequence TTAGGG/
CCCTAA. In addition to double-stranded duplex sequences,
telomeres also have single-stranded 3’ protruding overhangs
(Makarov et al., 1997; Wright et al., 1997). These overhangs
can adopt a variety of different non-B DNA conformations in
vitro, such as intramolecular fold-backs and tetra-stranded
DNA structures through guanine rich sequences (Sen and
Gilbert, 1991). Telomerase is an RNA-dependent DNA poly-
merase that extends the telomeric TTAGGG repeats (Collins
and Mitchell, 2002). In human cells, the enzyme comprises
a high-molecular-weight complex with a RNA template
subunit hTR and protein components including the catalytic
subunit human telomerase reverse transcriptase, h"TERT.

Telomerase activity has been identified in immortalized
cell lines and in 80-90% of human cancer specimens repre-
senting a range of cancer types (Shay and Bacchetti, 1997)
and has been directly implicated in cellular immortalization
and tumorigenesis (Bodnar et al., 1998; Hahn et al., 1999a). In
most normal human cells, telomerase activity is low or not
detectable, and telomeric DNA is progressively lost at a rate of
30-120 bp with each replication cycle (Hastie et al., 1990;
Counter et al., 1992). Eventually, telomeres shorten to a criti-
cal length that leads to a growth arrest state termed replica-
tive senescence (Counter et al., 1992; Blasco etal., 1997).
Indeed, it has been proposed that telomere length could serve
as a counting mechanism for cell divisions in normal cells. In
cancer cells, however, the reactivation of telomerase is
thought to stabilize telomere length, thereby compensating
for the cell division-related telomere erosion and providing
unlimited proliferative capacity to malignant cells (Counter
et al., 1992). Inhibition of telomerase can result in telomere
shortening followed by arrest of proliferation and cell death
by apoptosis (Zhang et al., 1999; Hahn et al., 1999b). Thus,
the inhibition of telomerase in tumour cells could disrupt
telomere maintenance and return malignant cells to prolif-
erative crisis followed by senescence or cell death (Harley
et al., 1990; Counter et al., 1992).

Several strategies to inhibit telomerase activity have been
reported (Rezler ef al., 2002). These include peptide nucleic
acids and 2’-O-MeRNA oligonucleotides directed towards the
telomerase RNA template, low MW compounds that target
telomeric DNA such as cationic porphyrins, anthraquinones
and some planar aromatic chromophores, and nucleosidic
reverse transcriptase inhibitors (Hsu and Lin, 2005). A non-
nucleoside compound BIBR1532 was also reported to inhibit
telomerase non-competitively with an ICs, of ~100 nM
(Damm et al., 2001; Pascole et al., 2002). It is one of the most
potent telomerase inhibitors reported up to this time.
Another approach made the use of dominant-negative alleles
of hTERT, expression of which resulted in cell death of
telomerase-positive cancer cell lines (Zhang et al., 1999; Hahn
etal., 1999Db).

The tetra-stranded DNA structures formed by guanine rich
sequences, G-quadruplexes, have been shown to inhibit tel-
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omerase activity (Raghuraman and Cech, 1990; Zahler et al.,
1991). Thus, the G-quadruplex stabilizers have been proposed
as promising telomerase inhibitory agents (Mergny and
Helene, 1998). Indeed, a number of small molecules that bind
to and stabilize the folded quadruplex were shown to inhibit
telomerase activity in vitro (Hsu and Lin, 2005). These com-
pounds were reported to induce senescence in cancer cells
through inhibiting telomerase (Tauchi etal., 2003; 2006;
Incles et al., 2004; Burger et al., 2005; Gomez et al., 2006; Zhou
et al., 2006; Salvati et al., 2007; Huang et al., 2008; Rizzo et al.,
2009), making them potentially valuable candidates for anti-
cancer therapy. However, several compounds interacting with
G-quadruplex structures have also been shown to inhibit
proliferation in alternative lengthening of telomeres (ALT) cell
lines (Gowan et al., 2001; Riou et al., 2002; Kim et al., 2003;
Pennarun ef al., 2005), suggesting that the cellular effects of
G-quadruplex stabilizers might not be limited to telomeres.

We have identified a carbazole derivative, 3,6-bis(1-
methyl-4-vinylpyridium iodide) carbazole (BMVC), that
increases the melting temperature (Tm) of G-quadruplexes
formed by human telomeric DNA sequences by over 10°C
(Chang et al., 2003). BMVC inhibits telomerase activity, accel-
erates telomere shortening and shows inhibitory effects on
tumorigenesis (Huang et al., 2008). Several of the BMVC-
related compounds also inhibited telomerase activity at the
sub-uM level, suggesting a high potential for these com-
pounds in anti-telomerase inhibitor development. Here,
we report the characterization of another carbazole deriva-
tive, 3,6-bis(4-methyl-2-vinylpyrazinium iodide) carbazole
(BMVC4), and its effects on cancer cells. We found that
BMVC4 selectively inhibited telomerase activity in vitro,
induced progressive telomere shortening and caused senes-
cence in telomerase-positive cancer cells. Remarkably, telom-
erase inhibition might not be the primary cause of BMVC4-
induced senescence. We showed that BMVC4 also targeted a
G-quadruplex forming sequence (QFS) located at the pro-
moter region of c-myc and reduced its expression. Moreover,
breaks in DNA and the response to DNA damage, mediated by
the ataxia telangiectasia-mutated (ATM) kinase pathway were
induced in BMVC4-treated cells. Thus, BMVC4 induced
senescence in both telomerase-positive and telomerase-
negative ALT cancer cells.

Methods

Senescence-associated B-galactosidase staining
Detection of senescence-associated (SA) B-galactosidase (SA-
B-Gal) followed the standard protocol (Dimri et al., 1995).
Briefly, cells were washed with PBS, fixed in 2% formadehyde/
0.2% glutaldehyde (or 3% formaldehyde) and incubated at
37°C with 1 mg-mL™" of freshly prepared SA-B-Gal stain solu-
tion. Staining was evident in 2-4 h and maximal in 24-48 h.

