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Hypoxia-Selective Agents Derived from Quinoxaline 1,4-Di-N-oxides
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Hypoxic cells, which are a common feature of solid tumors, but not normal tissues, are resistant
to both anticancer drugs and radiation therapy. Thus the identification of drugs with selective
toxicity toward hypoxic cells is an important objective in anticancer chemotherapy. The
benzotriazine di-N-oxide (SR 4233, Tirapazamine) has been shown to be an efficient and
selective cytotoxin for hypoxic cells. Since the bioreductive activation of Tirapazamine is
thought to be due to the presence of the 1,4-di-N-oxide moiety, a series of 3-aminoquinoxaline-
2-carbonitrile 1,4-di-N-oxides with a range of electron-donating and -withdrawing substituents
in the 6- and/or 7- positions has been synthesized and evaluated for toxicity to hypoxic cells.
Electrochemical studies of the quinoxaline di-N-oxides and Tirapazamine showed that as the
electron-withdrawing nature of the 6(7)-substituent increases, the reduction potential becomes
more positive and the compound is more readily reduced. Apart from the unsubstituted 6a
and the 6,7-dimethyl derivative 6¢, the quinoxaline di-N-oxides have reduction potentials
significantly more positive than Tirapazamine (E,, —0.90 V). The most potent cytotoxins to
cells in culture were the 6,7-dichloro and 6,7-difluoro derivatives 6i and 61, which were 30-fold
more potent than Tirapazamine. The 6(7)-fluoro and 6(7)-chloro compounds, 6e and 6h, showed
the greatest hypoxia selectivity. Four of the compounds, 6e, 6f, 6h and 6i, killed the inner
cells of multicellular tumor spheroids in vitro. In vivo Balb/c mice tolerated a dose of these
four compounds twice the size of that of Tirapazamine. This study demonstrates that

quinoxaline 1,4-di-N-oxides could provide useful hypoxia-selective therapeutic agents.

Introduction

The oxygenation status of clonogenic cells in solid
tumors has long been believed to be one of the major
factors adversely affecting tumor response to radio-
therapy.2 There is now considerable evidence for the
presence of hypoxia in human tumors, and this has been
shown to influence the outcome of treatment for several
types of malignancies.2~3 Preclinical studies suggest
that hypoxic cells may also be refractory to certain
chemotherapeutic drugs.6-8

Differential drug toxicity toward hypoxic cells was
first observed in vitro with metronidazole® and was
confirmed with various nitro heterocycles in other cell
lines.® The concept of bioreductive activation of drugs
in hypoxic cells to produce a more toxic compound has
been extensively reviewed, and three general classes of
such agents are now known.”1%!1 First are the quinone
antibiotics of which mitomycin C is the prototype drug.1?
Second are the nitroimidazoles which were initially
developed as radiation sensitizers, but also show pref-
erential toxicity to hypoxic cells as dual function agents,
e.g., RSU 1069.131¢ The third class of bioreductive
cytotoxins are the benzotriazine di-N-oxides of which
Tirapazamine (3-amino-1,2 4-benzotriazine 1,4-di-N-
oxide, WIN 59075, SR 4233) is the prototype com-
pound.’® Tirapazamine is the first drug to be introduced
into the clinic purely as a bioreductive cytotoxic agent.16
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Several groups have investigated the mechanism for the
selective hypoxic toxicity of Tirapazamine and have
found that the toxic species is an oxidizing radical which
can be back-oxidized to the parent drug in the presence
of oxygen.1”18 The importance of the N-oxide group for
the selective activity of Tirapazamine suggested to us
the possibility of designing new heterocyclic N,N-
dioxides and exploring their activity in hypoxic cells. We
report here the preparation of compounds derived from
the quinoxaline 1,4-di-N-oxides and their biological
characterisation. It has also been suggested that the
more negative the reduction potential the greater the
hypoxia selectivity, to the point at which enzymes can
no longer reduce the compound.!®* We have included
electrochemical data to demonstrate whether the reduc-
tion potentials can be related to oxic/hypoxic selectivity.
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SR 4233 QUINOXALINE 1, 4-DI-N-OXIDE
Chemistry

