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Cytotoxic Effects of Anticancer Agents on
Subconfluent and Multilayered Postconfluent

Cultures
Paulo E. Pizao, Godefridus J. Peters, Jannette Van Ark-Otte, Lou A. Smets,

Evelien Smitskamp-Wilms, Benjamin Winograd, Herbert M. Pinedo and
Giuseppe Giaccone

The cytotoxic effects of conventional (doxorubicin, S-fluorouracil, cisplatin) and investigational (2',2’-difluoro-
deoxycytidine, hexadecylphosphocholine, EQ9, rhizoxin) anticancer drugs were studied in subconfluent and
multilayered postconfluent cultures of human colon and ovarian carcinoma cell lines. Chemosensitivity was
assessed 4 days after a 24-h drug exposure with the sulphorhodamine B assay. Except for rhizoxin, all drugs tested
yielded an Ecso (drug concentration producing absorbance readings 50% lower than those of non-treated wells) in
postconfluent cultures that were higher than an Ecs, obtained with subconfluent cultures. Compared with
subconfluent cultures, postconfluent cultures showed decreased cellular nucleotide concentrations and ATP/
ADP ratios, in addition to an increased percentage of G¢/G; cells. The activity of DT-diaphorase, a reductase
involved in the bioactivation of EQ9, was similar in sub- and postconfluent cultures. These results indicate
similarity of the postconfluent model presented with those obtained with in vivo models and more complex in vitro

techniques.
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INTRODUCTION

DURING THE past 40 years, chemotherapy has played an increas-
ingly important role in cancer treatment [1]. However, what
determines the success or failure of the drugs now at hand is still
poorly understood. The employment of the murine leukaemia
models L1210 and P388 for primary screening of new anticancer
agents is believed to have been at least partly responsible for the
lack of discovery of more efficacious agents against solid tumours
(2, 3]. Therefore, alternative screening systems are being tested,
focusing on the search for new compounds with some degree of
selectivity against solid tumour models [4].

Drug penetration barriers, cell proliferation gradients and
microenvironmental conditions (e.g. hypoxia and acid pH) are
pointed out as some of the inherent characteristics of the biology
of solid tumours determining the outcome of antitumour drug
therapy [5]. Therefore, cell culture systems showing some degree
of 3-dimensional cellcell interactions and organisation (e.g.
histocultures [6, 7], multicellular spheroids [8] and postconflu-
ent cell cultures {9-11]) have been developed, which have
the advantage of mimicking those characteristics better than
subconfluent monolayers. Consequently, they should be con-
sidered as an alternative to improve the predictive value of in
vitro chemosensitivity assays for the selection of better anti-solid-
tumour drugs.

We have previously characterised the growth patterns and
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morphological features of postconfluent cultures of colon
(HT29, SW620) and ovarian (A2780) adenocarcinoma cell lines
in “V”-bottomed, 96-well microtiter plates [12]. Under such
conditions, these cell lines grow as multilayered cultures, show-
ing 4-10 layers of cells, depending on the cell type. In addition,
postconfluent HT29 formed dome-like structures, consistent
with some degree of cellular differentiation. Moreover, the
sulphorhodamine B protein-assay proved to be a simple and
reliable method to assess chemosensitivity in this cell culture
system.

The objective of the present study was to assess the cytotoxic
effects of a number of conventional and investigational
anticancer drugs with diverse mechanisms of action, using sub-
and postconfluent tumour cell cultures. Doxorubicin (DXR),
S-fluorouracil (FU) and cisplatin (CDDP) were selected as
representative conventional anticancer drugs. The antimetab-
olite gemcitabine (2',2’-difluorodeoxycytidine [dFdC]) [13], the
tubulin-interacting agent rhizoxin (RZN) [14], the membrane-
interacting ether lipid miltefosine [hexadecylphosphocholine
(HPC)] [15], and the bioreductive alkylator EO9 [16], which are
all currently undergoing early clinical trials, were also studied.
Further characterisation of the postconfluent culture system in
relation to the mechanism of action of the drugs tested was
performed through the analyses of culture proliferative status,
cellular nucleotide pools and DT-diaphorase (DTD) enzyme
activity.

