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Summary C1311 is a novel therapeutic agent with potent activity against experimental colorectal cancer that has been selected for entry into
clinical trial. The compound has previously been shown to have DNA-binding properties and to inhibit the catalytic activity of topoisomerase
Il In this study, cellular uptake and mechanisms by which C1311 interacts with DNA and exerts cytotoxic effects in intact colon carcinoma
cells were investigated. The HT29 colon cancer cell line was chosen to follow cellular distribution of C1311 over a time course of 24 h at drug
concentrations that just inhibited cell proliferation by 50% or 100%. Nuclear uptake of C1311 and co-localization with lysosomal or
mitochondrial dyes was examined by fluorescence microscopy and effects on these cellular compartments were determined by measurement
of acid phosphatase levels, rhodamine 123 release or DNA-binding behaviour. The strength and mode of DNA binding was established by
thermal melting stabilization, direct titration and viscometric studies of host duplex length. The onset of apoptosis was followed using a
TUNEL assay and DNA-fragmentation to determine a causal relationship of cell death. Growth inhibition of HT29 cells by C1311 was
concomitant with rapid drug accumulation in nuclei and in this context we showed that the compound binds to duplex DNA by intercalation,
with likely A/T sequence-preferential binding. Drug uptake was also seen in lysosomes, leading to lysosomal rupture and a marked increase
of acid phosphatase activity 8 h after exposure to C1311 concentrations that effect total growth inhibition. Moreover, at these concentrations
lysosomal swelling and breakdown preceded apoptosis, which was not evident up to 24 h after exposure to drug. Thus, the lysosomotropic
effect of C1311 appears to be a novel feature of this anticancer agent. As it is unlikely that C1311-induced DNA damage alone would be
sufficient for cytotoxic activity, lysosomal rupture may be a critical component for therapeutic efficacy.
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Imidazoacridinones are a new class of potent antineoplastic agersreening and Pharmacology Group EEQ-SPG) screening
which have been developed by Konopa and co-workers at tHaboratories, C1BL was selected for further evaluation and will
Technical University of Gdansk, Poland (Cholody et al, 1990soon enter clinical phase | trials.
1992). The design of these compounds was based on Several groups have been studying possible mechanisms under
structure—activity relationship studies of the chemotherapeutitying the antiproliferative activity of C113 in vitro and most
agent mitoxantrone. The diaminoalkyl groups (‘daag’) in the sidereports describe the cellular response as being associated witl
chains of mitoxantrone had previously been found to be a prédNA-related events or damage, including DNA bindingr(fge
requisite for the biological activity of this drug (Konopa andet al, 1996; Brger et al, 1996), topoisomerase Il inhibition
Skladanowski, 1987; Cheng and Cheng, 1989). The attachment (8kladanowski et al, 1996) and G2 arrest (Augustin et al, 1996;
daag to known DNA-intercalating acridinone moieties resulted ir,amb and Wheatle 1996). Howeve due to the fluorescent
the C13xx imidazoacridinone series of compounds, which showedature of imidazoacridinone derivatives, we and others followed
anti-tumour activity in vitro and in vivo in various tumour model the cellular distribution of these compounds and observed the
systems (Kusnierczyk et al, 1994). rapid accumulation of C113 fluorescence not only in nuclei, but
We have recently reported that the most potent imidazoacridialso in other cytoplasmiaganelles (Beger et al, 1996; Bger et
none analogue, C1® (Figure 1), induces inhibition of experi- al, 1996; Skladanowski et al, 1996).
mental human and murine colorectal cancer cell growth. The The present study was designed to define the cytosolic compart-
human colon cancer xenograft HT29 showed marked tumoument and the relevance of the involvement of theganelles in
growth delay (10 mg kg! = 211.4%, P < 0.001) after a single- the anti-tumour#icacy of C131. Cellular uptake and the mecha-
dose intraperitoneal (i.p.) bolus injection (Ber et al, 1996). nism by which C131 interacts with DNA and exerts cytotoxic
Based on these and other xenograft data (unpublished) obtained &fects in intact colon carcinoma cells were investigat®fg.
European @anisation for Research afceatment of Cancer and describe the cellular mechanisms of ClL# relation to its struc-
tural features supporting that DNA intercalation and lysosomal
rupture are the lethal lesions induced at drug concentrations