The acetanilides 1 were prepared (Scheme 1) by
acylation of the appropiate aromatic amines with acetic
anhydride in acetic acid. Attempts to nitrate the
acetanilides at 0—25 °C with 60% nitric acid and
concentrated sulfuric acid afforded the 2-nitro deriva-
tives 2. Nitration of 4-phenylacetanilide yielded 4-(ni-
trophenyl)-2-nitroacetanilide 2q. Hydrolysis of 2 in
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2 (1) AcoO/AcOH/reflux/15 min; (ii) 60% HNOg, HaSO4/0~20 °C/
30 min; (iii) concentrated H2S04100 °C/15 min; (iv) concentrated

HCl, HoO/NaNOg, H20; NaNys/sodium acetate/Hz0; (v) toluene,
reflux/2 h; (vi) CHa(CN)o/DMF/Et3N/0—20 °C/24 h.

concentrated sulfuric acid gave the substituted 2-ni-
troanilines 8 in good yields. Diazotation of anilines 3
and subsequent treatment with sodium azide afforded
the reactive 2-nitrophenyl azides 4.2° Cyclocondensa-
tion of the azides 4 in boiling toluene yielded the
benzofuroxanes 5. Beirut reaction?%2! of substituted
benzofuroxanes 8§ with malononitrile in the presence of
triethylamine as condensing base??~24 at low tempera-
tures (0—10 °C). gave the final 3-amino-2-quinoxa-
linecarbonitrile 1,4-di-N-oxides 6 in variable yields (8—
75%). Theoretically two isomers are formed by Beirut
reaction (6- and 7-substituted isomers), but mainly one
of them is obtained. Technically, the workup and
purification of the mixture afford only one isomer,
probably the 7-isomer, while the minor isomer is
discarded. However, compounds 6b,f—g and h are
obtained, after purification, as a mixture of both isomers
(Table 1). In principle, product mixtures can be formed
from unsymmetrically-substituted benzofuroxanes, al-
though in practice considerable regiospecificity is often
achieved. For example in the reaction of 5-substituted
benzofuroxanes with benzoylacetonitrile, only 7-substi-
tuted quinoxaline 1,4-di-N-oxides are formed.?> Separa-
tion of 6h isomers was carried out by flash chromatog-
raphy by eluting with ethyl acetate (7-chloro isomer)
and TDA (6-chloro isomer). Both pure isomers were
individually tested, demostrating equal activity. The
6(7)-amino derivative 60 was prepared by hydrolysis of
the acetamido group 6n. Nitration of 6-methoxy com-
pound 6d with 60% nitric acid at room temperature for
10 h afforded the 7-methoxy-8-nitro compound 6p. The
(ethoxycarbonyl)quinoxaline 8r was prepared by esteri-
fication of 5-(chloroformyl)benzofuroxane followed by
Beirut reaction. Beirut reaction from carbonyl- or
carboxybenzofuroxanes were unsuccessful or gave very
low yields.

Electrochemical Studies

In DMF at a platinum working electrode the
voltammetric response of 3-amino-2-quinoxalinecarbo-
nitrile 1,4-di-N-oxides was complex. Tipically four to
six reduction peaks were observed during forward
cathodic scan, some of which may be linked to oxidation
peaks on the reverse anodic scan. For example com-
pound 6f had cathodic peak potentials, E,., at —0.65,
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Table 1. Preparation of 3-Amino-2-quinoxalinecarbonitrile

1,4-Di-N-oxides 6
?
oo
Re III/ NH,
(o}
compd Rs, Ry vield, % mp, °C formula (C, H, N)
6a H, H 75 190 CgHsN402
6bs CHs H 52 245-247 C1oHgN4O;
6¢ CHs, CH3 28 >300 C11H10N4O2
6d CH30,H 40 248-249 C,oHsN4O3
6e F.H 61 >300 CoHsFN 402
6 CF3, H 55 259-260 C;oHsF3N4O,
6g° CF30, H 29 245-248 C,9HsF3sN4O3
6he ClLH 72 263-264 CyHsCIN4O2
6i Cl, Cl 48 265 CoH4CI2N4O;
6j CN,H 11 >300 C10HsN502b
6k CHaO, Cl 25 248 dec CmH7ClN403
61 F,F 63 >300 CgH4FzN402
6m CLF 11 >300 CoH4CIFN,O4
6n CH3CONH, H 10 269 dec  C;;H9N5Osc
60 NH,, H 65 >300 CoH7N5045-HC1
6p CH30, 8-N02 18 270 dec CloH7N505
6q p-NOzPh, H 22 225 dec 015H9N504'0.5H20
6r EtO.C,H 8 178 C12H10N4O4

o Mixture of isomers. ¢ N: caled, 30.84; found, 30.36. < C: caled,
50.96; found, 50.55.