MATERIALS AND METHODS
Chemicals and drugs
Dulbecco’s Modified Eagle’s Medium (DMEM) was pur-
chased from Flow Laboratories (Irvine, Scotland); fetal calf
serum (FCS) was from Gibco (New York, U.S.A.); S-fluoroura-
cil and the sulphorhodamine B dye were from the Sigma
Chemical Co. (St. Louis, U.S.A.); doxorubicin was from Farmit-
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alia Carlo Erba (Nivelles, Belgium) and cisplatin from Bristol-
Myers (Brussels, Belgium); miltefosine was a gift from Dr P.
Hilgard (Asta Pharma, Bielefeld, Germany); rhizoxin and EO9
were kindly provided by the EORTC New Drug Development
Office (Free University Hospital, Amsterdam, The
Netherlands). Gemcitabine was supplied by Lilly Research
Laboratories (Indianapolis, U.S.A.). All other chemicals were
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Cell culture and plating

The human colon adenocarcinoma cell lines, HT29 and
SW620, were obtained from the ATCC (Rockville, U.S.A.).
The A2780 human ovarian carcinoma cell line was provided by
DrR. F. Ozols (NCI, Bethesda, U.S.A.).

Description of ceii cuiture and piating procedures were pub-

lished in detail elsewhere [17]. Briefly, mycoplasma-negative
cells were maintained in 80 sz culture ﬂasbe in DMEM with

5% FCS and 1 mmol/l L-glutamine, incubated at 37°C in a
humidified incubator with 95% air and 5% CO,. Exponentially
growing cells were harvested by trypsinisation and resuspended
in antibiotic-containing medium (50 g gentamicin/ml); single
cell suspensions (= 90% viable cells by trypan blue exclusion
assay) were counted and seeded at 15 000 cells/S0 p,l/well in 96-
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Solingen, Germany).
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Chemosensitivity assays
Chemosensitivity studies were performed using triplicate
wells and five 10-fold different concentrations of each drug.
Serial dilutions of the stock solutions were prepared in culture
medium immediately before drug addition. Microtiter piates
were randomly divided into two groups. The drug treatment
annliad r
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ch group were identical but started eitheron dav 1
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(D1) or on day 5 (DS) after plating, when cells were organised as
exponentially growing, monolayered subconfluent cultures or
as multilayered postconfluent cultures, respectively. In both
instances, cultures received 150 pl of medium with or without
drugs (controls). After 24 h of drug exposure, wells were rinsed
once with culture medium and re-fed. Plates were then incubated
for 4 additonal days with daily medium renewal until cytotoxic-
ity was assessed with the sulphorhodamine B (SRB) assay. Plates
containing A2780 cells had to be centrifuged (1200 rpm/S min)
prior to medium substitutions to prevent cell detachment. Every
plate included control wells incubated with medium and drug-
containing medium, but without cells, for background
absorbance determination. As part of every experiment,
additional plates (non-treated cultures) were assayed for cellular
growth control on D1 and DS after seeding. Thus, by looking at

tha Aa. wae nncaihla ra Aatarmina whatha
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the exposure to a certain drug concentration resulted in growth
inhibition, cytostasis (O.D. values = control readings) or
reduction in cell mass (O.D. values < control readings).

Cellular growth and drug-induced cytotoxicity were assessed
with the SRB assay [18] as described elsewhere [12]. Briefly,
cells were fixed with 50% trichloroacetic acid (T'CA) at 4°C.
Plates were then rinsed with tap water and air-dried. Microcul-
tures were stained with 0.4% SRB during 1 h. Wells were
washed with 1% acetic acid and the bound dye was solubilised
with 10 mmol/l unbuffered Tris. Absorbance was measured
with a Titertek Multiskan MCC/340 (Flow Laboratories) at
450 nm. The Ecso (drug concentration producing absorbance
readings 50% lower than those of non-treated wells) was extrapo-
lated from the resuiting dose-response curves.
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Cell-cycle distribution analysis by flow cytomerry

