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Most of human gastrointestinal stromal tumors (GIST) are driven by activating mutations in the proto-
oncogene KIT, a tyrosine kinase receptor. Clinical treatment with imatinib targets the kinase domain of
KIT, but tumor regrowth occurs as a result of the development of resistant mutations in the kinase active
site. An alternative small-molecule approach to GIST therapy is described, in which the KIT gene is directly
targeted, and thus, kinase resistance may be circumvented. A naphthalene diimide derivative has been used
to demonstrate the concept of dual quadruplex targeting. This compound strongly stabilizes both telomeric
quadruplex DNA and quadruplex sites in the KIT promoter in vitro. It is shown here that the compound is
a potent inducer of growth arrest in a patient-derived GIST cell line at a concentration (∼1 µM) that also
results in effective inhibition of telomerase activity and almost complete suppression of KIT mRNA and
KIT protein expression. Molecular modeling studies with a telomeric quadruplex have been used to rationalize
aspects of the experimental quadruplex melting data.

Introduction
The proto-oncogene KIT encodes for a 145-160 kDa tyrosine

kinase receptor,1 which regulates several key signal transduction
cascades in order to control cell growth and proliferation.2 As
the KIT protein plays a critical role in establishing normal cell
growth, mutations in functionally important regions, or its
overexpression, result in aberrant function and can contribute
to oncogenic cellular transformation in melanocyte, mast cell,
myeloid, germ cell, and interstitial cell of Cajal lineages. As
one example, aberrant function can result from constitutive
activation of the KIT protein, where mutations result in constant
kinase activity rather than activity only in response to the
external stimulus of binding of its natural cytokine ligand, stem
cell factor.2

Such gain-of-function mutations are found in several highly
malignant human cancers, including gastrointestinal stromal
tumors (GISTa). More than 80% of GIST tumor cells contain
activating mutations in KIT extracellular, cytoplasmic jux-
tamembrane, or kinase domains.3-5 These oncogenic mutations
result in increased dimer formation by bringing together two
KIT kinase molecules into proximity and facilitating autophos-
phorylation and consequently disregulated cell growth. Current
GIST therapy uses the drug imatinib to inhibit the phosphoac-
tivation of the KIT enzyme;6,7 use of imatinib is directly linked
to tumor regression, but the onset of resistance occurs, some-
times after several years of therapy, in most patients.8,9 Second-
generation KIT kinase inhibitors have been more recently
developed,10 notably the multikinase targeting compound
sunitinib;11,12 however, the heterogeneity of patterns of muta-
tions in the KIT protein and in resistance mechanisms suggests
that the clinical challenges of resistance still remain to be
overcome.13

We describe here an alternative approach to inhibiting GIST
cell growth by using a small molecule (the naphthalene diimide
derivative 1, Figure 1a). We suggest that this targets two distinct
categories of quadruplex DNA structures in the KIT gene itself:
(i) induction of a quadruplex arrangement and displacement of
bound telomeric proteins at the single-stranded 3′ ends of
telomeric DNA, resulting in inhibition of telomerase, disruption
of telomere maintenance, and selective inhibition of cancer cell
growth, and (ii) stabilization of guanine-rich sequences as
quadruplex structures in the promoter region of the KIT gene,
resulting in down-regulation of KIT expression. A wide range
of small molecules have been developed to target telomeric
quadruplexes.14,15 The targeting of promoter quadruplexes with
small molecules has been less studied to date, although several
reports16-19 have shown the feasibility of the approach in
principle. The promoter region of the KIT gene contains
sequences20 with quadruplex features, and the dependence of
GIST on abnormal KIT expression suggests that this cancer can
be a paradigm for evaluating this approach. We have previously
reported on a series of naphthalene diimide derivatives with
potent telomeric quadruplex affinity and telomerase inhibitory
activity21 in standard laboratory cancer cell lines. A compound
from this series (Figure 1a) is examined in depth in the present
study, with the aim of ascertaining if there is activity in a
clinically relevant GIST cell line and, if so, whether this can
be correlated with quadruplex binding and their subsequent
molecular consequences.

Results

KIT Quadruplexes. We have previously identified two
sequences (KIT1 and KIT2) in the KIT promoter upstream of
the transcription start site that are capable of forming quadruplex
structures,22,23 and the 3D structure of the KIT1 quadruplex has
been determined in detail.24,25 Both sequences are in nuclease
hypersensitive regions. Since the stability of these particular
quadruplexes is highly sensitive to mutations in the sequences
involved, a 690 nucleotide region in the KIT promoter that
contains these two sites, taken from the DNA of the GIST882
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cell line, was sequenced. The sequence data in Table 1 show
that both sites are intact, with no mutations in or adjacent to
them.