Table 2. Peak Potential Data® for the First Reduction Step of
Quinoxaline 1,4-Di-N-oxides, Tirapazamine, and
Anthraquinone-2-sulfonate

compd R Rg Ep, Vvs SCE
6a H H -0.88
6¢ CH; CH; -0.97
6e F H -0.75
6f CF3 H -0.65
6g CF30 H -0.73
6h Cl H -0.74
6i Cl Cl -0.62
6j CN H -0.56
6l F F -0.75
6m Cl F -0.68
SR 4233 - - -0.90
AQS - - -0.83

@ Peak potentials (~+0.01 V) measured at a scan rate of 0.1
Vi/s.

—0.73, —1.02, —1.44, and —1.58 V, with anodic peak
potentials, E,,, at —1.38, —1.11, —0.85, —0.70, and
—0.58 V. Only the first reduction step was studied as
a function of voltage sweep rate and switching potential.

Table 2 summarizes Ej for the first reduction step
of each quinoxaline di-N-oxide, plus Tirapazamine and
anthraquinone-2-sulfonate. This potential was gener-
ally observed to be independent of voltage sweep rate
and the potential for switching from cathodic to anodic
scan. In most cases an anodic peak potential, Ep,,
approximately 60 mV more positive than the first
cathodic peak could be assigned. Data for 6f are Ej
—0.65V, Eps —0.68V, Eps — Epe= 0.07 V, at sweep rates
of 0.02, 0.1, and 0.5 V/s. Given the complex nature of
the voltammograms, anodic to cathodic peak current
ratios (ipa/ipc) were not readily determined; however, the
quinoxaline di-N-oxides appeared to have ipa/ip. ratios
<0.5.

Tirapazamine gave E,. —0.90 V, Ep, —0.83 V, Ep, —
E,. = 0.07V, and ipa/ipe = 0.5. Data for anthraquinone-
2-sulfonate, AQS under these experimental conditions
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Figure 1. Dose—response in V-79 cells for 2 h treatment in air or hypoxia with 6e, 6f, 6h, or 61. Each point represents the mean

=+ SD of at least three experiments.

were E,. —0.83 V, E,, —0.75 V, E,, — E. = 0.08 V and
ipafipc & 1, consistent with reversible one electron
reduction to its semiquinone.

Biological Studies

The compounds were tested for cytotoxicity to V-79
cells in a cloning assay, at a single dose, in air or hypoxia
for 2h. Results are presented in Table 3. At 20 4M all
the compounds, except 6g, were more toxic in hypoxia
than in air. Compounds which gave a low surviving
fraction in hypoxia were tested at different doses in air
and hypoxia in at least three experiments to obtain

dose—response curves. Graphs for 6e,fhi are pre-
sented in Figure 1. Data for potency (the dose which
gives 1% cell survival in hypoxia) and the hypoxic
cytotoxicity ratio (HCR), the ratio between doses in air
and in hypoxia giving the same cell survival, were
calculated from these graphs and are shown in Table
3.

The hypoxic potency of the quinoxaline 1,4-di-N-
oxides ranged between 1 and 30 uM and the HCR
between 10 and 150. The reference compound Tira-
pazamine had a hypoxic potency of 30 uM and HCR of
75, under the same conditions. Although 11 quinoxaline
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Table 3. Data of Potency and Hypoxic Selectivity of the
Quinoxaline Derivatives

compd potency® HCR?