The preparation of samples for DNA flow cytometry was as
described previously [19]. Cells from D1, D5 and D10 plates
were harvested with 0.2% EDTA, resuspended in culture
medium, washed twice with phosphate buffered saline (PBS),
fixed in 100% methanol at 4°C and then kept in the refrigerator
until analysis. Cells were then washed with ice-cold PBS,

Anzzmtad (D v 1N6 ~allo/a md sncrsoceas ad DNaa A
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(0.5 mg/ml Tris-buffer). After 30 min at 37°C, each sample
received an equal volume of a solution containing pepsin (1 mg/
ml 0.4% HCI) and was further incubated for 5-10 min. Cells
were stained with ethidium bromide (20 pg/ml) and Hoechst
33218 (4 pg/ml) stain diluted in PBS containing 1% bovine
serum albumin (BSA) at final pH 8. The distribution of DNA

per cell content was measured in at least 15 000 celis/ sample,

using a fluorescence-activated cell sorter (FACSTARP®s,
Rphrnn n}nlnnenq’ Frton_ Lnur’ NI \
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analysed using the “DNA Cell-Cycle Analyms Software-Ver.C”
(Becton-Dickinson).

DNA histgerams were
ograms were

BH\Thymidine autoradiography

The number of cells in S phase was determined by autoradio-
graphy detection as previously reported [19]. Briefly, cells from
D1, D5 and D10 plates were harvested on a coincidental date,
resuspended in [*H]thymidine-containing medium (37 KBq)
and incubated at 37°C for 1 h. Cells were subsequently washed
with fresh medium and used to make cytospin preparations
which were fixed in ethanol:acetic acid, incubated with coid
thymidine (0.1 mg/ml) and washed with tap water. Cytospins
were then mounted with Kodak ARIQ stripping film for a 2-

week exposure.

Analysis of cellular nucleotide pools

Tha af slaneida ad ~alle wne
1€ measurement o1 nucieotiaes ul non-ireatea ceus was

carried out essentially as previously described [20]. Shortly, cells
from D1 and D5 plates were washed with cold PBS, counted
and extracted with 5% TCA (final concentration) for 20 min at
4°C. Samples were centrifuged and the supernatant neutralised
with 2 vol.alamine-Freon. Ribonucleoside triphosphates were
determined with a Partisil-10-SAX column using isocratic elu-
tion with 250 mmol/i KH,PO,, 500 mmol/i NaCll, pH 4.0.
Results were expressed as the concentration of nucleotides per
million cells.

DT-diaphorase enzyme activity assay
DTDisa two-electron-donating enzyme that has been shown

tay radiica TNO P tad marahalitas which -
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cause single strand breaks in plasmid DNA [21] and DNA cross-
links in DTD-rich rat tumour cells [22]. DTD activity was
assessed by the method of Ernster [23] as modified by Benson ez
al. [24] and Prochaska and Talalay [25]. Briefly, the supernatants
of cell sonicates were diluted in 1% BSA pH 7.4 for assay
purposes. The assay systems contained in a final volume of 3 ml
0.025 mol/l Tris (pH 7.4), 0.2 mmol/1 NADH (electron donor)
and 0.04 mmol/l 2,6-dichlorophenolindophenol (DCPIP). The
reduction of DCPIP by DTD was measured spectrophotomet-
rically (600 nm) at room temperature. Activity attributable to
DT-diaphorase was calculated by subtracting the level of activity
remaining after the addition of the enzyme inhibitor dicoumarol
(100 pmol/). Protein concentrations were determined by the
method of Bradford {26].
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RESULTS