The ability of compound 1 and two other established
quadruplex-binding ligands, the trisubstituted acridine experi-
mental drug molecule BRACO-1926-31 and the N-methylpy-
ridylylporphyrin compound TMPyP432 (Figure 1), to stabilize
these quadruplexes as well as a human telomeric quadruplex
and a duplex sequence, all as isolated sequences in vitro, was

evaluated by fluorescence resonance energy transfer (FRET)
methods (Figure 2a). The data in Table 2 show that of the three
compounds compound 1 has the greatest overall ability to
stabilize the human telomeric and the KIT2 quadruplexes, with
very similar ∆Tm values for each and a significantly greater ∆Tm

value for the KIT2 quadruplex compared to either BRACO-19
or TMPyP4. It is notable that all three compounds have
significantly lower ∆Tm values for the KIT1 quadruplex
compared to KIT2. Control experiments with imatinib show no

Figure 1. Structures of (a) compound 1, (b) BRACO-19, and (c) TMPyP4.

Table 1. Part of the 690 Nucleotide Region Immediately Upstream of the Transcription Start Site of the KIT Gene Sequenced in This Study, Together
with Part of Exon 1 (In Mauve), Using DNA Extracted from GIST882 Cellsa

a The sequence highlighted in cyan corresponds to the quadruplex sequence KIT1, and that in yellow corresponds to the quadruplex sequence KIT2.
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significant interactions with any of these DNAs. Selectivity for
quadruplex vs duplex DNA was evaluated with a competition
assay, using varying ratios of calf thymus DNA (Figure 2b).
This suggests a similar pattern of selectivity for all three
compounds. For all three, the ∆Tm values for the telomeric
quadruplex are not significantly affected by the presence of calf
thymus DNA at a low duplex/quadruplex ratio but are dimin-
ished at higher ratios. The pattern of melting behavior with the
KIT2 quadruplex shows some differences at the lowest duplex/
quadruplex ratio, with the ∆Tm value for compound 1 unaffected

compared to BRACO-19 and TMPyP4. The appearance of a
second transition in the melting curve (Figure 2a) at low ligand
concentrations is suggestive of possible folding reorganization
induced by ligand binding, although slow exchange cannot be
ruled out in the absence of further studies.

Molecular Modeling Studies. Several distinct native telo-
meric quadruplex structures are now available,33 whose diversity
demonstrates the polymorphism produced by closely related
human quadruplex sequences. We have not used any of these
structures as starting points for the modeling, since relevant
crystal structures of quadruplex-ligand complexes are now
available. The quadruplex binding of ligands 1 and BRACO-
19 has been modeled by docking them into an end G-quartet
face of the cocrystal structures of BRACO-19 and a naphthalene
diimide compound in complexes with human telomeric
quadruplexes.34,35 The low-energy docked positions for the
planar chromophore of compound 1 are in the center of a
terminal G-quartet, with the charged side chains extending into
the four grooves of the quadruplex (Figure 3a). The final docked

Figure 2. FRET melting curves. Part a shows the change in normalized fluorescent intensity with respect to temperature for the G4-Tel sequence
5′-FAM-d[G3(T2AG3)3]-TAMRA-3′ at a concentration of 200 nM in potassium chloride/cacodylate buffer. The curves at four different concentrations
of compound 1 show an increase in melting temperature (∆Tm) with respect to increasing ligand concentration. Part b shows the results of competition
experiments for the G4-Tel, KIT1, and KIT2 quadruplexes and compound 1, in which increasing concentrations of calf thymus DNA are added to
each melting experiment. The decrease in ∆Tm for each quadruplex is a qualitative indication of relative selectivity at that quadruplex/duplex DNA
ratio.

Table 2. Thermal Stabilization of Various DNAs, Expressed as ∆Tm

Values in °C, for Ligand Concentrations of 0.5 µM, Using a FRET
Method21,a

G4-tel duplex DNA G4-KIT1 G4-KIT2

Imatinib 0.2 0.1 0.2 0.2
Compound 1 28.7 5.7 11.2 29.0
BRACO-19 21.6 7.2 6.5 18.5
TMPyP4 27.8 8.7 11.1 21.6

a Sequences are given in the Experimental Section. The average esd is
(0.2 °C.