6a 30 80
6b NT¢ NT
6c NT NT
6d 30 >10
Ge 15 100
6f 7 75
6g NT NT
6h 9 150
61 1 80
6j 11 50
6k 10 <10
61 1 <10
6m 2 10
6n NT NT
6o NT NT
6p 4 <10
6q 4 15
6r NT NT
SR-4233 30 75

¢ Potency: concentration in micromolar that gives 1% clonogenic
cell survival in hypoxia. > HCR (hypoxic cytotoxicity ratio): dose
in air/dose in hypoxia giving 99% of cell killing. ¢ NT: not tested;
1% cell survival was not reached in the screening assay.

1,4-di-N-oxides were more potent than Tirapazamine,
only five maintained or improved on its HCR selectiv-
ity: 6a,e,fh,i (Table 3).

In order to evaluate the ability of the quinoxaline 1,4-
di-N-oxides to penetrate to the hypoxic cells in solid
tumors, they were assayed in a multicellular tumor
spheroid model in vitro. EMT-6 spheroids of 700—800
um diameter were in air treated with the compounds
for 2 h. They were trypsinized, to separate outer cell
layers from the inner cells, and these two populations
were cloned separately. The number of cells in each
subpopulation was approximately the same (50% of
inner cells and 50% of outer cells). Figure 2 shows the
percentage of control plating efficiency for outer and
inner cells of the treated spheroids. 100 uM Tira-
pazamine killed 80—90% of both outer and inner cells.
At the same dose, compounds 6e.fh killed more inner
than outer cells and gave 50—60% cell death. Com-
pound 6i was not toxic to either inner or outer cells and
Doxorubicin, which was used as a positive control, killed
more outer than inner cells, as was expected.?®

In vivo toxicity of the selected quinoxaline 1,4-di-N-
oxides was also evaluated after a single ip administra-
tion of the compounds. Results are presented in Table
4. Under our conditions, BALB/c mice tolerated a dose
of quinoxaline 1,4-di-N-oxide at least twice that of
Tirapazamine.

Results and Discussion

Many quinoxaline derivatives with different biological
activities (bactericide, fungicide, herbicide, anti-HIV,
etc.) have been described.?’-2° Some reduced quinoxa-
lines have been patented as anticancer agents, e.g. 2,3,7-
trichloro-6-[(methylamino)sulfonyllquinoxaline3® or chlo-
roquinoxalinesulfonamide which is now in phase I
clinical trial.31 Others have been shown to increase the
activity of antitumor agents, such as 1-(2-(diethylami-
no)ethyl)-3-(p-methoxybenzyl)-1,2-dihydroquinoxalin-2-
one and their salts or derivatives of quinoxaline 1,4-di-
N-oxides with nitrofurane.3? Zeman et al.l® refer to
have examined the cytotoxicity of 40 substituted qui-
noxaline 1,4-di-N-oxides under aerobic and hypoxic
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Figure 2. Percent control survival for outer and inner cells
of EMT-6 spheroids treated for 2 h with 100 4uM 6e, 6f, 6h, or
61, Tirapazamine (100 xM), or adriamycin (1.5 ug/mL). Control
spheroids were dosed with solvent (1% DMSO). Results of one
representative experiment.

Table 4. In Vivo Toxicity of Quinoxaline 1,4-Di-N-oxides

compd MTD,? mmol/kg MTD, mg/kg
6e 0.6 176
6f 0.5 135
6h 0.6 142
61 0.8 217
SR-4233 0.3 71

@ MTD (maximum tolerated dose): dose giving 20% weight loss
within 3 days of a single ip administration.

conditions. Although they found preferential cytotox-
icity to hypoxic CHO cells in three instances (unpub-
lished data), they did not go on with these compounds.
More recently, Naylor et al.33 have found differential
hypoxic:oxic toxicities of some 8-(alkylamino)-substitut-
ed phenylimidazo[1,2-alquinoxalines.