Chemosensitivity tests

The cytotoxic effects of a 24-h exposure to dFdC, FU, DXR,
EO9, HPC, CDDP and RZN on subconfluent cultures (drug
added on D1) were compared with those on postconfluent
cultures (drug added on DS5). The results obtained with dFdC
and HPC were chosen to illustrate the general patterns of
\-h\,uluasuoluvuy uboei"v'ed o 15 1)
differences between the activity of a drug against D1 or D5 cells.
For a given cell line, the shape of both curves was relatively
similar in the case of HPC (Fig. la—), as well as for DXR,
CDDP and EQ9 (not shown). These drugs prompted not only
total growth arrest (cytostasis) but also reduction in cell mass, as

indicated by a decrease in the absorbance of treated wells to
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levels which were lower than control readings on D1 and DS,
Despite the similarity in shape, DS cultures treated with these
drugs yielded dose-response curves invariably positioned to the
right of the curves obtained with D1 cultures, Consequently,
ECso corresponding with postconfluent cells (D5-ECs,) treated
with any one of these four compounds, were higher than those
of subconfluent cultures (D1-ECsq) (Fig. 2). Such differences
were statistically significant (P < 0.05; Student’s t test) except
in the case of HPC in A2780 cells.

In addition to significant disparities between D1-ECsy and D5-
ECsq (Fig. 2), three compounds included in this study, dFdC,
FU and RZN, produced dose-response curves with distinct
configurations, whether the drug was used on D1 or on DS,
dFdC prompted relatively steep dose-response curves against
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Fig. 1. HPC (a—) and dFdC (d—f) dose-response curves determined by colorimetric measurements of protein content in HT29, SW620 and
A2780 microcultures using the SRB assay (450 nm) as described in Materials and Methods. Cells were exposed to the depicted concentrations
of the test compound for 24 h on day l ( +) or on day 5 (@) after plating, when they were orgamsed as mono- or mulnlayered cultures,
respectively. Points are means = S.D. of triplicate wells of one representative expemnent Ineach gxaph the honzontal broken hnes indicate

the mean absorbance levels found in non-treated wells (

ated wells (z = 12) of additional plates which were assayed for cellular growth on days 1 (lower

line) and 5 (upper line) after seeding. The region of the dose—response curve above these lines represent growth inhibitory effects, while the
region below it indicates the presence of cytotoxicity (cell kill). Note: dFdC concentration range for HT29 is the same as shown for SW620,
but different for A2780.
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Fig. 2. Comparison between ECy, (drug concentrations producing
absorbance readings 50% lower than those of non-treated wells) of
HT29, SW620 and A2780 cells determined 4 days after a 24-h
exposure to the indicated compounds. Results from monolayered
subconfluent and multilayered postconfluent cultures, treated,
respectively, on days 1 (D1) and 5 (D5), are confronted. Means *
S.D. of at least three independent experiments are depicted. Note: In
some instances, the exact EC., could not be determined since they
were, respectively, higher (1) or lower (| ) than the maximum or
minimum drug concentrations tested.

subconfluent cultures and inhibited cell growth completely at
concentrations ranging from 0.1 to 10 pmol/l (Fig. 1 d-f).
Against postconfluent cultures of HT29 and SW620 cells, how-
ever, dFAC treatment resulted in very shallow dose-response
curves, forming a plateau at O.D. levels that were similar to
control readings. For both colon cell lines, dFdC D5-Ecs, were
higher than the maximum drug concentration tested (Fig. 2).
Against postconfluent A2780 cells, dFdC was sufficiently cyto-
toxic to cause reduction in cell mass (Fig. 1c). Moreover, it
induced cytostasis at concentrations (1-10 nmol/l) which were
significantly lower than those required to cause the same effect
on subconfluent cells (60~100 nmol/1). If used on DS, the
antimetabolite FU also showed flatter dose-response curves than
on D1 (not shown). However, a D5-ECs, for FU could not be
reached only in the case of the SW620 cell line (Fig. 2). RZN
was very potent against subconfluent A2780 cells, but, it also
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produced higher £Cso on DS as compared with D1 (Fig. 2). It
showed a similar profile of cytotoxicity against subconfluent
cultures of HT29 and SW620, producing ECs, ranging from 3 to
5 nmol/l. However, RZN added to postconfluent cells presented
opposite effects depending on which colon cell line was analysed
(Fig. 2). It generated shallow dose-response curves with almost
insignificant growth inhibitory effects against postconfluent
cultures of SW620 cells (not shown), resulting in a D5-ECso >
100 wmol/l. In contrast, RZN yielded a D5-ECso < 0.01 nmol/l
with HT29 cells, representing the only example in our study of
a drug which was more active against postconfluent than against
subconfluent cultures.