PCR stop assays

The PCR primers were designed to amplify the region covering
the -148 bp and -914 bp of the c-myc promoter. The sequences
of the primers were 5-AGGGGATTTGTCTCTTCTGA-3" and
5-ATCCTCTCTCGCTAATCTCC-3'. Plasmid pc-MycPro-Luc
and its mutants were used as the templates for the reactions.
Assays were performed in 20 mM Tris pH 8.8 buffer with
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10 mM KCl, 1.5 mM MgCl,, 10 mM (NH,4),SO4, 0.1% Triton
X-100, 100 nmol of plasmid DNA, 7.5 pmol of each primer,
0.5 mM dNTPs, 2.5 U of Taq polymerase and the indicated
amount of BMVC4. Reaction mixtures were incubated in a
thermocycler with the following cycling conditions: 94°C for
5 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s and
72°C for 2 min. Amplified products were resolved on a 1%
agarose gel and stained with ethidium bromide.

Alkaline comet assay

Cells were treated with 10 pM carbazole or BMVC4 for 6 and 12
days and subjected to alkaline comet assays to detect DNA
breaks. Briefly, the BMVC4-treated cells were suspended and
mixed with low-melting-point agarose to cast the cells on a
microscope slide. The embedded cells were lysed with alkaline
lysis buffer (2.5 M NaCl, 120 mM EDTA, 10 mM Tris pH 10, 10
% DMSO and 1 % Triton X-100) at 4°C overnight. Electro-
phoresis was performed in denaturing buffer (1 mM EDTA and
0.3 N NaOH) at 25V and 300 mA for 30 min and then neutral-
ized in buffer containing 400 mM Tris-HCI, pH 7.5. Visualiza-
tion of the fragmented chromosomal DNA was achieved by
staining the cells with SYBR Green. The images were captured
under an Olympus fluorescent microscope (Hamburg,
Germany) and processed using Metavue Software. Quantifica-
tion of the relative length and intensity of SYBR Green-stained
DNA was measured and presented as the Olive tail moment
using CASP software (Comet Assay Software Project).

Tm measurement

The Tm was measured by monitoring the circular dichroism
(CD) maximum at 295 nm on a Jasco (Great Dunmow, Essex,
UK) J-715 spectropolarimeter by ramping the temperature
from 5 to 90°C at a rate of 0.8°C-min™'. Oligonucleotide
d(TTAGGG), was purchased from (Life Technologies-Applied
Biosystems, Carlsbad, CA, USA). Solutions of 10 mM Tris-HCI
(pH 7.5) and 150 mM NaCl were mixed with DNA and heated
to 90°C for 2 min, cooled slowly to room temperature and
then stored for 42 days at 4°C before use. The molar concen-
tration of DNA was determined by monitoring the 260 nm
absorbance. The d(T>AGs3);s DNA forms a G-quadruplex struc-
ture at room temperature as indicated by the 295 nm positive
CD band detected at 25°C.

Telomerase activity assay

The ability of agents to inhibit telomerase in a cell-free assay
was assessed with a modified TRAP-G4 for G-quadruplex-
induced telomerase activity assay (Gomez etal., 2002).
Telomerase-extended products were resolved by 10% poly-
acrylamide gel electrophoresis and visualized by SYBER Green
I staining of the gel. Total cell lysates derived from H1299
lung cancer cell line were used as a source of telomerase.
Protein concentrations of the lysates were determined by a
Bio-Rad (Hercules, CA, USA) assay kit using BSA as standards.

Cell viability assay

Cells were grown in 96-well plates (~2000 cells per well) in
the presence of 5% CO, at 37°C. To examine the short-term
cytotoxic effect, cells were then incubated with different
concentrations of BMVC4 for 72 h. The cytotoxicity was
determined by MTT assays and was analysed spectrophoto-
metrically at the absorbance of 570 nm.

Population doubling study

Cells were treated with BMVC4 or DMSO (drug vehicle
control) and were grown in T25 tissue culture flasks at 3 x 10°
cells per flask for 3 or 4 days. They were then trypsinized and
counted. Each time, 3 x 10° cells were replaced in the new
culture flask with fresh BMVC4 or an equivalent volume of
DMSO. The experiments were continued until there were
fewer than 3 x 10° cells available for reseeding. The results
were obtained from at least three independent experiments.

Telomere length determination

Cells were treated with 10 uM BMVC4 or DMSO (drug vehicle
control) for 3, 6 or 9 days and total genomic DNA was pre-
pared using the extraction kit purchased from BD Biosciences
Clontech (San Jose, CA, USA). To determine the telomere
length, genomic DNA was digested with Hinfl and Rsal and
separated by 1% agarose gel electrophoresis. After electro-
phoresis, the DNA was transferred onto a Hybond N* (GE
Healthcare-Amersham, Little Chalfont, Buckinghamshire,
UK) membrane and hybridized with **P-labeled ~800 bp
(TTAGGG), fragments. Telomeric smears were visualized and
quantified with a PhosphorImager (Molecular Dynamics, Sev-
enoaks, Kent, UK).

Immunofluorescence analysis

H1299 cells were treated with BMVC4, fixed and incubated
with anti-y-H2AX antibody (Upstate, JBW301, Merk Millipore,
Billerica, MA, USA) or anti-trimethyl-Histone H3-Lys® anti-
body (H3K9Me3, Upstate). Visualization of y-H2AX or
H3K9Me3 was achieved by addition of Rhodamine-
conjugated anti-mouse IgG (Jackson, Rhodamine Red™-X-
conjugated, West Grove, PA, USA) and observed under
fluorescence microscopy (Olympus BX50). Confocal analysis
was conducted using anti-y-H2AX antibody (Abcam, ab2893,
Cambridge, UK) and anti-TRF2 antibody (Imgenex, 4A794-15,
San Diego, CA, USA). Visualization of y-H2AX and TRF2 were
achieved by addition of FITC-conjugated anti-rabbit IgG
(Jackson, FITC-conjugated) and Rhodamine-conjugated anti-
mouse IgG (Jackson, Rhodamine Red™-X-conjugated) and
then observed under laser confocal microscopy (Olympus
FV1000).