All the quinoxaline 1,4-di-N-oxides shown above, with
the exception of 8g, are more toxic in hypoxia, but their
potency and hypoxia selectivity depends on the substit-
uents at positions 6 and 7. In general, the compounds
of the series with an electron-withdrawing substituent
in position 6 are the most cytotoxic in hypoxia (6e,f,h.j).
When two electron-withdrawing substituents in posi-
tions 6 and 7 are present, the HCR is generally lower.
Compare for example compound 6e with the corre-
sponding 6l. Derivatives with electrodonating substit-
uents in positions 6 and 7 are less potent (e.g., 6b—d,0).
This is in agreement with the structure—activity rela-
tionships found for benzotriazines, possibly suggesting
a similar mechanism of toxicity.3*

The electrochemical studies show that the potential
for the first reduction step of the quinoxaline 1,4-di-N-
oxide without benzo substituents, 6a, is similar to the
benzotriazene Tirapazamine. Substituent effects in the
6 and/or 7 positions for quinoxaline and benzotriazine
1,4-di-N-oxides are expected to be similar. As the
electron-withdrawing nature of the substituents in-
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creases, the potential for the first reduction step be-
comes more positive and the compound more readily
reduced. The Ej. data more closely reflects the sub-
stituent parameter ometa. The effect of introducing 6,7-
disubstitution is less readily predicted. The 6,7-difluoro
compound 61 has a similar E;. to its monofluoro ana-
logue 6e and the monochloro compound 6g, whereas the
6,7-dichloro analogue 6i is reduced, as expected, at a
more positive potential. Introducing 6,7-disubstitution
may affect radical stability; more detailed electrochemi-
cal or pulse radiolysis studies would be required to
explore this issue.

No preferential toxicity to inner cells of EMT-6
spheroids in air was obtained with Tirapazamine at 100
uM. Similar data were obtained with V-79 multicellular
spheroids. The 100 uM Tirapazamine was highly toxic
to V-79 single cell suspensions in hypoxia but did not
kill V-79 cell suspensions in air (Table 3). These data
suggest that the outer cells of spheroids cultured in air
are more hypoxic than single cells in aerobic suspension
cultures, while the inner cells of spheroids in air are
less hypoxic than single cell suspensions under nitrogen.
Previous workers have found that only when spheroids
are grown under nitrogen can the inner cells reduce the
quinone mitomycin C.3

The most selective quinoxaline 1,4-di-N-oxide in
spheroids is 6h, which killed no outer cells and 60% of
inner cells. This is consistent with the HCR data (Table
3), which shows that 6h has the highest HCR in this
series, All the quinoxaline 1,4-di-N-oxides were less
toxic to spheroids than Tirapazamine. The reason for
this reduced toxicity, which may be related to the higher
MTD of the quinoxaline 1,4-di-N-oxides than of Tira-
pazamine in mice (Table 4), is under investigation.

The above results demonstrate that quinoxaline 1,4-
di-N-oxides could provide useful hypoxia-selective thera-
peutic agents.

Experimental Section

Chemistry. Melting points were determined using a Met-
tler FP82+FP80 apparatus and are uncorrected. Elemental
analyses were obtained from vacuum-dried samples (over
phosphorous pentoxide at 3—4 mmHg, 24 h at about 80—100
°C). Elemental analyses were performed on a Carlo-Erba
Strumentazione 1106 Analyzer. Infrared spectra were re-
corded on a Perkin-Elmer 681 apparatus, using potassium
bromide tablets for solid products and sodium chloride plates
for liquid products; the frequencies are expressed in cm™1. The
'H-NMR spectra were obtained on a Brucker AC-200E (200
MHz) instrument, with tetramethylsilane as the internal
reference, at a concentration of about 0.1 g/mL and with
dimethyl-dg sulfoxide (DMSO-dg) as the solvent; the chemical
shifts are reported in ppm of tetramethylsilane in é units. The
mass spectra were recorded on a Hewlett-Packard 5988-A
instrument at 70 eV.

Thin layer chromatography (TLC) was carried out on silica
gel (DSF-5, Cammaga 0.3 mm thickness) with the indicated
solvents and the plates were scanned under ultraviolet light
= 254 and 366 nm. Column chromatography was carried out
with silica gel 60 Merck (70—230 mesh ASTM).