3776 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 Gunaratnam et al.
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and optimized position of the chromophore is closely similar
to that observed in the crystal structure of the naphthalene
diimide complex.34 The acridine moiety of the BRACO-19
molecule is asymmetrically stacked on one-half of the terminal
G-quartet (Figure 3b). In this arrangement the charged nitrogen
atom of the chromophore is situated above the potassium
channel at the center of the quadruplex, in accord with the crystal
structure.35 The BRACO-19 side chains can only access three
grooves, with the anilino group at the 9-position being extremely
restricted in its orientation, similarly in accord with the crystal
structure. The four side chains in compound 1, each with a +1
charge, presumably enables it to participate in more electrostatic
interactions and thereby contributes to more effective binding
than does BRACO-19.

A continuum model for both complexes has been computed
that describes electrostatic interactions between each ligand and
a quadruplex by numerically solving the Poisson-Boltzmann
equation using the program APBS.36 This has enabled relative
binding energies of the ligand-quadruplex complexes to be
calculated (Table 3) and compared. These energies indicate that
BRACO-19 binds with substantially less affinity to a human
telomeric quadruplex compared to compound 1; this ranking is
in accord with the order of ∆Tm values (Table 2).

Short-Term Growth Inhibition. Table 4 shows that com-
pound 1 has potent growth inhibitory activity against a range
of cancer cell lines, representing human gastric (HGC-27) and
colorectal carcinomas (HT-29) as well as the primary KIT-
dependent gastrointestinal tumor cell line GIST882. It also
shows high activity against the human breast carcinoma cell
line MCF-7. The activity of compound 1 is closely comparable
with that of imatinib in the GIST882 line, although the former
is much more active in the laboratory lines. The established

telomeric quadruplex agent BRACO-1926-31 on the other hand,
while showing activity in the HGC-27, HT-29, and MCF-7 cell
lines, has no activity against GIST882 up to at least a 25 µM
ligand concentration. The porphyrin molecule TMPyP4 shows
a similar profile, although its activity against GIST882 cells is
at least 2-fold greater than that of BRACO-19.

The luminescence-based cell viability assay was performed
on a larger panel of cell lines for compound 1, including several
non-KIT lines (Figure 4). This confirmed the high level of
potency of the compound in the GIST882 cell line, with yet
higher potency in the GISTT1 line. In contrast there is little
activity in the KIT-negative lines GIST48B and LMS04.

Effects on KIT Transcription and Expression in GIST
Cells. This study has focused on the effects of the ligands on
the primary GIST cell line GIST882. Figure 5a-c shows that
KIT mRNA is reduced in a dose-dependent manner following
24 h exposure to compound 1. At approximately the IC50 dose
(1 µM) KIT mRNA is reduced by ∼90% relative to a GAPDH
control. No significant changes in KIT transcription levels were
found with imatinib treatment (Figure 5d,e) or BRACO-19 and
TMPyP4 (data not shown). The effects of compound 1 on the
transcription of two other proto-oncogenes containing putative
quadruplex sequences MYC16,17,37 and N-RAS38 as well as on
hTERT,39 the catalytic domain of human telomerase, were also
examined. A 25-30% change in MYC expression was observed,
together with a smaller change in hTERT and no significant
change in N-RAS expression (Figures 6).

Immunoblots of KIT protein (Figure 7a,b) show that 24 h of
exposure of GIST882 cells to a 1 µM concentration of

Figure 3. Results of the docking and simulated annealing/molcular dynamics calculations, showing in each case the low-energy position of the
ligand (shown in stick representation) stacked onto a terminal G-quartet, shown in solvent-accessible surface representation mode.47 Parts a and b
show compound 1 and BRACO-19, respectively, bound to human telomeric quadruplexes. Structures were drawn using the VMD program.48

Table 3. Computed Free Energies of Binding for Two
Ligand-Quadruplex Complexes

computed energy (kcal/mol)

system complex quadruplex ligand binding

G4-tel + BRACO-19 2949.2 2861.1 74.2 13.9
G4-tel + compound 1 2578.1 2465.4 91.4 21.6

Table 4. Short-Term Antiproliferative Activity Evaluated by the
Sulforhodamine B Assay in Several Cancer Cell Lines, Given as IC50

Values in µM, for 96 h of Exposurea

GIST882 HGC-27 HT-29 MCF7

imatinib 1.7(2) 2.4(2) 0.06(3) 11.5(3)
compound 1 1.6(2) 0.04(3) 0.03(3) 0.02(3)
BRACO-19 >25.0(3) 2.6(2) 2.7(2) 2.2(2)
TMPyP4 13.2(3) 2.7(2) 4.5(2) 6.1(3)
a Values are the mean of experiments in triplicate, and esd values are

shown in parentheses.
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compound 1 results in complete inhibition of KIT protein
expression. By contrast, KIT protein expression levels are
unimpaired by imatinib treatment (Figure 7c,d) or by BRACO-
19 or TMPyP4 (data not shown).