Quantification of c-myc mRNA

For RT-PCR analysis, total RNA was isolated using Trizol
reagent (Sigma) and reversely transcribed using random hex-
amers with a cDNA reverse transcription kit (Applied Biosys-
tems). The resulting cDNA was mixed with the PCR reaction
mixture and amplified using c-myc (forward primer
5-ATTCTCTGCTCTCCTCGACG-3" and reverse primer
5-AGGATAGTCCTTCCGAGTGGA-3") specific primers. The
PCR cycle number was set up to permit the distinction
between mRNA expression profiles among the samples. PCR
products were visualized on a 1% agarose gel. The mRNA level
of GAPDH was used as an internal control (forward primer
5- GACCACAGTCCATGCCATCAC-3" and reverse primer 5'-
TCCACCACCCTGTTGCTGTAG-3’). The real-time quantita-
tive RT-PCR was also used to determine the mRNAs of c-myc
and hTERT. The parameter Ct is defined as the fractional cycle
number at which the fluorescence is generated by the Cyber
green I system (FastStart Universal SYBR Green Master, Roche,
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Indianapolis, IN, USA). Relative levels of c-myc were deter-
mined by normalizing the Ct values of c-myc with the Ct of
GAPDH. The values were obtained from three independent
experiments.

Immunoblotting analysis. The BMVC4-treated cells were
washed twice with PBS and suspended in lysis buffer [10 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton
X100, 100 uM phenylmethylsulphonyl fluoride, leupeptin
1 mg-mL™', aprotinin 1 mg-mL!, and 25 mM dithiothreitol].
After 30 min on ice, the lysates were cleared by centrifuga-
tion. Samples corresponding to 50-100 pg of protein (Bio-Rad
protein assay) were separated on 10% SDS-PAGE gels and
transferred to nitrocellulose membranes. Immunoblotting
analysis was carried out according to standard procedures
using ECL detection (Perkin Elmer, Waltham, MA, USA). The
membranes were hybridized with the following antibodies:
anti-phospho-Rb (rabbit, pSer’®’, Sigma-Aldrich, St Louis,
MO, USA), anti-c-Myc (mAb, 9E10, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), anti-Sp1 (rabbit, Sc-59, Santa Cruz
Biotechnology), anti-hTERT (rabbit, H-231, Santa Cruz Bio-
technology), anti-ATR phosphor-S428 (rabbit, Cell Signaling
Technology, Danvers, MA, USA) and anti-ATM-phosphor-
S1981 (rabbit, EP1890Y, GeneTex, Irvine, CA, USA). The equi-
valent loading of lanes was verified by hybridization with
anti-GAPDH (mAb, ab9482-200, Abcam). Horseradish
peroxidase-conjugated donkey anti-rabbit or sheep anti-
mouse antibodies (Amersham) were used as the secondary
antibodies.

Site-directed mutagenesis

Plasmid pc-MycPro-Luc (KN) carrying the 1260 bp c-myc pro-
moter upstream from a luciferase reporter gene was used as
the template for mutagenesis (a gift from Yan-Hwa Wu Lee,
National Ying-Ming University, Taipei). PCR mutagenesis was
used to generate mutations on QFS1 (KNQ1) and/or QFS2
(KNQ2) using Pfu DNA polymerase (Agilent Technologies,
Santa Clara, CA, USA). The resulting mutations were verified
by DNA sequencing of the plasmids.

Luciferase assay

H1299 cells were co-transfected with pc-MycPro-Luc plasmids
or the mutated plasmids and pCMVf plasmids using Lipo-
fectamin™ 2000 (Life Technologies-Invitrogen, Grand Island,
NY, USA). One day after transfection, the transfected cells were
treated with 10 uM of BMVC4 for a further 3 days. The firefly
luciferase activities were measured and normalized with -Gal
activity.

Small interference RNAs

The siRNA used to knock down ATM was synthesized by
Sigma-Proligo with sequences: 5-AAGCGCCTGATTCGAGAT
CCT-3’ (Chou et al., 2008). Oligofectamine (Invitrogen) was
used to transfect siRNA into H1299 cells.

Statistical analysis

Student’s t-test was applied to assess whether the means of
two groups are statistically different from each other. Here,
we consider P < 0.05 as significant.
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Materials

Carbazole and 3,6-dibromocarbazole were purchased from
(Sigma-Aldrich) and used without further purification. The
synthesis of BMVC4 has been described previously (Chang
et al., 2003). General chemicals used in this study were pur-
chased from (Sigma-Aldrich). Cell lines (human lung cancer
H1299; breast cancer MCF7; cervical cancer HelLa; VA13;
SaoS2; U20S) were obtained from Bioresource Collection and
Research Center, Taiwan

Results

BMVC4 is a potent G-quadruplex stabilizer
and telomerase inhibitor

Carbazole derivatives that stabilized G-quadruplex DNA
structure formed by human telomeric sequence have been
previously designed and synthesized (Huang et al., 2008).
Here, we examined another carbazole derivative, BMVC4,
that has cationic charges on the two pendant groups of pyrid-
inium rings of carbazole (Figure 1A). The effect of BMVC4 on
the G-quadruplex DNA of human telomeric sequences
d(T>AGs;)s (Hum) was first evaluated using circular dichroism
(CD) to monitor the Tm of Hum quadruplexes. The 295 nm
CD band was measured as a function of temperature to
determine the Tm of Hum quadruplexes in the presence of
carbazole and BMVC4. We found that the Tm of Hum quad-
ruplexes could be increased more than 10°C upon interaction
with BMVC4, suggesting that it could thermally stabilize the
Hum quadruplexes (Figure 1B). The effects of G-quadruplex
stabilizer on telomerase were next analysed. The direct
inhibitory effect on telomerase was also evaluated by conven-
tional TRAP assays (Kim et al., 1994). Our results indicated
that BMVC4 has an ICs, value against telomerase at ~0.2 uM
(Figure 1C, left panel). In the standard TRAP assay, telomerase
extension of single-stranded DNA substrate is followed by
PCR amplification of the extended products. As BMVC4 was
added early in the reaction, it may affect both telomerase and
Taq polymerase (De Cian et al., 2007). To rule out the possible
inhibitory effects on Taq polymerase, BMVC4 was added after
the telomerase extension step of the TRAP assays (Figure 1C,
right panel). A complete inhibition of the assay was observed
at concentrations of BMVC4 >3 uM. Thus, although BMVC4
also affected the PCR reactions, a higher concentration of
BMVC4 was required. Our results indicated that BMVC4 was
a potent G-quadruplex stabilizer and selectively inhibited
telomerase in vitro.