3-Aminobenzo-1,2,4-triazine 1,4-di-N-oxide?? (Tirapazamine)
and 3-amino-2-quinoxalinecarbonitrile 1,4-di-N-oxide (6a) were
prepared as reported.22.2¢

General Procedure for the Preparation of Acetanll-
ides 1. Substituted aniline (55.00 mmol) was added to a
stirred solution of acetic anhydride (8 mL) and acetic acid (8
mL), and the mixture was heated under reflux for 15 min. The
cooled reaction was poured into ice—water. The crude pre-
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cipitate was filtered off and washed with water (yields varying
between 72 and 87%).

General Procedure for the Preparation of 2-Nitro-
acetanilides 2. Substituted acetanilide 1 (59.00 mmol) was
added in portions to a cooled (—4 °C) mixture of 60% nitric
acid (20 mL) and concentrated sulfuric acid (20 mL). The
mixture was stirred at 0 °C for 10 min and then at room
temperature for 30 min. The acidic solution was poured into
ice—water, giving a precipitate which was washed with water.
Sometimes recrystallization from ethanol was required (yields
between 64 and 91%).

General Procedure for the Preparation of 2-Nitro-
anilines 8. 2-Nitroacetanilide 2 (35.00 mmol) was dissolved
in concentrated sulfuric acid (30 mL), and the solution was
heated at 100 °C for 15 min. The reaction mixture was cooled
and poured into crushed ice, affording a crude solid which was
filtered off and washed with water (yields between 71 and
93%).

General Procedure for the Preparation of 2-Nitro-
phenyl Azides (4). Powdered 2-nitroaniline 3 (17.00 mmol)
was added to a solution of concentrated HCI1 (20 mL) in water
(60 mL). The suspension was stirred at room temperature for
5 min. The mixture was cooled in an ice bath, and a solution
of NaNO; (2.00 g, 29.00 mmol) in water (10 mL) was added
dropwise. Stirring was continued at 0 °C for 15 min. After
filtering, the clear solution was added over a solution of NaNj3
(2.50 g, 38 mmol) and sodium acetate (50.00 g, 0.36 mol) in
water (150 mL). The crude solid was filtered off and washed
with water (yields between 14 and 68%). Solid azides could
not be heated at high temperatures.

General Procedure for the Preparation of Benzo-
furoxanes (5). A solution of the azide 4 (10 mmol) in toluene
(25 mL) was added dropwise over boiling toluene (75 mL). The
mixture was refluxed for 2 h. After removal of the solvent a
brown-yellowish solid was obtained and identified as benzo-
furoxane 5 (yields between 47 and 88%).

General Procedure for the Preparation of the 3-Amino-
2-quinoxalinecarbonitrile 1,4-Di-N-oxides (6). A mixture
of benzofuroxane 5 (10 mmol) and malononitrile (10.6 mmol)
was stirred for 10 min at 0 °C (ice bath). Over the cooled
suspension was added a solution of triethylamine (5 drops) in
N,N-DMF (3 mL). The mixture was allowed to stand at room
temperature over 24 h and filtered off. The solid product was
washed with diethyl ether and recrystallized from dioxane
(yields between 8 and 75%).

Electrochemical Method. Voltammetric responses for
quinoxaline di-N-oxides were obtained by cyclic voltammetry.
Experiments were carried out in N,N-dimethylformamide
(Aldrich, HPLC grade) with 0.1 M tetrabutylammonium
bromide (Aldrich, 99%) as the supporting electrolyte and
purged with nitrogen at room temperature. Typically 1—2 mg
of compound was used in a cell volume of ~4 mL. A three-
electrode cell configuration was used, with platinum wire
working and secondary electrodes, with a saturated calomel
reference electrode. Voltammograms were obtained using a
HI-TEK DT2101 potentiostat, HI-TEK PPRI waveform gen-
erator, and Philips PM 8271 XY recorder. Voltage scan rates
ranged from 0.02 to 0.5 V/s. Anthraquinone-2-sulfonate
sodium salt, AQS (Hopkins and Williams), was used as
standard.

Blology. Cells. V-79 cells (Chinese hamster lung fibro-
blasts) were obtained from ECACC (European Collection of
Animal Cell Cultures) and maintained in logarithmic growth
as subconfluent monolayers by trypsinization and subculture
to (1—2) x 104 cells/em? twice weekly. The growth medium
was EMEM, containing 10% v/v fetal bovine serum (FBS) and
penicillin/streptomycin 100 units/100 #g/mL.