Received 4 November 1998 causing total growth inhibition in HT29 colon cancer cells.
Revised 18 Febuary 1999 Moreove, the lysosomotropicfiect of C131 might be a critical
Accepted 23 February 1999 component for C1BlL therapeutic féicacy against colorectal
Correspondence to: MC Bibby cancer in vitro and in vivo.
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I_ daag __| (T) on chemosensitivity, were determined using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetralium bromide (MTT) assay
procedure as described elsewhere (Burger et al, 1996; Nicholson
et al, 1997).

Measurement of DNA/C1311 complexes in HT29 cells

HO, Exponentially growing HT29 cells were trypsinized and seeded
into 96-well plates (50 000 per well) 24 h prior to drug treatment.
Cells were then exposed to C1311 af I(®.5uM) and TGl
(2 uM) concentrations for 1, 4 and 8 h. Control cells were treated
N with vehicle (saline) only. To measure complexes formed by
C1311 with genomic DNA, plates were washed twice with|200
L__N phosphate-buffered saline (PBS), and C1311 in DNA quantified
by using a fluorescence plate reader (Cytofluor 2300, Perkin-
Elmer). Fluorescence intensity of C1311-treated HT29 cells (in
100ul PBS per well) was determined at 360/40 nm excitation and
530/25 nm emission filter settings.

Figure 1  Structure of the imidazoacridinone C1311, daag = diaminoalkyl
group

MATERIALS AND METHODS . .
Fluorescence microscopy studies

Materials/Drugs HT29 cells were grown on glass slides to follow the intracellular

The 5-go-aminoalkyl)amino-8-hydroxyimidazoacridinone C1311 distribution of C1311 at va_rious time_points: 30min, 1 h, 4h, 8_h,
(Figure 1) was synthesized at the Technical University of Gdansk.8 h and 24 h. Exponentially growing cells were treated with
as described elsewhere (Cholody et al, 1990, 1992). Stock solf:>HM (approx. 1G) or 2.0uM (approx. TGI) drug respectively.

tions were prepared in dimethyl sulphoxide (DMSO) or normal-ocalization of inherent C1311 fluorescence (excitation/emission

saline. Aqueous solutions were prepared in polystyrene tubes f§@xima = 340/520 nm) was compared to the lysosomal paint,

minimize adsorption effects and quantified by spectrophoto-'—yso trackeM (final concentration 200nm), and the mitochondrial

metry. Hoechst 33258 dye (Sigma-Aldrich Ltd) was used as §t@ins rhodamine 123 (1@ mt”) and Mito tracke? (final
control ligand for viscometric studies and quantified ugipg= ~ concentration 200m) after short-term (30 min) exposure. In
42 000 M cnr (Loontiens et al, 1990). All DNA binding experi- addition, C1311 was co-cultured with each of these dyes. Cells
ments were performed in aqueous phosphate buffer L0 mWere washed three times with ice-cold PBS to remove background