BMVC4 induced senescence in

telomerase-positive cancer cells

We next investigated the effect of BMVC4 on telomerase-
positive cancer cells. Short-term (48 h) cell viability assays
were performed on a human lung cancer cell line, H1299.
Survival of cells after incubation with different concentra-
tions of BMVC4 was measured. We found that BMVC4 caused
almost negligible cytotoxicity to H1299 cells at concentra-
tions up to 40 uM (Figure 2A). The senescence-related pheno-
types were then analysed after long-term treatment of H1299
cells with BMVC4 at non-toxic concentrations, 0.5, 1 or
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Figure 1

Structure of BMVC4 and its activity as an inhibitor of telomerase . (A) Structure of carbazole and BMVC4. (B) BMVC4 enhances the Tm of Hum
quadruplex. Temperature-dependent CD signals at 295 nm of quadruplex d(T,AGs), (Hum24) and upon interaction with carbazole and BMVC4
were measured, respectively. (C) BMVC4 inhibits telomerase activity. The effects of BMVC4 on telomerase were measured using TRAP-G4 (left
panel) assay (see Methods). In the assays, BMVC4 at various concentrations were incubated with telomerase-active cell extracts for 5 min at room
temperature before the telomerase extension reactions. Telomerase-active cell extracts were prepared from H1299 cells (P). RNase A-treated
extracts were used as negative controls (N). The positions of telomerase ladders and internal controls are indicated. The inhibitory effects of
BMVC4 on Taq polymerase were also determined (right panel). Indicated amounts of BMVC4 were added to the TRAP reactions after the
telomerase extension steps. PCR reactions were then conducted as in standard assays.

10 uM. We found that the H1299 cells stopped proliferating
after a lag period (Figure 2B). The length of lag period
appeared to be dependent on the dose of BMVC4. The
delayed growth inhibitory effect was not limited to non-small
cell lung carcinoma H1299 cells as two other telomerase-
positive cancer cells, breast cancer MCF7 and cervical cancer
HeLa cells, also showed similar growth effects of BMVC4
(Supporting Information Figure S1). The morphology of the
BMVC4-treated cells was also observed. At the late passage,
the cells became enlarged with irregular cell shapes and more
distinct nuclei (data not shown). These cells also showed
significant elevation of SA-B-Gal activity (Figure 2C). Almost
30% of the 10 uM BMVC4-treated cells stained positive for
SA-B-gal activities. In contrast, the percentage of SA-B-gal-
positive cells was similar for the DMSO-treated control (~2%)

and BMVC4-treated early passage cells (~3-4%). The results
clearly indicated that BMVC4 induced the senescence
program in telomerase-positive cancer cells. We further ana-
lysed the presence of senescence-associated heterochromatin
foci (SAHF) using antibody against trimethylated H3 at Lys’
(H3K9me3). SAHF is a distinct DNA-dense heterochromatic
structure that accumulates in senescent human fibroblasts.
Typically, it bears the hallmarks of heterochromatin, such as
the H3K9me3 (Narita et al., 2003; Zhang etal.,, 2005). As
shown in Figure 2D, the BMVC4-treated H1299 cells dis-
played increasing immunostaining for H3K9me3. Approxi-
mately 45% of H3K9me3-positive cells were visible after 9
days of the treatments (Figure 2D, right panel). The results
demonstrated that the senescence program was initiated in
response to BMVC4.
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Figure 2

Senescent phenotype and telomeres shortening in BMVC4-treated cancer cells. (A) About 2 x 10% H1299 cells were seeded in 96-well plates and
incubated with BMVC4 at various concentrations for another 48 h. Cell growth was then determined using the MTT assay. The values are obtained
from three experiments using the values for untreated cells as 100%. *P < 0.05 (P=1x 107, 5x 107'%, 5 x 107'¢ and 4 x 107"” for BMVC4 at 60,
80, 100 and 120 uM, respectively), significant effects of BMVC4. (B) Delayed anti-proliferation activity of BMVC4. H1299 cells were treated with
1 or 10 uM of BMVC4. The cells were counted during the passages and the population doubling was determined. Results were obtained from the
average of three independent experiments. *P < 0.05 (P = 0.0009 and 9 x 107 for 1 uM BMVC4 at days 9 and 12, respectively; P=7 x 107 and
3 x 1076 for 10 uM BMVC4 at days 9 and 12, respectively), significant effects of BMVC4. (C) Detection of SA-B-galactosidase in BMVC4-treated
H1299 cells. H1299 cells were treated with 1 or 10 uM of BMVC4 and subjected to staining for SA-B-galactosidase. Photographs of the 10 uM
BMVC4-treated and X-gal stained cells are shown (left). The levels of SA-B-galactosidase positive cells were also measured (right). *P < 0.05 (P =
0.027 and 0.015 for 1 and 10 uM BMVC4 at day 12, respectively), significant effects of BMVC4. (D) Accumulation of H3K9Me3 in BMVC4-treated
cells. Confocal images of indirect immunofluorescence of histone H3 tri-methylation on Lys® (H3K9Me3) in BMVC4-treated H1299 cells (left). The
DNA was also stained by DAPI. Quantification of the H3K9Me3 foci positive cells was conducted (right). *P < 0.05 (P=0.03, 0.003 and 0.006 for
days 3, 6 and 9, respectively), significant effects of BMVC4. (E) The H1299 cells were treated with 10 uM BMVC4 for 6 or 12 days and then
analysed by flow cytometry. Histograms of the Pl-stained cells are presented. (F) Reduction of pRB by BMVC4. Cell extracts were prepared after
treating BMVC4 for indicated days and then analysed by immunoblotting assays using antibodies against phospho-Rb (pRb) or GAPDH. Bound
antibodies were visualized by chemiluminescence using an ECL kit (Amersham-Pharmacia). (G) Telomere shortening in BMVC4 treated H1299
cells. Effects of BMVC4 on telomere lengths. H1299 cells were treated with 10 uM BMVC4 and total genomic DNA were prepared and analysed
for telomere length by Southern blotting using telomeric DNA as the probe.