In Table 1, the effects of the drugs tested on D1 and D3 are
expressed as a function of the D5-ECso:D1-ECsq ratios. For a
given drug, a small ratio (tending to 1) would result from similar
performances against subconfluent and postconfluent cultures.
Among the conventional drugs tested, CDDP was the least
affected by the culture conditions, producing DS-ECs:D1-
ECso ratios equal to 3 in 2/3 lines tested. Considering the
investigational drugs, HPC and EO9 showed a more homogen-
ous performance against D1 and D5 cultures, reflected by DS-
ECso:D1-ECs ratios ranging from 1.6 to 8.9, contrasting with a
much larger variation in RZN and dFdC ratios. Overall, the
results showed smaller ratios for A2780 cells than for the two
colon cell lines.

Culture proliferative status

Cell-cycle distributions of samples collected from subconflu-
ent and postconfluent cultures were assessed by DNA flow
cytometry (Table 2). For the three cell lines tested, there was an
increase in the percentage of cells in the Gy/G, phase on D5
compared to D1, and a concomitant decrease in the Gy/M
compartment. The percentage of S-phase cells in D5 cultures of
the ovarian cell line, A2780, was significantly higher than that
found in D1 cultures. In contrast, the amount of S-phase cells in
DS samples of HT29 and SW620 was, respectively, 1.6-and 1.7-
fold lower than in D1 samples.

HT29 and SW620 cells collected from D1 and D5 cultures
were labelled with [*H]thymidine and subjected to autoradio-
graphic detection. For both cell lines, the percentage of labelled
cells on D5 (20% =+ 5% in HT29 and 30% = 5% in SW620) was
on average 2-fold (range = 1.7-2.3) lower than on D1, indicating
a degree of reduction in S-phase cells from D1 to D5 which was
in agreement with the DNA flow cytometry results. Within the
S-phase fraction, a subpopulation of weakly-labelled cells (3-30

Table 1. D5-ECsp: D1-ECsy ratios*

Drug  HT29 SW620  A2780
dFdC  >38,4611 >28,5711 14.2
FU 423 >171.5¢ 25
DXR 14.7 12 5.6
EO9 8.9 49 6.8
HPC 8.8 2.4 1.6
CDDP 3 13.4 3
RZN >14 >33,333 25

*Based on mean values presented in Fig. 2.
1D5-ECs, was higher than the maximum
drug concentration tested. $D5-ECs, Was
lower than the minimum drug concen-
tration tested.
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grains/nucleus above background), presenting a very low rate of
DNA synthesis, was observed in addition to heavily-labelled
cells showing almost completely black nuclei. On D5 cultures,
weakly-labelled cells were the predominant feature, exceeding
the number of heavily-labelled cells at a ratio of approximately
2:1.

The data on [*H]thymidine incorporation and DNA flow
cytometry regarding HT29 and SW620 samples from D10
cultures were not significantly different from those described for
DS samples (not shown).

Cellular nucleotide pools
Except for the case of GTP levels in the ovarian tumour line,

cellular concentrations of nucleotides on D1 were significantly
hicher {1 S_ ta 4 2_fald) than an NS (Fioe 2 Alen in tha calan
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cell lines, the differences in GTP pools between D1 and D5
were smaller than that observed with the other nucleotides.
Nucleoside triphosphate:nucleoside diphosphate (NTP:NDP)
ratios give an indication of the metabolic status of the cells. High
ratios are considered to reflect good metabolic conditions. The
ATP:ADP ratios (means of three experiments) of subconfluent
HT29, SW620 and A2780 cells were 4.7, 4.6, and 4.5, respect-
ively. The relative decrease in ATP pools on DS was larger than
that for ADP, resulting in significantly lower ATP:ADP ratios
in DS cells (SW620 = 4.2, HT29 = 4.0, A2780 = 3.8)
(P < 0.05). Together these characteristics reflect a lower energy
status of D5 cells.