NaH,PO/NaHPO, 1mu NaEDTA, pH 7.00+ 0.01). Double- for microscopic examinatign and k_ept €4 Intracellular fluores- _
stranded calf thymus DNA (CT-DNA, type-l [Sigma-Aldrich Ce€nce was documented in a series of _fluorescence photomlcro-
Ltd.]) was sonicated and purified using a published procedur@f@phs for each sample and time point using a Leitz DMR
(Chaires et al, 1982), then dialysed for 48 h against phosphaﬁé“ocmaf fluorescence microscope fitted with a Leica MPS 48/52
buffer using a MW 10 000 cut-off membrane to remove short fragPhotoautomat attachment (Zeiss, Germany).
ments. This procedure results in duplex DNA with an average
length of ~200 bp (~100 kDa) necessary f_or viscometric sthie; B hodamine 123 release
ensure that the DNA behaves like a stiff rod and to minimize
effects from changes in persistence length (Chaires et al, 1984¢hodamine 123 release as an indicator of mitochondrial impair-
CT-DNA solutions were quantified spectrophotometrically usingment and early onset of apoptosis (Yang et al, 1997) was examined
€,50= 12 824 M(bp)* cn. using a fluorescence-based 96-well plate assay, following a
Lyso tracke™ and Mito trackeé™ were obtained from procedure described previously (Burger et al, 1995). Effects were
Molecular Probes Europe (Leiden, The Netherlands). Rhodamin@easured up to 8 h of exposure tq l&hd TGl concentrations of
123 dyes and all other chemicals or reagents used were purchaget311.
from Sigma-Aldrich Ltd (Poole, Dorset, UK). Tissue culture
medium and supplements were purchased from Life Technologi - . .
(Paisley, UK) and Costar Ltd (High Wycombe, UK). eI§NA binding — thermal denaturation studies
C1311 was subjected to DNA melting studies with calf thymus
DNA at a fixed concentration of 5M(bp) by adaptation of a
reported procedure (McConnaughie and Jenkins, 1995). Working
The human colon cancer cell line HT29 was obtained from theolutions containing CT-DNA and the test compound (3480
central repository of the National Cancer Institute in vitro cell linewere prepared by addition of concentrated drug solutions in
screening programme (Frederick, MD, USA) and was routinelyDMSO, to give defined [drug]/[DNA(bp)] molar ratios in the
maintained as monolayer culture in RPMI-1640 medium suppled.04-1.00:1 range. Samples were monitored at 260 nm using a
mented with 10% fetal calf serum and #m-glutamine in a  Varian-Cary 1E spectrophotometer fitted with a Peltier heating
humidified atmosphere containing 5% carbon dioxide &C37 accessory. Heating was applied &€ in™ in the 5-98C range.
C1311 doses required to produce 50%,Jl@r total growth inhi-  Optical data were imported into the Origin 5.0 computer package
bition (TGI), and the effects of drug concentration (C) and time(MicroCal Inc., Northampton, MA, USA) for analysis, and DNA

Cell culture and in vitro cytotoxicity assay
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Cellular and DNA mechanisms of C1311 369

helix - coil transition temperaturegn() were obtained from the Table 1 Effects of drug concentration (C) and time (T) on chemosensitivity
maxima in the d§,,.)/dT derivative plots. Results are given as the 729 cell

meant s.d. from three determlne_ltlons and are correct_ed for the,posure time (n) C xT value required to kill 50% of cells
effects of DMSO cosolute using a linear correction termr (UM h) £s.e.m.

(McConnaughie and Jenkins, 1995). Drug-induced alterations |

DNA melting behaviour are given by: =T _(DNA + drug) — }1 :-g ig'és
T.(DNA alone), where th&_ value for the drug-free CT-DNAis 0.39 % 0.01

67.8 £ 0.I°C. The [drug]/[DNA] ratios used did not result in 144 0.36 +0.08
binding saturation of the host DNA duplex.

DNA binding — optical titration experiments

A 120
Equilibrium binding constants were determined by spectrophoto

metric titration of a solution of C1311 (1@®) with serial I T l
aliquots (0.5-ful) of concentrated CT-DNA (~8.8wmin bp) at 100
25.0+ 0.1°C using a published procedure (Jenkins, 1997). Aftel

each addition and equilibration for 5 min, the absorption spectrur 80
(700-220 nm) was recorded using a Varian-Cary 1E instrumen
Addition of aliquots continued until the decreased visible

absorbance at 425 nm for the free drug became constant, at whi ? 60 |- .
point the addition of DNA itself causes a slight increase. The S
optical characteristics for binding are as follows;_(free/ g
bound) = 425/430 nm, isosbestic points at 314/335/476 nm. Th g 40 - 7

optical changes at the__, values were analysed to determine the
equilibrium distribution of free and bound drug molecules at eacl 20
data point. The intrinsic DNA—drug equilibrium binding constant
K, was calculated using the following relationship (McGhee anc
von Hippel, 1974): 0