The progression of cell cycle in BMVC4-treated cells was immunoblotting analysis. In H1299 cells, treatment with
analysed using flow cytometry. BMVC4 induced a decrease in BMVC4 consistently inhibited Rb protein phosphorylation
the percentage of GO/G1-phase cells and a slight increase in (Figure 2F). These results suggested that the reduction of Rb
the percentage of S-phase cells. The percentage of sub-G1- protein phosphorylation was involved in BMVC4-induced
phase cells was not markedly increased after 12-day treatment senescence.

(Figure 2E). The cell cycle profile was similar to that exhibited The effect of BMVC4 on telomere length was also deter-
by senescence induced by overexpressing Raf-1 oncogene or mined. Genomic DNAs were prepared from H1299 cells
DNA-damaging agents (Chang et al., 1999; Olsen et al., 2002). treated with 10 uM BMVC4 at different time intervals and
We have also analysed the expression pattern of pRb using then analysed by Southern hybridization using radioactive
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telomeric DNA as the probe. In BMVC4-treated cells, we
observed telomere shortening at a rate of ~230 bp per popu-
lation doubling (Figure 2G), a rate that is higher than the rate
of around 30-120 bp per population doubling, in human
normal cells (Hastie et al., 1990; Counter et al., 1992).

BMVC4-induced senescence in ALT and
hTERT-overexpressing cells

We have shown that BMVC4 inhibited telomerase and
affected telomere lengths. To determine if telomere shorten-
ing through telomerase inhibition is the cause of senescence,
ALT cells with telomere maintenance independent of telom-
erase were used for further analysis. If telomere shortening
caused by telomerase inhibition is the cause of senescence,
the ALT cells should not be induced into senescence by
BMVC4 treatment. The ALT cells were treated with BMVC4
and analysed for the growth inhibitory effects. All three ALT
lines showed growth inhibitory effects, similar to that
observed in telomerase-positive cancer cells (Figure 3, left
panels). Decreased cell viability was also observed in VA13
and SaoS2 cells after long-term BMVC4 treatments. Moreover,
all these three ALT cells showed SA-B-Gal activities upon
BMVC4 treatments, although the levels of senescence varied
in different cells (Figure 3, right panels). Why SA-B-Gal activ-
ity did not increase in SaoS2 cells is not clear to us; neverthe-
less, our results showed that BMVC4 also induced senescence
in telomerase-negative cancer cells.

To further determine the involvement of telomerase in
BMVC4-induced senescence, we increased the expression
level of hTERT through transfecting plasmid carrying h"TERT
under the control of CMV promoter into H1299 cells. We
assumed that if telomerase is involved in BMVC4-induced
senescence, forced hTERT expression to increase telomerase
level might rescue the senescence phenotype in BMVC4-
treated cells. As shown in Figure 4A, the hTERT protein level
was significantly elevated in cells harbouring the plasmid
pCMV-hTERT. However, the hTERT overexpression did not
appear to rescue the growth of H1299 cells after BMVC4
treatments. In addition, the senescent phenotypes were
similar in both BMVC4-treated control and hTERT-
overexpressing cells (Figure 4B). We have also tested the
effects of BMVC4 in ALT cell overexpressing hTERT (Support-
ing Information Figure S2). Our results showed that BMVC4
inhibited cell growth regardless of hTERT overexpression in
U20S cells. Taken together, these results indicate that senes-
cence induced by BMVC4 is not likely to be caused by path-
ways related to telomerase inhibition.

Only a small fraction of BMVC4-induced
DNA damage foci was localized to telomeres
Telomere shortening eventually leads to telomere uncapping
that induces responses to DNA damage that signal for cell
cycle arrest (Takai et al., 2003). The effect of BMVC4 on the
induction of such signals from DNA damage was further
analysed using the nuclear accumulation of y-H2AX. As
shown in Figure 5A, a significant amount of y-H2AX was
accumulated after 6 days of treatment with BMVC4
(Figure 5A). The increased levels of y-H2AX became more
apparent after treating the cells for 12 days. At day 12, up to
38% of the BMVC4-treated cells showed y-H2AX staining
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Figure 3

Senescent phenotype in BMVC4-treated ALT cells. (A) U20S, (B)
VA13 or (C) SaoS2 cells were treated with 10 uM of BMVCA4. The cells
were counted during the passages and the population doubling was
determined (left). Results were obtained from the average of three
independent experiments. *P < 0.05 (P = 0.03, 0.006 and 0.003 for
U20S at days 10, 14 and 17, respectively; P = 0.03 and 0.006 for
VA13 at days 6 and 10, respectively; P=0.03, 0.001, 0.07 and 0.001
for SaoS2 at days 6, 10, 13 and 17, respectively), significant effects of
BMVC4. The levels of SA-B-galactosidase positive cells were also
measured at day 9 (right). *P < 0.05 (P = 0.002 and 0.003 for U20S
and VAT3, respectively), significant effects of BMVC4.