DTD enzyme activity assay

DTD activity levels (means * S.D. of at least three
experiments) measured in D1 cells were 606 + 102, 364 = 56,
216 * 32 nmol/min/mg protein in HT29, SW620 and A2780
cells, respectively, compared with 822 *+ 151, 390 + 185, and
245 * 82 in DS cells. The differences between D1 and DS
results were not statistically significant.

DISCUSSION

We have previously reported that HT29, SW620 and A2780
cells, cultured under the same conditions described in this study,
reached confluence 3 days after plating [12]. On D5, cross-
sections of culture wells revealed the organisation of multilayered
postconfluent cultures and, thereafter, the growth curves of
these three cell lines showed a tendency to form a plateau. We
have now demonstrated that this plateau in proliferation is

Table 2. Cell-cycle distribution as determined
by DNA flow cytometry

HT29 SW620 A2780

Phase DI D5 DI D5 Dl D5

60* 72 50 66 19 30
18 11 19 11 34 43
G/M 22 12 31 23 47 27

Go/G,
S

*Percentage of the total number of cells
(15 000/sample) analysed on day 1 (D1) or day 5
(D5) after plating, calculated from the means of at
least two experiments. For every cell line and every
phase of the cell-cycle, differences between D1 and
D5 were statistically significant.
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Fig. 3. Concentration of cellular nucleotides in non-treated HT29

(top), SW620 (middle) and A2780 cells (bottom) harvested 1 (D1) or 5

(D5) days after plating. Means + S.D. of three independent exper-
iments are displayed.

preceded by a significant increase in the number of G¢/G,
cells and an overall decrease in the cellular concentrations of
nucleotides on D5 as compared with D1. It has been reported
that the activities of key enzymes of purine and pyrimidine
biosynthesis peaked during exponential growth and were sig-
nificantly lower in plateau-phase cultures of hepatoma and
hepatocyte-derived cell lines [27]. A similar phenomenon may
have limited the rate of nucleotide synthesis in our system of
multilayered cultures.

A good agreement was observed between the cell-cycle distri-
bution determined by DNA flow cytometry and the tritiated
thymidine incorporation analysis. The latter assay allowed a
more subtle discrimination of the S-phase compartment, e.g.
the detection of a subpopulation of weakly-labelled, S-phase
arrested cellsin D5 cultures. Such type of cells was also described
in stationary cultures and in vivo-grown 1.1210 leukaemia [19].
Under these conditions, they were most predominant at G,-S
transition, sensitive only to high concentrations of 1-B-arabino-
furanosylcytosine, and apparently the product of insufficient
nutrient/energy sources. Our findings of decreased cellular ATP
pools and ATP:ADP ratios in postconfluent cultures also suggest
an association between a relatively low energy status and an
increased frequency of weakly-labelled cells. This phenomenon
may also be related to the decreased sensitivity of postconfluent
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cells to drugs which require ATP-dependent activation, such as
dFdC and FU. Also noteworthy is the fact that dFdC [13, 28]
and FU [29] exert their antiproliferative effects mainly by
inhibition of DNA synthesis in actively proliferating cells. We
found that postconfluent cultures of HT29 and SW620 presented
a smaller number of cells in S-phase than subconfluent cultures,
while the ovarian cells showed the opposite trend. These results
may partly explain the plateaus observed in dose-response
curves of dFAC and FU, as well as the smaller differences
between D1-ECso and D5-ECsg obtained for A2780 cells with these
two drugs in comparison with HT29 and SW620. Moreover,
the degree of sensitivity to dFdC is time- and concentration-
dependent and is positively correlated to the amount of the active
metabolite, dFACTP, produced and retained by the cell [13]. In
our laboratories, Ruiz van Haperen ez al. [30] confirmed these
results and found that A2780 cells accumulated more dFdCTP
than the colon tumour cell line WiDr under standard culture
conditions. In addition, A2780 and WiDr cells were grown as
xenograft tumours in nude mice and only the ovarian cell line
was sensitive to dFdC treatment (manuscript in preparation).
Interestingly, preliminary results have also indicated a greater
rate of dFACTP accumulation in postconfluent A2780 cells than
in postconfluent HT29 and SW620, incubated for 24 h with
1 pmol/l dFAC (not shown).