NI

Time (h)

n-1

r_ 1-nr
c Ki(1 nr)[1 o1y B 350
wherer is the mole ratio of bound drug to total DNA sit€sis the TGIL
concentration of free ligand amds the neighbour exclusion para- 300
meter or binding site size (Chaires et al, 1982; Jenkins, 1997
Values forK, andn were determined from binding isotherms using 250
a non-linear fitting routine with the Kaleida Graph 3.08 program ; l
(Synergy Software, Reading, PA, USA). '

200 ICso %

] ) ) ] ) S 150 i
Viscosity experiments were carried out in an Ostwald-type capil £
lary viscometer maintained at 25#00.1°C by immersion in a
circulating water bath (Pilch et al, 1993; Suh and Chaires, 1995 100
Aliquots of concentrated drug solution were added directly to the c
viscometer containing a CT-DNA solution [1.3 ml of 35@(bp)]
in phosphate buffer to givédtal drug]/[DNA(bp)] molar ratios of
0.075, 0.15, 0.225 and 0.30. These values were selected on t
basis of the binding isotherms obtained from the optical titratior 0 .
experiments. Control experiments were performed with Hoechs. h 4h 8h
33258 dye, an established DNA minor groove-binding ligancFigure 2 (A) Reversibility of drug effect determined at IC,, (#) and TGI
(Loontiens et al, 1990; Quintana et al, 199L: Hag etal, 1097). (5 oeentationsof CLou as comparen o e veatg convoy,

After mixing by bubbling with a Ngas stream and thermal 1h, 4hand 8 h exposure to C1311 at IC,, (0.5 pm) and TGI (2 pw)
equilibration for 30 min, flow times were measured in triplicate to_con_centration in co_mparison to vehicle-treated control (C) cells. Dotted line

i . indicates non-specific background

an accuracy of 0.1 s; averaged data were used for analysis. Fc
the viscometer used, flow times in the range of 160-220 s weic
measured after each addition of C1311 ligand. Relative viscosity
values were calculated from the observed flow tintesf(DNA- the drug-free DNA solution. This factor approximates to the ratio
containing solutions corrected for the flow time of the buffer aloneof relative DNA contour lengthd,/L,, whereL andL, represent

(t,), using the relation = (t —t )/t . Data are presented agr{,)" the lengths of the rod-like duplex molecule in the presence and
versus the experimental binding ratio, whegés the viscosity of ~ absence of added drug.

ts

DNA binding — viscometric studies

orescence uni

LT

50 .-
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Cytosolic preparations and determination of acid DNA fragmentation

phosphatase activity Exponentially growing HT29 colon cancer cells were cultured in

Ten million exponentially growing HT29 cells, either untreatedthe presence of eithen@ C1311 (TGI) for 2, 8 and 24 h or HMn
(control) or treated with C1311 at concentrations ofpy5and etoposide (positive control) for 8 h respectively. DNA from
2.0um for 2, 8 or 24 h, were washed twice with ice-cold PBS ands x 10° cells was extracted and analysed following an established
homogenized in 0.5 ml of PBS using Kontes tubes. The celprotocol (Beckwith et al, 1993). All experiments were performed
homogenates were spun in a Beckman Optima TL ultracentrifugat least in triplicate.
at 600g/4°C for 10 min and then, after removal of the supernatant,
at 15000g/4°C for 15 min. The supernatant was separaterRESUL.l_s
centrifuged at 105 00§/4°C for 1 h to obtain a cytosolic prepara-
tion/cell sap. In vitro cytotoxicity and intracellular distribution of