Effects on Telomerase Activity. Telomerase activity was
assessed following exposure of GIST882 cells to compound 1
at a concentration of 0.5 µM (i.e., significantly below the IC50

value). Data obtained using the modified TRAP-LIG assay28

show that telomerase activity was absent after this exposure
(Figure 8a), indicating potent telomerase inhibition. A subse-
quent series of long-term cell proliferation studies were per-
formed for 3 weeks of exposure at several subtoxic concentra-

tions. At the lowest, 0.1 µM, some modest effects on proliferation
were observed after 2 weeks, when growth started to decrease
relative to the control arm of the experiment (Figure 8b). At
slightly higher concentrations (0.25, 0.5 µM), growth was more
rapidly and profoundly affected, and cell growth and prolifera-
tion were completely arrested after week 1 of exposure.

Discussion

We have shown here that the naphthalene diimide derivative
1 has a high level of potency against primary tumor GIST cell
lines, whose viability has been established to be KIT-dependent.6

Moreover, we have shown that this molecule produces 90%

Figure 4. Effects of varying concentrations (shown on a logarithmic scale) of compound 1 on the viability of a panel of KIT-related cancer cell
lines, shown as normalized cell counts.

Figure 5. (a, b) Changes in KIT expression in GIST882 cells following 24 h of treatment with compound 1. Part c shows the quantification of
these changes in KIT expression normalized against untreated control with GAPDH expression. (d), (e) Changes in KIT and GAPDH expression
in GIST882 cells following 24 hr treatment with imatinib.

3778 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 Gunaratnam et al.
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down-regulation of KIT transcription and complete inhibition
of KIT protein expression at the same dosage levels as are
required for growth inhibition in one of these lines. This is
strongly suggestive of the compound acting at the KIT gene
level; although at this stage it has not been unequivocally
demonstrated in cells that compound 1 stabilizes one or both
of the two KIT promoter quadruplex sequences, it is our current
working hypothesis that this is a likely significant contributor
to its cellular effects. The hypothesis is also supported by the
finding (Figure 4) that compound 1 is significantly less potent
in other KIT-independent GIST lines. We have also found that
compound 1 has selectivity for down-regulating KIT expression
and does not have a comparable effect on several other cancer-
associated genes for which promoter quadruplexes have been
postulated, although a more definitive conclusion must await a
genome-wide study of the effects of compound 1. A small effect
on MYC expression is apparent, which may be related to the
amplification of this gene in GIST,3 as well as a small effect
on hTERT expression, which may be related to the presence of
an extended set of G-tracts in the upstream promoter region of
this gene.

Surface plasmon resonance studies have previously shown
that the naphthalene diimides display exceptionally strong
binding to human telomeric quadruplexes,21 with Ka values of

>107 M-1. The binding constants of BRACO-19 to a human
telomeric quadruplex and a DNA duplex have been estimated,
again by surface plasmon resonance, to be 3.1 × 107 and 5 ×
105 M-1, respectively.30b By contrast, TMPyP4, as judged by
competition dialysis experiments,32b has only modest selectivity
for quadruplex over duplex DNA, contrary to data from the
melting experiments (Table 2 and Figure 2). Thus, measures of
thermal stabilization should only be taken as indicative measures
of ligand selectivity and affinity for quadruplex vs duplex DNAs.
The molecular modeling studies concur with the trends found
in the melting studies for telomeric quadruplexes. We have not
undertaken any modeling for the KIT1 quadruplex drug com-
plexes, since even though a structure is available for this native
quadruplex,24 no structural information is available on any ligand
complexes. The molecular structure of the KIT2 quadruplex has
not as yet been disclosed.