(Figure 5B, left panel). This result indicated that reponses to
DNA damage were induced in cancer cells treated with
BMVC4 for a longer time. To test if the foci of DNA damage
were caused by telomere uncapping, the localization of the
DNA damage foci and telomeres were determined by
co-staining of y-H2AX and telomere binding protein TRF2
using confocal microscopy. Surprisingly, a large fraction of
the y-H2AX DNA damage foci was not localized to telomeres
(Figure 5A). Quantification of these images showed that only
~20% of the y-H2AX foci were localized to telomeres after
MVC4 treatment (Figure 5B, right panel). These results indi-
cated that although BMVC4 induced DNA damage foci on
telomeres, probably through perturbation of telomere repli-
cation, significantly higher levels of DNA damage were
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BMVC4 induced senescence in hTERT-overexpressing H1299 cells.
(A) Total cell extracts prepared from H1299 cells harbouring vector
(Control) or hTERT gene under the control of CMV (pCMV-hTERT)
promoter were analysed for the hTERT and GAPDH levels using immu-
noblots. (B) Control (top panels) or hTERT-overexpressing (bottom
panels) H1299 cells were treated with 10 uM of BMVC4. The cells
were counted during the passages and the population doubling was
determined (left). Results were obtained from the average of three
independent experiments. *P < 0.05 (P=0.02, 0.002 and 0.0004 for
vector control at days 6, 9 and 12, respectively; P=0.004 and 0.0001
for pCMV-hTERT at days 9 and 12, respectively), significant effects of
BMVC4. The levels of SA-B-galactosidase positive cells were also
measured 12 days after treatments (right). *P < 0.05 (P=0.012 and
0.00006 for pCMV control and pCMV-hTERT, respectively), signifi-
cant effects of BMVC4.

induced in other loci in the chromosomes. Thus, the cellular
targets of BMVC4 were not limited to telomeres.

BMVC4 suppressed c-myc expression through
induction of G-quadruplex structure
formation at its promoter

In addition to telomeres, QFS are present in human genome.
Bioinformatic analysis indicated that about 375 000-377 000
potential intramolecular QFS were identified within the
human genome (Huppert and Balasubramanian, 2005; Todd
et al., 2005). Significantly, localization of several QFS at the
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promoter regions was shown to affect the expression of their
downstream genes. For example, the expression of c-myc
(Siddiqui-Jain et al., 2002), c-kit (Phan et al., 2007; Hsu et al.,
2009; Kuryavyi et al., 2010), KRAS (Cogoi and Xodo, 2006),
HIF1ao (De Armond etal., 2005), Rb1 (Xu and Sugiyama,
2006), VEGF (Sun et al., 2005; 2011), hTERT (Palumbo et al.,
2009), c-myb (Palumbo et al., 2008), PDGFR- (Qin etal.,
2010) and PDGF-A (Qin etal., 2007) was affected by
G-quadruplex stabilizing ligands. These QFS are potential
targets for BMVC4. Here, expression analyses were conducted
to test if c-myc expression was affected by BMVC4. Real-time
PCR analysis showed that levels of mRNA for c-myc were
significantly decreased by BMVC4 treatment (Figure 6A).
Consequently, the c-myc protein level was also decreased by
BMVC4 treatment (Figure 6B). In contrast, the expression of
Sp1, whose promoter does not include QFS, was slightly acti-
vated by both carbazole and BMVC4. The level of a down-
stream target of c-myc, the telomerase catalytic subunit h"TERT
(Wang etal., 1998; Wu etal., 1999), was also decreased,
further supporting the repression of c-myc by BMVC4
(Figure 6B).

We next determined if c-myc repression by BMVC4 is
achieved by stabilizing the QFS located at its promoter
region. Two QFS were identified within the c-myc promoter,
QFS1 and QFS2 (Figure 6C). These sequences are located at
148 bp (non-coding strand, QFS2) and 914 bp (coding strand,
QFS1) upstream of the transcription start site. Mutations in
these two QFS that disrupt their G-quadruplex forming abili-
ties were generated and analysed by the PCR stop assays
(Gomez et al., 2004). In the assay, the QFS are stabilized into
G-quadruplex structures that block hybridization with a com-
plementary strand overlapping with the last G-repeat. Thus,
formation of the PCR product by Taq polymerase is inhibited.
Here, the c-myc wild-type (KN) and mutant (KNQ1, KNQ2
and KNQI12) promoter constructs were incubated with
increasing concentrations of BMVC4 in the presence of their
complementary strand for 30 PCR cycles. As shown in
Figure 6D, BMVC4 added to wild-type promoter sequences
inhibited formation of the DNA product in a dose-dependent
manner, with ICs, values ~0.2 uM. Although the QFS1 muta-
tion (KNQ1) required a similar concentration of BMVC4 to
inhibit the PCR reaction, compared with wild-type
sequences, the QFS2 mutation (KNQ2) required ~10-fold
more BMVC4 to achieve the same effect. Mutations on both
motifs did not further increase the amount of BMVC4
required to inhibit the PCR reaction (KNQ12). The results
indicated that BMVC4 selectively stabilized the G-quadruplex
structure formed by the QFS2 sequence.

To confirm this conclusion, a reporter construct with the
luciferase gene fused downstream to the c-myc promoter was
used to assess the expression efficiency of wild-type and
mutant promoters. Plasmid constructs containing wild-type
or mutant promoters were transfected into H1299 cells and
the luciferase activities were determined. The luciferase activ-
ity expressed by the wild-type c-myc promoter was reduced
by ~20% after 24 h of BMVC4 treatments (Figure 6E). Muta-
tion in the QFS1 region (KNQ1) also showed a similar
BMVC4-induced repression. In contrast, promoters contain-
ing the QFS2 mutations (KNQ1 and KNQ12) failed to
respond to BMVC4 treatments. Thus, selective binding and
stabilizing of G-quadruplex structure formed by QFS2
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sequences suppresses the expression efficiency of c-myc pro-
moters. These results clearly demonstrated that, in addition
to telomeres, BMVC4 also targeted the QFS located at the
c-myc promoter.