Acid phosphatase activity was determined in HT29 cytosolicC1311

prepargtlons by using th_e Slgm_a Dlagn_osFlcs Phosphatases E}nce C1311 had demonstrated potent in vivo anti-tumour activity
according to the supplied instruction. In brief: 4-nitrophenyl phos-

phate in citrate buffer (pH 4.8) was used as substrate and pr'n the HT29 human colon cancer xenograft model (Burger et al,

. %96), we used this cell line to investigate the mechanism(s) of
warmed to 37C, then 0.2 ml of cytosol or water (negative control) C1311 antiproliferative activity in intact cells. Cell kinetics studies
was added and the mixture incubated &tC37or 30 min. The P y )

reaction was stopped with 5 ml Oalsodium hydroxide and the were performed to determine whether there is a concentration—
absorbance was measured at 420 nm using a Beckman DU 6%616 dependency (&) for the cytotoxic effects of C1311 atdC

. : L nd TGI concentrations. The response of HT29 cells to different
spectrophotometer. Acid phosphatase units for any individua . . .
. L schedules of C1311 showed no notable differences in cytotoxicity
sample were determined from a calibration curve.

between a 1 h and 4 h exposure period, with €alues to achieve
50% cell kill of 5.0 and 3.9m ht respectively. However, treat-
ment with C1311 for 24 h was approximately ten times more
effective such that thexd parameter was closely similar to the 6-
Exponentially growing HT29 cells on cover slips were treatedday value for continuous exposure (Table 1).

with 2 um C1311 for 2, 4, 8 and 24 h. Untreated cells were used as In contrast, drug concentrations inducing total growth inhibition
negative control for each time point and another set treated witfTGI) in a 6-day proliferation assay were already deleterious to
40 uM for 48 h to ensure cell death. After each treatment intervalHT29 cells after only 1 h of incubation (Figure 2A). This effect on
slides were washed with PBS, air dried and cells fixed with 4%umour cell growth was paralleled by formation of measurable
formaldehyde in PBS for 30 min. After washing with PBS, cellsDNA/C1311 complexes in HT29 cells which reached a maximum
were subjected to a TUNEL assay using an ApopTag® (S7101 kit 1-h exposure to TGI doses (Figure 2B). The short period (up to
Appligene Oncor, Watford, UK), according to the manufacturer'sg h) of drug reversibility at Ig and the rapid manifestation of
instructions. Slides were prepared and examined microscopicallytotoxic lesions and measurable DNA/C1311 complexes at the
and the extent of apoptosis was determined from the appearanceT@| concentration of C1311 indicate the involvement of a DNA-
peroxidase-labelled apoptotic bodies. interactive mode of action for this drug.

Apoptosis assay

Figure 3  (A) C1311 uptake in HT29 colon cancer cells. (B) Labelling of HT29 cells with the lysosomal marker dye Lyso Tracker™. (C) Staining pattern in HT29
cells with the mitochondrial membrane probe rhodamine 123. Comparison is shown for dye localization after 30 min exposure to C1311. Magnification 570 x
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Cellular and DNA mechanisms of C1311 371

Figure 4 C1311 accumulation in the lysosomes of HT29 cells. (A) Enlargement of lysosomes (white arrowhead) 8 h after exposure to the TGI concentration
(2 um). (B) Most of the drug has migrated into the lysosomes and rupture of lysosomes is apparent (white arrowhead) 24 h after continuous exposure to C1311.
Magnification 780 x

Indeed, by following the cellular distribution of inherent C1311 C1311-induced lysosomal rupture correlates with
fluorescence we observed a rapid localization of drug in the nucléncrease in acid phosphatase activity
of cancer cells (Figure 3A), as noted previously (Berger et al, 1996;