Aerobic and Hypoxic Cytotoxicity. Suspension Cul-
tures. Monolayers of V-79 cells in exponential growth were
trypsinized and suspension cultures were set up in 50 mL glass
flasks: 2 x 10% cells/mL in 30 mL of EMEM containing 10%
v/v FBS and HEPES 10 mM. The glass flasks were stoppered
with rubber caps perforated with two 19G needles to provide
gas inlet and outlet. The flasks were submerged and stirred
in a water bath at 37 °C, where they were gassed with
humidified air or nitrogen.
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Treatment. Compound solutions were prepared just before
dosing. Stock solutions, 150-fold more concentrated, were
prepared in pure dimethyl sulfoxide (DMSO). Thirty minutes
after the start of gassing, 0.2 mL of the stock compound
solution was added to each flask, two flasks per dose. In every
assay there was one flask with 0.2 mL of DMSO (negative
control) and another with 0.06 #M nitracrine (positive control).

Cloning. After 2 h exposure to the compound, the cells
were centrifuged and resuspended in plating medium (EMEM
plus 15% v/v FBS and penicillin/streptomycin. Cell numbers
were determined with a haemocytometer and 102—103 cells
were plated in six-well plates to give a final volume of 2 mL
per 30 mm well. Plates were incubated at 37 °C in 5% CO:
for 7 days and then stained with aqueous crystal violet.
Colonies with more than 64 cells were counted. The plating
efficiency (PE) was calculated by dividing the number of
colonies by the number of cells seeded. The percent of control
cell survival for the compound treated cultures was calculated
as PEyeated/PEcontral x 100.

Cytotoxicity in Multicellular Tumor Spheroids. Sphe-
roids Formation. Multicellular tumor spheroids were ob-
tained according to the methods of Sutherland and Durand¥
and Sutherland et al.3 EMT-6 cells in exponential growth
were trypsinized, counted, and seeded into a 250 mL stirrer
vessel at a density of 105 cells/mL in 70 mL of EMEM (10%
FBS). The vessel was placed on a magnetic base with a
stirring speed of 30 rpm and incubated at 37 °C. Two days
later more medium was added, and then the medium was
replaced every third day. Spheroids were measured with a
calibrated ocular micrometer on an inverted microscope. They
reached the treatment size of 700—800 um in 10—12 days.

Treatment. The spheroids were plated out in an agar-
based 24-well plate (1.5% agar; 250 uL/well) with 1 mL of
EMEM (10%FBS)/well; 24 h later they were dosed with
compounds, diluted just before the assay was carried out.
They were dissolved in pure DMSO and diluted in such a way
that, upon adding 250 uL/well to the 1.25 mL of final volume,
we obtained the desired concentration of compound and 1% of
DMSO.

Spheroids were dosed with the test compounds for 2h. One
plate was dosed with DMSO 1% and another one with
Adriamyecin (1 ug/mL) (positive control).

Spheroid Trypsinization. The method was based on that
of Freyer and Sutherland.?® Spheroids were transferred to a
centrifuge tube with 5 mL of PBS and allowed to settle, and
the PBS was removed. Two milliliters of 0.125% trypsin
solution was added, and the spheroids were transferred to the
outer track of an organ culture dish and rotated at 35 rpm for
4—5 min. Trypsin action was stopped by adding 3 mL of
EMEM (15% FBS), and the spheroids and single outer cells
were transferred to a centrifuge tube. Once the spheroids had
settled, the suspension containing single outer cells was
pipetted into another tube. The remainder of the spheroids
were washed with 5 mL of PBS and then trypsinized with 3
mL of Trypsin solution until single cells were obtained. The
suspensions of outer and inner cell layers were then spun
down, resuspended in 0.5 mL of medium, and counted.
Plating, cell incubation, staining, and fixing were performed
as described above.

In Vivo Toxicity. The maximum tolerated dose (MTD) was
determined in BALB/c female mice, 3—4 months of age. Four
animals per dose group were injected intraperitoneally with
a single dose of compound suspended in 5% Tween 80 in saline.
The maximum tolerated dose was that which produced 20%
body weight loss on the third day.
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