Compound 1 is the most effective of the three ligands reported
here in stabilizing the two KIT quadruplexes (Table 2), although
the stabilization is relatively slight for the KIT1 quadruplex
compared to the KIT2 one. The relatively low ability of
BRACO-19 to stabilize these quadruplexes appears to be
reflected in the low potency of this compound in the GIST882
cell line (Table 4) and inability to affect KIT expression and
suggests that there is a threshold level of quadruplex stabilization

Figure 6. Changes in MYC expression in GIST882 cells following 24 h of treatment with compound 1. Parts a and b represent MYC and GAPDH
expression, respectively. Part c shows the quantitation of changes in MYC expression normalized against untreated control GAPDH expression.
Parts d and e show changes in hTERT expression in GIST882 cells following 24 h of treatment with compound 1, showing hTERT and GAPDH
expression levels, respectively. Part f shows the change in hTERT gene expression normalized against untreated control GAPDH expression.The
changes in N-RAS expression in GIST882 cells following 24 h of treatment with compound 1 are shown in gels (g) N-RAS and (h) GAPDH
expression, respectively.

Targeting Human GIST Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 3779
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required for a ligand to show these effects. Uptake effects cannot
be discounted though, and compound 1 has been shown to be
rapidly taken up into cancer cells in culture.21 This factor
combined with its high quadruplex affinity suggests that there
would be sufficient compound 1 available to saturate the very
small number of telomeric and KIT quadruplex sites even though
very many more duplex sites would be available. Future
analogues with enhanced quadruplex selectivity are clearly
desirable and are the subject of current studies in our laboratories.

Several GIST cell lines have been previously characterized
as telomerase-positive (see, for example, ref 40). We have
recently shown that compound 1 is an effective inhibitor of
telomerase in a small panel of other cancer cell lines.21 We
report here that the GIST882 line strongly expresses catalytically
active telomerase and find that compound 1 produces profound
growth arrest after several days of treatment at subtoxic
concentrations (Figure 8b), characteristic of quadruplex-medi-
ated inhibition of telomerase.27,41,42 This compound is the most
potent telomerase inhibitor in the library of naphthalene diimides
described previously,21 which may explain in part why it is
active in patient-derived GIST882 cells. In addition, preliminary
studies (Figure 4) have demonstrated similar potency effects in
GIST48 cells, which were derived from a patient with GIST
progressing on imatinib therapy. GIST48 contains kinase-
domain imatinib resistance mutations and is resistant to imatinib
in vitro (IC50 of 18.7 µM), whereas the activity of compound 1
remains high (IC50 of 0.5 µM). We suggest that compound 1
and analogues may therefore be useful in the treatment of human
GIST (and perhaps other cancers such as leiomyosarcoma and
mesothelioma), which is clinically resistant to imatinib or other
KIT-kinase inhibitor drugs.

The data presented here are consistent with the hypothesis
that compound 1 has dual action on both telomerase activity
and expression of the KIT gene, which plays a key role in the

growth of GIST cell lines, and that the compound is targeting
and stabilizing one or both quadruplexes in the KIT promoter
region, although further studies, beyond the scope of the present
paper, will be required to prove that this is the case. This dual
action is independent of and unaffected by mutational changes
in the KIT protein that are consequential to inhibitors acting
on the nucleotide-binding domain; we show here that the
GIST882 cell line does not contain any mutations in either KIT
quadruplex sequence, and the same has been found for the
GIST48 imatinib-resistant line (data not shown). The availability
of cocrystal structures of a naphthalene diimide compound35

with human telomeric quadruplexes may be useful in the rational
design of further analogues with improved KIT quadruplex
specificity, as well as optimized inhibitory and pharmacological
properties. These may find use in the therapy of human GIST
that is resistant to conventional kinase inhibitors.

Experimental Section

Cell Lines. GIST882 and GISTT1 are human cell lines estab-
lished from imatinib-sensitive GISTs. GIST882 contains a homozy-
gous K642E KIT exon 13 mutation, and GISTT1 has a heterozygous
57-base pair deletion in KIT exon 11.43,44 GIST48 and GIST430
are human cell lines established from progressing imatinib-resistant
GISTs. GIST48 contains a homozygous V560D KIT exon 11
primary mutation and a heterozygous D820A KIT exon 17
secondary mutation. GIST430 has a heterozygous KIT exon 11 in-
frame deletion primary mutation and a heterozygous V654A KIT
exon 13 secondary mutation. GIST48B is a stable subcell line
developed from the GIST48 parental cell line. GIST48B was
established after 17-AAG drug pressure which resulted in nearly
undetectable KIT transcript and protein. EWS502 is a human cell
line established from a patient with Ewing’s sarcoma. EWS502
contains wild-type KIT which is overexpressed but not activated.
LMS04 and MESO924 are human cell lines established from
patients with leiomyosarcoma and mesothelioma, respectively, and
contain wild-type KIT. GIST882, GISTT1, EWS502, LMS04, and
MESO428 were maintained in RPMI 1640 supplemented with 15%
fetal bovine serum. GIST430, GIST48, and GIST48B were
maintained in F10 supplemented with 15% fetal bovine serum, mito
+ serum extender, and bovine pituitary extract. HGC-27, HT-29,
and MCF-7 cells were purchased from ATCC. MCF-7 and HT-29
cells were both maintained in DMEM. HGC-27 was maintained in
MEM. Both DMEM and MEM were supplemented with 10% FBS.