6; . L
Burger et al, 1996; Skladanowski et al, 1996). However, nuclea'ﬁlcIOI phosphatase activity was measured as marker enzyme 1o

. . examine C1311 lysosomotropism and the resulting lysosomal
fluorescence was also accompanied by punctate accumulation in Y P 9y

. - - rupture described above. Enzyme activity was determined 2, 8 and
cytosolic organelles and, although cytoplasmic localization Wa.%4 h after exposure to the drug. No difference between control and

reported earlier (Berger et al, 1996; Burger et al, 1996), its role i
C1311 induced tumour growth inhibition remained unclear. The&lSll—treated HT29 cells was seen at 2h, and no lysosomal

structural features of C1311 suggested to us that the compourrlLdpture was evident at this time point. At 8 h, when the lysoso-

ok 10t ony be capaie o biding (0 D, may alsobeO1OTC S WS vy PIOTHET Bresse 2 pree
trapped into acidic cell compartments due to its basic nature. Thug cuvity

- . . . i cbncentration with 3.0& 0.01 U mf* as compared to a value of
due to their protonatable daag side-chains (Figure 1), imidazq: T

- . - - 2.17+ 0.12 U mi* for the untreated control cells. A significant

acridinones are likely to accumulate in the lysosomes that provi s

- ; . ange to 5.3% 0.09 U mt! was found for cells after treatment
the most acidic cellular structures. To test this hypothesis, the local-
ization of lysosomal and mitochondrial marker dyes was compared
to C1311. Lyso trackéf showed the same cellular distribution
pattern as the C1311 cytosolic concentration (Figure 3A vs 3B
whilst Mito tracker™ or rhodamine 123 (Figure 3A vs 3C) did not
match the picture. By studying rhodamine 123 release under C13
treatment, no effect on mitochondrial membrane integrity wa:
observed (data not shown). The fact that mitochondria were n L__] control

stained by C1311 and mitochondrial membrane remained intact i = 4 |- 8h (2.0 um) |
more than 8 h under C1311 exposure suggests that these organe 2 240 (20w

were not targeted. These observations are important in view «

current understanding that mitochondria play a pivotal role ir 8 3

controlling cell death in as much that cytochrome C release fror §

mitochondrial membranes is thought to be the initial stimulus o § T

apoptosis cascades (Yang et al 1997; Green and Reed, 1998). 2 2r 1

Moreover, following uptake of C1311 in HT29 cells over a time
course of 24 h, drug even appeared to migrate from the nucle
compartment into the lysosomes. Lysosomes were marked
enlarged at 8 h under continuous exposure to C1311 and sor
diffuse cytoplasmic fluorescence resulting from free drug becam 0 |
evident (Figure 4A). Twenty-four hours after drug addition,
rupture of ‘mega’ lysosomes was observed, with C1311 leakinFigure 5 Acid phosphatase activity in the cytoplasm of HT29 cells untreated

. (O) or treated with C1311 at TGI concentrations for 8 h (/4) and 24 h (N)
out of these compartments (Figure 4B). respectively. *P < 0.05 (Student's t-test)
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Table 2 Binding behaviour of C1311 to calf thymus DNA at pH 7.0

AT, (°C)* at [drug]/[DNA] ratio

KP ne
0.04:1 0.1:1 0.2:1 0.4:1 1:1 (%108 M(bp) ) (bp)
3.5 6.8 10.0 13.8 18.7 45+0.3 35+0.1

aDrug-induced thermal stabilization of CT-DNA (z < 0.2°C) for the [C1311])/[DNA(bp)] molar ratios shown. PIntrinsic binding constant determined from optical
titration with CT-DNA (see text). °Binding site size in DNA base pairs.

with C1311 for 24 h, reflecting the severe lysosomal rupture anc

16f ! T ! T ]
collapse of theserganelles (Figure 5). Howerechanges in acid
phosphatase activity were not evident for the HT29 cells gt IC 15 “="5131r1]t .
concentrations. 9ccs