The results obtained with DXR, FU and CDDP on postcon-
fluent cultures are in agreement with reports in the literature
describing HT29 [31, 32] and other cell lines [33-40] in 3-
dimensional cultures used to test these and other clinically active
anticancer drugs. Recently, Dimanche-Boitrel ez al. [11] have
demonstrated that confluent HT29 cells were more resistant
than non-confluent cells to clinically active drugs, including
DXR, FU and CDDP. These authors have also shown that this
could be partly explained by a decreased intracellular drug
accumulation in confluent cells, coupled to a reduction in plasma
membrane fluidity, and an increase in the number of non-cycling
cells at confluence with a reduced expression of the enzyme
topoisomerase I1. Under our experimental conditions, postcon-
fluent HT29 cells displayed features of consistent with some
degree of differention in contrast with cells cultured as monolay-
ers [12]. The appearance of these structures are believed to be a
consequence of transepithelial fluid transport and entrapment of
fluids between the cells and the plastic substratum. QOthers have
reported that subpopulations of HT29 committed to differen-
tiation showed enhanced growth adaptability to methotrexate
and FU [41]. In addition, resistance to FU under those con-
ditions was shown to be associated with thymidylate synthase
gene amplification [42].

FU and DXR were found to be inactive against HT29 and
SW620 xenograft tumours in nude mice, which showed low to
moderate sensitivity to CDDP [43]. Note that CDDP was
the conventional chemotherapeutic agent least affected by the
different culture conditions tested in our experiments. Neverthe-
less, multilayered postconfluent cultures were less sensitive to
FU, DXR and, less strikingly, to CDDP than monolayered
subconfluent cultures. Taken together, these data suggest that
drugs which have a more similar performance against sub- and
postconfluent cultures may have a better chance of a successful
performance in vivo. In that case, multilayered postconfluent
cultures may eventually be useful to make a more stringent
selection of drugs which, after a first in vitro screening, will
undergo further evaluation in animal tumour models.

Although HPC and EQ9 were significantly less active against
multilayered cultures (except HPC in A2780 cells), they pro-
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duced small D5-ECs5o:D1-Ecs, ratios, suggesting that the per-
formance of these compounds was not so much influenced by
the type of culture system employed. The mechanism of action
of ether lipids like HPC is still under investigation, however,
they seem to exert their effects independently of DNA synthesis/
metabolism [44, 45]. This factor could represent an advantage
in a system containing a high percentage of non-rproliferating or
slowly-proliferating cells like the multilayered cultures described
here. Currently, there is no reliable and cost-effective rational
approach to discover antitumour agents with novel mechanisms
of action. It is likely, though, that other conventional DNA-
targeted drugs would show the same pattern of dose-response
curves as FU and dFdC against multilayered postconfluent
cultures. Thus, this system might pose as an unsophisticated,
yet efficient, alternative to select for compounds such as HPC
with novel mechanisms of action. It should be emphasised that
HPC has produced partial and complete remissions in the topical
treatment of skin metastases and local recurrences in breast
cancer patients included in phase I studies [46].

Invitro and in vivo, EO9 has shown preferential activity against
carcinoma-derived cells as compared to leukaemias (personal
communication from Dr H.R. Hendriks, EORTC-NDDO,
Amsterdam), in addition to preferential cytotoxicity against
V79 cells cultured under hypoxia [47], and increased growth
inhibitory effects under acidic conditions [48]. It has been
suggested that, since EO9 can be reduced to DNA-damaging
species by DTD, the activity levels of this enzyme might be
correlated to the degree of EO9 sensitivity shown by a given
tumour [21]). We found that DTD activity levels on D5 were
not significantly different from D1. This feature may have
contributed to the relatively small differences between D1-ECso
and D5-gcs, observed for EO9, while the lower ECso on D5 may
have been a consequence of decreased drug penetration in
multilayered cultures, as described in multicellular spheroids
[49].