Small Molecule Inhibitors. Imatinib mesylate (Glivec) was
purchased from ACC Corporation. A 10 mM stock solution was
prepared in 100% DMSO and kept at -20 °C in 10 µL aliquots.
Stock solutions of compound 1 as free base were prepared in 100%
DMSO and kept at -20 °C. Two established quadruplex-binding
ligands, the acridine BRACO-19 (synthesized in-house) and the
porphyrin TMPyP4 (purchased from Calbiochem Inc.), were also
used in this study. A 1 mM working solution of each compound
was freshly prepared in filter-sterilized distilled water with 1% HCl
on the day of an experiment.

DNA Melting Studies. FRET DNA melting assays were
performed as described previously,21 using 96-well plates and an
Opticon DNA Engine instrument (MJ Research). Oligonucleotides
(Eurogentec Ltd., U.K.) used were the following, where FAM is
6-carboxyfluorescein and TAMRA 6-carboxytetramethylrhodamine:

G4-Tel, 5′-FAM-d[G3(T2AG3)3]-TAMRA-3′;
G4-KIT1, 5′-FAM-d[AGAG3AG2GCGCTG3AG2AG3GCT]-TAM-

RA-3′;
G4-KIT2: 5′-FAM-d[C3G3CG3CGCGAG3AG4AG2]-TAMRA-3′;
duplex DNA, 5′-FAM-d[(TA)2GC(TA)2T6(TA)2GC(TA)2]-TAM-

RA-3′.
FRET-labeled oligonucleotides were annealed as 400 nM solu-

tions in 60 mM potassium chloride/cacodylate buffer (50 mM
potassium chloride + 10 mM potassium hydroxide adjusted to pH
7.4 with cacodylic acid) by heating to 90 °C and allowing to cool
slowly to ambient temperature. Into each well of a 96-well plate

Figure 7. Immunoblotting of total KIT protein in GIST882 cells. Panel
a shows total KIT after treatment with compound 1 for 24 h, and panel
b represents an actin control blot. Panel c shows total KIT protein in
GIST882 cells treated with imatinib for 24 h, and panel d shows an
actin control.

3780 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 Gunaratnam et al.
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was transferred 50 µL of the above solution and, in the case of
control wells, 50 µL of buffer added to give a final oligonucleotide
concentration of 200 nM. For wells in which the Tm shifts were to
be determined, an amount of 25 µL of 2 mM ligand stock in buffer
was added together with 25 µL of buffer to give a final ligand
concentration of 500 nM. In the case of wells where competition
binding was to be measured, the 25 µL of buffer was substituted
with 25 µL of calf thymus DNA stock solutions in buffer at base
pair concentrations of 2.4, 24, 240, or 480 µM, leading to the final
concentrations shown in the caption for Figure 2b. The 96-well
plates were measured with a DNA Engine Opticon 1 (MJ Research)
with excitation at 450-495 nm and detection at 515-545 nm.
Fluorescence readings were taken at intervals of 0.5 °C over the
range 30-100 °C, a ramp rate of 1 °C min-1 being used. Final
analysis of the data was carried out using a script written in the
program Origin 7.0 (Origin Lab Corp., Northampton, MA). Tm

values were determined as the maximum of the derivative of the
fluorescence vs temperature plots except for the oligonucleotide
KIT1 where the plots were fitted to a sigmoid curve.