[N
»
T
1)
1
——
1
\
'
\
L}
'
'
L}
O
1

13} ;— 4
12k ; i

Thermal denaturation studies, binding affinity and
stoichiometry

Relative contour length L/L,

C1311 was assessed as a DNA-binding agent by determination 1ir L7 T
the thermal helix. coil or melting stabilization (4,) afforded to 10k +«" \+\+ |
duplex-form calf thymus DNA. This pseudo-random DNA was T '*+
selected to overcome possible limitations due to base sequen 09f | . 1 . i . 1 7
dependent binding fiects. The compound induced significant 0.0 01 02 03
stabilization of the DNA duplex relative to the melted strands, fiot

Table 2 shows the CLiinduced A, shifis. Analysis of the S48, oS ponourinat o ca s DA st esion of e
differential éfects (data not shown) induced upon the G/C or highcontrol Hoechst dye, a non-intercalative groove-binding ligand, has little
temperature (i.€f > T_) portion of the DNA melting curve relative ©ffect whereas C1311 extends the contour length of duplex DNA, as
m X . . expected for an intercalating ligand
to the A/T or low-temperature (i.€<T ) region suggests possible
site- or sequence-preferential binding A®-rich base segments
(McConnaughie and Jenkins, 1995). Factors of ~1.3 are evident
from the diferential behaviours, particularly at higher [drug]/ non-saturating binding ratios established by fitration spectro-
[DNA] mole ratios where the host duplex is approaching drug satushotomety. The established minor groove-binding ligand, Hoechst
ration. Howeve such observations can only be qualitative given33258, was used to provide a control for a non-intercalative DNA-
the thermodynamic limitations of this technique and must awaibinding dye (Loontiens et al, 199@ega et al, 1994). For rod-like
direct observations from sequence foot-printing experiments. DNA duplex of lengthL, viscosity is markedly sensitive to length
Spectrophotometric titration of calf thymus DNA with changes (proportional ig). ‘Classical’ ligand intercalation would
C1311 yields an intrinsic binding constant for this interaction of be expected to increase the relative length of the host duplex as has
4.5 x 10° M(bp)* with a DNA-binding site size that spans 3.5 basebeen demonstrated for a number of established intercalating mole-
pairs ¢ = 0.993 for 25 data pointsfaken togethe these data cules (Suh and Chaires, 1995). Figure 6 shows thatlCd8arly
(Table 2) indicate stronglyffinic binding for C131 to the duplex, increases the relative contour length of double-strandeDNA,
with frequent binding sites for this random-sequence DNA. whereas the Hoechst dyieets only a negligible change in the drug
dose range examined. These data lead us to conclude that DNA
interaction by the imidazoacridinone A13involves an intercala-
tive binding mechanism. Furtheiven the size of the DNA binding
The criteria for establishing the mode of interaction for DNA site (see above), comparison with established intercalating agents
ligands have recently been reviewed, indicating that viscositgnd hybrid combilexin-type ligands suggests that the protonated
measurements provide one of the few reliable indicators to distirdaag side-chain makes a snug fit into a helical conduit of the DNA
guish intercalative and groove-mediated binding mechanisms (Suuplex (see, for example: Bailly et al, 1989; Agbandje et al, 1992).
and Chaires, 1995). Attempted comparative studies of fluoresSuch groove accommodation would be expected to achieve
cence quenching and displacement of ethidium bromide werfavourable electrostatic, hydrophobic and hydrogen-bonded
thwarted by the inherent fluorescence of the imidazoacridinoneontacts with the host to further stabilize the binding process.
compound C1BL. Such indirect fluorometric techniques have
previously been used to determine ‘apparent’ binding constanté
and qualitative information regarding the binding mechanism for
candidate ligands (McConnaughie and Jenkins, 1995; JenkinMost anticancer drugs in current use induce apoptosis in suscep-
1997). Thus, instead, we examined tfilee of C131 upon the tible cells (Hickman, 1992). Howewet is important to discern the
hydrodynamic properties of DNA. role of apoptosis and the timing of the onset of the cell death
Figure 6 shows the results from viscometric studies with caltascade in relation to other cellular events. Using the HT29 cell
thymus DNA with increasing amounts of either C1L®r Hoechst  line we could not observe signs of apoptosis by means of impair-
33258 for a [drug]:[DNA] range of 0-0.30:1 that corresponds toment of mitochondrial membrane potential (described earlier),