To determine if the reduced c-myc expression accounts for
the effects on growth of BMVC4-treated cells, we used c-myc
overexpressing cells. As shown in Supporting Information
Figure S3, BMVC4 still induced growth inhibitory effects in

c-myc overexpressing cells suggesting that these effects were
not due to repression of c-myc levels.

Induction of chromosome breaks and
ATM-mediated DNA damage response

by BMVC4

The results in Figure 5 show that responses to DNA damage
response were activated by BMVC4. To determine the source
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Figure 6

BMVC4 represses c-myc expression through the formation of
quadruplex-forming sequence within the QFS2 of the c-myc pro-
moter. (A) Expression of c-myc on RNA level was determined by
real-time RT-PCR in H1299 cells incubated with 10 pM of BMVC4 for
3, 6 or 9 days. *P < 0.05 (P=0.005), significant effects of BMVC4. (B)
The protein levels of c-myc and hTERT were decreased in H1299 cells
treated with 10 uM of BMVC4 for 48 or 72 h and then analysed for
the protein levels using immunoblotting. (C) Schematic diagrams
showed the mutation sites of MycPro-luciferase. The G-quadruplex-
forming sequences in wild-type (KN), QFS1 mutations (KNQ1) and
QFS2 mutations (KNQ2) were indicated. (D) BMVC4 stabilized
G-quadruplex structure on c-myc promoter. The PCR stop assays
were performed in the presence of BMVC4 at various concentrations
(0, 0.3, 0.61, 1.25, 2.5 uM). (E) QFS2 is required for BMVC4 to
suppress c-myc expression. c-myc reporter plasmid constructs carry-
ing the indicated mutations were transfected into H1299 cells. The
cells were then incubated with 10 uM of BMVC4 for 3 days and the
luciferase activity was determined. The value of luciferase activity in
DMSO-treated cells was defined as 100%. *P < 0.05 (P = 0.001 for
both KN and KNQT), significant effects of BMVC4.

of the DNA damage induced by BMVC4, alkaline comet
assays were conducted to evaluate the levels of DNA strand
breaks on chromosomes (Singh etal., 1988). The assay
enables the detection of DNA breaks at the single cell level. It
involves encapsulation of cells in a low-melting-point agarose
suspension, lysis of the cells in alkaline conditions and elec-
trophoresis of the suspended lysed cells. The undamaged
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DNA strands are too large and do not leave the cell cavity,
whereas the DNA fragments that were induced by DNA
breaks are free to move in a given period of time. Therefore,
the amount of DNA that leaves the cell cavity is a measure of
the amount of DNA damage in the cell. As shown in
Figure 7A, while solvent DMSO and carbazole did not cause
detectable strand breaks, greater numbers of strand breaks
were observed in cells treated with BMVC4 for 12 days.

We next analysed the molecular pathway of responses to
DNA damage activated by BMVC4 treatment. The detection
of DNA damage in cells induces a series of cellular responses
that result in DNA repair, cell cycle arrest, senescence or cell
death (Branzei and Foiani, 2008). In mammals, the ATM and
ATR (ATM and Rad3-related) kinases are critical regulators of
the cellular response to DNA damage. ATM and ATR are both
protein kinases with overlapping substrate specificities that
are activated in response to distinct, as well as partially over-
lapping, damage signals (Matsuoka et al., 2007). Using immu-
noblotting analyses, we found that ATM was phosphorylated
on Ser'*®!, while no detectable enhancement of ATR phospho-
rylation on Ser*”® was observed, in BMVC4-treated H1299
cells (Figure 7B). These results suggest that ATM is activated
in the response to DNA damage, triggered by BMVC4.

To evaluate the role of ATM in the response to BMVC4-
induced DNA damage, we used siRNA to knock down the
expression of ATM. As shown in Figure 7C, immunoblotting
showed that the ATM levels werer decreased by treatment of
H1299 cells with siRNA targeting ATM (left panel). Signifi-
cantly, the BMVC4-induced delayed growth proliferation was
partly suppressed upon knocking down the expression of ATM
(right panel). The results strongly suggest that the observed
cellular effects of BMVC4 were mediated through a ATM-
dependent pathway in response to DNA damage. The involve-
ment of ATR in BMVC4-induced DNA damage response is
uncertain, although we did not detect apparent enhancement
of ATR phosphorylation by BMVC4. More studies are required
to determine whether the response to DNA damage is exclu-
sively mediated through the ATM pathway.

Discussion and conclusion

In the present manuscript, we have characterized the cellular
effects of a carbazole derivative, BMVC4. BMVC4 stabilized
G-quadruplex DNA structure formed by human telomeric
DNA sequences and effectively inhibited telomerase with an
ICso at 0.2 uM. Treatment of telomerase-positive cancer cells
with BMVC4 induced senescence that was accompanied by
progressive telomere shortening. Interestingly, BMVC4 also
induced senescence in telomerase-overexpressing cells and
ALT cells in which telomere maintenance is not mediated by
telomerase. Thus, senescence induced by BMVC4 did not
appear to be caused by telomerase inhibition. Consistent with
this observation, most of the DNA damage foci induced by
BMVC4 are not localized to telomeres. Taking into account the
G-quadruplex DNA binding properties of BMVC4, we also
showed that BMVC4 suppressed expression of c-myc through
stabilizing the G-quadruplex structure, QFS2, located at the
c-myc promoter region. The results indicated that BMVC4
could target other QFS located within chromosomes. Thus,
BMVC4 had an additional cellular effect that was independent
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DNA strand breaks and ATM-mediated DNA damage response in BMVC4-treated cells. (A) DNA strand breaks in BMVC4-treated cells. H1299 cells
were treated with 10 UM carbazole or BMVC4 for 6 days or 12 days and then analysed by comet assays. Single-cell electrophoresis was conducted
and stained with SYBR Green. The images were taken (left panels) and the relative comet tail moment was measured (right panel). The histograms
represent the average of five independent experiments (n > 100). *P < 0.05 (P = 0.001), significant effects of BMVC4. (B) Activation of ATM in
BMVC4-treated cells. H1299 cells were treated with 10 uM carbazole or BMVC4 for 2, 4 or 6 days and then analysed by immunoblotting assays.
(C) H1299 cells were transfected with siRNA targeting ATM. Total cell extracts were prepared and immunoblotting analysis was conducted using
antibodies against ATM or GAPDH (left). The siATM treated-H1299 cells were also treated with 10 uM of BMVC4. The cells were counted during
the passages and the population doubling was determined. Results were obtained from the average of three independent experiments (right).