Molecular Modeling Studies. The coordinates from the crystal
structures of human telomeric quadruplexes complexed with a
naphthalene diimide compound similar to ND1 (PDB code 3CDM)
and with BRACO-19 (PDB code 3CE5) were obtained from the
Protein Data Bank (PDB). The ligands were built using the Builder
module in the Insight II suite of programs (www.accelrys.com).
The partial charges for the ligands were derived by fitting the HF/
6-31G* electrostatic potential, calculated with the GAMESS ab
initio software package.45

Docking was performed with the Affinity Docking module of
the Insight II package. The ligand binding sites were based on the
relative positions of the ligands bound in the crystal structures. This
included the terminal G-quartet in the 3CDM structure. The side
chains of the closely related naphthalene diimide compound in the
3CDM crystal structure were modified to become compound 1 and
were minimized and docked into the structure while keeping the
position of the central chromophore fixed. This protocol enables
the positioning of the ligand to be close to that observed in the
crystal structure.

The next phase of modeling involved simulated annealing. The
van der Waals radii were adjusted to their full values, charges
included with a distance-dependent dielectric of 4rij and the
nonbonded cutoff set to 12 Å. The system was again minimized
for 300 steps of conjugate gradient followed by molecular dynamics
simulations. The initial starting temperature was set to 500 K and
gradually cooled to 300 K over 10 ps. The resulting structures were

again subjected to 500 steps of conjugate gradient minimization.
The final docked model in each case was chosen on the basis of
two criteria: total energy of the system and the total number of
hydrogen bonds that each ligand made with the quadruplex DNA.
The positively charged ions were retained in their crystallographic
positions or were assigned between the quartets along the central
axis of the structures and were assumed to be integral parts of the
systems.

Electrostatics contributions to the overall energy for the implicit
models were calculated using the APBS electrostatics package.36

The online PDB2PQR server (http://agave.wustl.edu/pdb2pqr/) was
used to prepare the docked complexes for electrostatic calculations
by optimizing hydrogen-bonding networks.46 Charges, radii, and
atom types were assigned to each ligand atom in accordance with
the AMBER force field. The systems were then subjected to APBS
electrostatic calculations. A dielectric constant of 2, a solvent
dielectric of 80, and grid spacing were all optimally chosen such
that the grid was always finer than 0.5 Å. The remaining parameters
were kept at default values. The binding free energies were
calculated on the basis of the simple thermodynamics cycle,

where [complex, quadruplex, ligand] and [complex(s), quadru-
plex(s), ligand(s)] represent the nonsolvated and solvated states of
the system, respectively. The program APBS calculates binding
free energy using the equation

This binding free energy cycle illustrates binding in terms of the
transfer of free energies from a homogeneous dielectric environment
to an inhomogeneous dielectric environment with differing internal
and external dielectric constants.36 The contributors to the binding
energies are detailed in Table 3.

Gene Expression Using RT-PCR. Changes in the expression
of KIT, MYC, hTERT, N-RAS, and GAPDH genes were measured
following exposure to imatinib and compound 1 at subcytotoxic
concentrations for 24 h in GIST882 cells. Gene expression changes
were monitored using the One-Step Superscript RT-PCR system

Figure 8. (a) Polyacrylamide gel showing telomerase activity in GIST882 cells treated with compound 1 for 1 week: lane 1, vehicle control; lane
2, 0.5 µM compound 1; lane 3, negative control. (b) Long-term accumulative population doublings of GIST 882 cells treated with increasing
concentrations of compound 1.

∆Gbinding ) -∆3G ) ∆4G - ∆1G - ∆2G (1)
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(Invitrogen). The 1 × 106 cells were seeded in T25cm2 flasks with
appropriate concentrations of drug and incubated as above. At the
end of 24 h cells were washed with 1× PBS, trypsinized, and
centrifuged at 8000g for 3 min. Total RNA was extracted from the
pellets using the Absolutely RNA Miniprep Kit from Stratagene.
Then 250 ng of RNA was used to amplify expression of these genes.
PCR products were resolved in 2% agarose gel stained with
ethidium bromide. The intensity of each PCR product was quantified
using a gel scanner and gene tool software (Sygene, Cambridge,
U.K.) and was normalized for each gene against appropriate
GAPDH expression. Primers used for the amplification of each gene
are given in Table 5.

Western Blotting Analysis of Total KIT Expression. To assess
changes in KIT protein expression, protein lysates were prepared
from GIST882 cells treated with imatinib at 5 and 10 µM and
compound 1 at 0.5 and 1 µM for 24 h. Protein concentrations were
determined by the Bradford assay followed by electrophoresis and
immunoblotting.