RZN is a tubulin-binding agent which has shown activity
against vincristine-resistant cell lines in vitro and in vivo [50]. It
has also demonstrated antitumour activity in heavily-pretreated
breast cancer patients during phase I trials [S1]. Further studies
are necessary to define the mechanisms underlying the differ-
ences in the effects of RZN on the cell lines described in this
report, but such results suggest that the phenomenon of a higher
degree of drug resistance displayed by multilayered cultures is
not indiscriminately present and seems to be dependent on the
cell line and the drug tested. These results also support the
concept that chemosensitivity tests using multilayered cultures
should be performed in a panel of several cell lines per tumour
type.

It appears that multiple factors may have influenced the
chemosensitivity in our experiments with multilayered cultures.
A more complete validation of this model will necessarily require
the testing of additional conventional and investigational agents
against a larger panel of cell lines cultured as multilayered
postconfluent cultures. Nevertheless, we have shown that, in
contrast to monolayers, cells grown as postconfluent cultures in
“V”-bottomed, 96-well plates present some phenotypic charac-
teristics and chemosensitivity profiles which resemble those
reported in the literature with in vivo tests and more time- and
labour-consuming in vitro techniques, which cannot be easily
combined to semiautomated microtiter plate technology. More-
over, our tests identified HPC and EQ9, drugs which were
inactive in the classical P388 and L1210 screening models
according to Hilgard et al. [52] and Dr H.R. Hendriks (EORTC-
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NDDQ, Amsterdam), recnecnvelv as interesting compounds

since they had more srmxlar performances against sub- and
postconfluent cultures.
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Genistein Inhibits Tumour Cell Growth in vitro
but Enhances Mitochondrial Reduction of
Tetrazolium Salts: A Further Pitfall in the Use of

the MTT Assay for Evaluating Cell Growth and
Survival

M.C. Pagliacci, F. Spinozzi, G. Migliorati, G. Fumi, M. Smacchia, F. Grignani,
C. Riccardi and I. Nicoletti
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proliferation was markedly inhibited by genistein in three tumour cell lines (MCF-7, human breast tumour; Jurkat
cells, human T-cell leukaemia; 1.-929 mouse transformed fibroblasts) when cell number was evaluated by direct
counting, whereas a 72-h MTT assay failed to reveal any growth-inhibitory effect. Cell cycle analysis by propidium
iodide staining and flow-cytometry revealed a G2/M cell cycle arrest after genistein treatment. Genistein-treated
cells displayed an increase in cell volume and in mitochondrial number and/or activity, as revealed by enhanced
formazan generation and increased uptake of the vital mitochondrial dye rhodamine 123. These results suggest
that alterations in cell cycle phase redistribution of tumour cells by genistein may significantly influence
mitochondrial number and/or function and, consequently, MTT reduction to formazan. This may constitute an
important bias in analysing the effects of genistein, and possibly other drugs that block the G2/M transition, on
growth and viability of cancer cells in vitro by MTT assay.

Eur ¥ Cancer, Vol. 29A, No. 11, pp. 1573-1577, 1993.

INTRODUCTION mitochondrial dehydrogenase activity by viable cells. Although

\.;ULUKIMI‘.IKIL ASSAYS are CXICHSIVCly uscu 101' cvaludung LIlC
effect of growth factors, hormones and drugs on growth and
2). Two
reagents, tetrazolium (MTT) and formazan (XTT) [3] are
commonly employed as indicators of cell number and viability,
since they are converted to a coloured formazan derivative via

survival of both normal and tumour cells in culture [1,
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a number of faciors, such as pH, medium glucose conient and
age of cultures, influence MTT and XTT reduction by living
cells [4, 5], there is, in general, a good concordance between the
number of viable cells in the culture and the production of
formazan, which can be easily measured by colorimetric methods
after solubilisation in dimethylsulphoxide. Because of its sim-
plicity, precision and low-cost, the MTT assay is currently used
in cytotoxic drug screening protocois {3, 5, 6]. It has, aiso, been
proposed as a valid alternative to the [*H]thymidine uptake
methods for analysing cell proliferation {7]. Our laboratory
has successfully applied the test to investigating the growth-
inhibitory effect of drugs and cytokines [8, 9].

During the course of experiments aimed at analysing the