of its telomerase-inhibitory effect. We further showed that
BMVC4 could achieve this effect through inducing DNA
breaks on chromosomes and the consequent response to DNA
damage might be mediated through the ATM-dependent
pathway. Thus, although BMVC4 inhibited telomerase in vitro
and reduced telomere length in vivo, it induced s senescence
through a DNA damage response pathway that was independ-
ent of its telomerase-inhibition activity. Of note, the present
analysis was conducted at BMVC4 concentrations that were

sufficient to cause senescence after a short incubation time.
Because BMVC4 inhibited telomerase with ICsy of ~200 nM,
the possibility that extended times of incubation with lower
concentrations of BMVC4 may result in senescence mediated
by telomere shortening, cannot be excluded.

Several lines of evidence support a hypothesis that non-
telomere pathways were involved in BMVC4-induced senes-
cence. First, immunostaining analysis showed that ~80% of
the y-H2AX DNA damage foci did not localize to telomeres.
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Second, alkaline comet assays showed that DNA breaks were
induced after long-term BMVC4 treatment. Third, BMVC4
also induced senescence in ALT cells, similar to that in
telomerase-positive cells. Fourth, forced telomerase expres-
sion did not rescue the senescence phenotype induced by
BMVC4. These results cannot be simply explained by telom-
erase inhibition. Based on its ability to bind G-quadruplex
structures, BMVC4 is likely to target QFS located within the
chromosomes and to affect cancer cells in a telomere-
independent manner. Our finding of DNA breaks accumu-
lated after BMVC4 treatment might explain how this
compound induced senescence in cancer cells.

Another G-quadruplex stabilizing agent, RHPS4, has been
shown to induce an ATR-dependent replication stress
pathway in drug-treated cells (Salvati et al., 2007). Further,
phosphorylation of ATR kinase was induced and co-localized
with damaged telomeres (Salvati et al., 2007; Rizzo etal.,
2009). As the unwinding activities of several RecQ helicases,
including WRN, BLM and FANC], can be inhibited by
G-quadruplex structure stabilizers such as the porphyrin
compounds NMM and T4 (Li et al., 2001; Huber et al., 2002;
Wu et al., 2008), it was postulated that a G-quadruplex stabi-
lizing agent might bind and stabilize the G-quadruplex DNA
formed at telomeres and inhibit RecQ helicases during tel-
omere replication. The DNA replication stress then induces
DNA breaks on chromosomes to activate the DNA damage
response pathways (d’Adda di Fagagna, 2008). Although the
detailed mechanism of how BMVC4 induced responses to
DNA damage is unclear, we consider that the perturbation of
telomere replication might not be the major source for DNA
damage. It is generally accepted that ATM plays the primary
role in responding to double-strand breaks (DSBs), whereas
ATR plays a secondary role but is the primary mediator of
responses to UV-induced damage and stalled replication forks
(Branzei and Foiani, 2008). Here, we found that only a small
fraction of DNA damage foci was localized to telomeres.
Moreover, DNA breaks were induced and the ATM-mediated
response to DNA damage was activated following BMVC4
treatment. Thus, while the involvement of telomeres cannot
be completely ruled out, it is likely that a DSB-activated, DNA
damage-induced, senescence pathway is responsible for the
senescence induced by BMVC4.

Our results showed that the cellular effects of BMVC4
were not limited to telomeres. Here, we showed that
BMVC4 selectively inhibited telomerase and targeted the
G-quadruplex-forming sequences (QFS) located at the c-myc
promoter. These selective effects are likely to be related to the
G-quadruplex binding activity of BMVC4. Here, we consider
that the binding of BMVC4 to non-telomeric G-quadruplex-
forming sequences might cause the telomere-independent
cellular effects of BMVC4. Thus, although BMVC4 was also
shown to bind duplex DNA, the cellular effects cannot be
attributed to the duplex DNA binding activity of BMVC4. It is
also interesting to note that although two QFS were identified
at the c-myc promoter, only one, QFS2, was affected by
BMVC4. Thus, BMVC4 might have preferences towards
certain sequences, as the QFS1 and QFS2 are not identical.
Additionally, local and/or global chromosomal contexts
might contribute to the preferential binding of BMVC4 to
these G-quadruplex structures. It is also interesting to note
that BMVC, another carbazole derivative that differs from
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BMVC4 at the pyridinium ring, did not affect c-myc expres-
sion (data not shown). Thus, G-quadruplex stabilizers might
also show selectivity towards G-quadruplex structures formed
by different sequences.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Senescent phenotype of BMVC4-treated cancer
cells. MCF7 and HelLa cells were treated with 1 or 10 uM of
BMVCA4. The cells were counted during the passages and the
population doubling was determined. Results were obtained
from the average of three independent experiments.

Figure 82 BMVC4 induced senescence in hTERT-
overexpressing U20S cells. (A) Total cell extracts prepared
from U20S cells harbouring vector (Control) or hTERT gene
under the control of CMV (pCMV-hTERT) promoter were
analysed for the h"TERT and GAPDH levels using immunob-
lots. (B) Control or hTERT-overexpressing U20S cells were
treated with 10 uM of BMVC4. The cells were counted during
the passages and the population doubling was determined.
Figure S3 BMVC4 induced senescence in c-myc-
overexpressing VA13 cells. (A) VA13 cells harbouring vector
(MT2T) or c-myc gene under the control of CMV (MT2T-Myc)
were analysed for the c-myc and GAPDH levels using immu-
noblots. (B) The cells were treated with 10 uM of BMVC4,
counted during the passages, and the population doubling
was determined.
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