Determination of Cellular Telomerase Activity. Inhibition of
telomerase activity following long-term exposure to compound 1
was measured using the TRAP-LIG modified telomere repeat
amplification protocol assay,28 which is designed to ensure that
ligand is not carried over into the second PCR step of the assay.
Protein (1000 ng) from GIST882 cells treated for 1 week with
compound 1 was incubated with master mix containing the TS
forward primer (0.1 µg of 5′-AAT CCG TCG AGC AGA GTT-
3′), TRAP buffer (20 mM Tris-HCl [pH 8.3], 68 mM KCl, 1.5
mM MgCl2, 1 mM EGTA, 0.05% v/v Tween-20), bovine serum
albumin (0.05 µg), and dNTPs (125 µM each), protein extract (500
ng/sample) diluted in lysis buffer (10 mM Tris-HCl, pH 7.5, 1 mM
MgCl2, 1 mM EGTA, 0.5% CHAPS, 10% glycerol, 5 mM
�-mercaptoethanol, 0.1 mM AEBSF). Telomerase elongation step
was carried out for 10 min at 30 °C, followed by 94 °C for 5 min
and a final maintenance of the mixture at 20 °C. Elongated products
were purified using QIA quick nucleotide purification kit (Qiagen)
according to the manufacturer’s instructions. The purified samples
were freeze-dried and then redissolved in PCR-grade water at room
temperature prior to the amplification step. Purified telomerase
extended samples were then subject to PCR amplification. For this,
a second PCR master mix was prepared consisting of ACX reverse
primer (1 µM, 5′-GCG CGG [CTTACC]3 CTA ACC-3′), TS
forward primer (0.1 µg, 5′-AAT CCG TCG AGC AGA GTT-3′),
TRAP buffer, BSA (5 µg), 0.5 mM dNTPs, and 2 U of TAQ
polymerase (RedHot, ABgene, Surrey, U.K.). An aliquot of 10 µL
of the master mix was added to the purified telomerase extended
samples and amplified for 35 cycles of 94 °C for 30 s, at 61 °C for
1 min, and at 72 °C for 1 min. Samples were separated on a 12%
PAGE and visualized with SYBR green (Aldrich) staining. Gels
were quantified using a gel scanner and gene tool software (Sygene,
Cambridge, U.K.). Intensity data were obtained by scanning and
integrating the total intensity of each PCR product ladder in the
denaturing gels. Drug treated samples were normalized against
positive control containing untreated protein only. All samples were
corrected for background by subtracting the fluorescence reading
of the negative control.

Sequencing the c-Kit Promoter Region. A 943 base pair long
KIT gene fragment was amplified by two PCR reactions using
genomic DNA isolated from GIST882 cells. This comprises 690

nucleotides of the KIT promoter region, exon 1, and the initial 100
nucleotides of intron 1. PCR was carried out in a final volume of
50 µL containing 50 ng of genomic DNA, 50 pmol of each primer
(5′-NNNGAATTCACTTCGCCACGCGCC-3′ and 5′-NNNNA-
AGCTTCGCAGTCCTCTCTCCGGATG-3′), 200 µM of each
dNTP, 2.5 U of Herculase polymerase (Stratagene), and 10× PCR
buffer. After being heated for 5 min at 94 °C, the mixture was
incubated for 30 cycles with denaturation (90 s, 94 °C), annealing
(60 s, 55 °C), and elongation (120 s, 72 °C) steps followed by 10
min extension at 72 °C. The correct-size fragment was separated
on agarose gel and ligated into pUC19. DNA sequences of the PCR
fragment contained in the vector were determined by Eurofins
MWG Operon. Three clones were sequenced from each strand by
two independent amplification reactions (PCR_A, PCR_B) and
aligned with the sequence taken from the Ensembl Web site (http://
www.ensembl.org).

In Vitro Assays. Short-term antiproliferative activity in several
cancer cell lines was evaluated by the sulforhodamine B assay and
calculated as IC50 values in µM for 96 h exposure.21,30 Viability
studies were also conducted using the CellTiter-Glo luminescent
assay (Promega, Madison, WI) which utilizes a luciferase-catalyzed
luciferin/ATP reaction to provide a qualitative measure of metaboli-
cally active cells. Cell lines were plated at 10000-30000 cells per
well in a 96-well flat bottom plate (Falcon, Lincoln, NJ), cultured
in serum-containing media overnight, and treated with compound
1 for 3-6 days, including water-solvent control. The luminescence
signal was quantitated using a Veritas microplate luminometer
(Turner Biosystems, Sunnyvale, CA) and normalized to the control.
All experimental points were measured in triplicate.
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