Evidence for intercalative DNA binding mode

1311 and apoptosis in HT29 colon cancer cells

British Journal of Cancer (1999) 81(2), 367-375 © 1999 Cancer Research Campaign
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kb
-231

-21
Figure 7 (A) TUNEL (ApopTag) assay for HT29 cells grown on glass slides.
Untreated control (i) or treated for 24 h(bar = 20 pwm) (ii) with TGI (i.e. 2 pwm)
C1311 and stained for presence of apoptotic DNA nicks. Positive staining
can be seen in the cultures treated with 40 pm C1311 for 48 h (iii). (B)

—0.56 Apoptotic DNA ladder. Genomic DNA was isolated from treated cells as
described, resolved on a 1.5% agarose gel and stained with ethidium
bromide. Lane 1, HT29 cells treated with C1311 at TGI concentration (2 pm)
for 2 h; lane 2, for 8 h; lane 3 for 24 h; lane 4, HT29 cells treated with
etoposide (50 um) for 8 h

DNA fragmentation by nick-labelling (ApopTag, Figure 7A) or early point, resulted in a strong DNA ladder after 8 h of continuous
typifying ladder pattern (Figure 7B) prior to other effects seerdrug exposure (Figure 7B).

such as nuclear uptake of C1311 or lysosomal breakdown.

Apoptotic cells were easily identified after treatment with

suprelethal C1311 concentrations (#0approximately 20X TGI) DISCUSSION

for 48 h, indicating a successful assay (Figure 7A, iii). We haveéC1311 is a new investigational agent that will be evaluated for its
shown previously that DNA synthesis in HT29 cells is stronglypotential use in the treatment of colorectal cancer. Thus, to design
inhibited as early as 1 h after exposure to C1311 at TGI concentrappropriate trial protocols, it is important to understand how an
tions (Burger et al, 1996), yet the onset of C1311-induced apoggent modulates tumour cell growth. Although it is clear from
tosis in these cells is much delayed and does not occur before 24#rlier work that DNA and complexes cleavable by topoisomerase
of treatment (Figure 7B). This behaviour indicates that DNA interd| are a cellular target of imidazoacridinone C1311 (Berger et al,
calation alone would not cause the potent cytotoxicity seen fot996; Burger et al, 1996; Skladanowski et al, 1996), the precise
C1311. Moreover, as lysosomal swelling is evident at 8 h ofmode and strength of DNA binding has not been delineated. Drug
continuous exposure to a TGl dose (Figure 4A) and severe ruptuggecumulation in other than the nuclear compartment, and the
is seen after 24 h (Figure 4B), it has to be considered that the apagellular kinetics of drug action or the consequences leading to cell
tosis cascade is not mediated by C1311 directly, but may be trigleath remained largely undefined.

gered indirectly by cell autolysis. In contrast, treatment of HT29 The principal conclusions that can be drawn from this study are
cells with etoposide, an agent known for inducing apoptosis at a@s follows: (i) C1311 is a potent inhibitor of HT29 tumour cell
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growth. However, drug effects are schedule- and time-dependent, In conclusion, understanding the role of lysosomes in cancer and
such that @T parameters will be an important consideration totargeting these cellular compartments in an anti-cancer strategy by
achieve clinical efficacy; (ii) C1311 binds to duplex DNA by inter- using them as ‘suicide bags’ warrants further investigation.
calation, with a high affinity for random-sequence DNA, (iii) the
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