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Summary. Numerous procedures have been described
which test the chemosensitivity of tumor cell lines. A ma-
jor disadvantage of most of these assays is that practical li-
mitations prevent the testing of more than a few variables.
We have adapted a rapid and efficient colorimetric assay
for testing the chemosensitivity of human lung tumor cells.
In this assay, a tetrazolium salt (3-[4,5-dimethylthiazol-
2-yl}-2,5-diphenyl-tetrazolium bromide, MTT) is converted
to a colored formazan product by enzymes active only in
living cells. The MTT assay may be carried out entirely in
96-well microtiter plates, so that large experiments ex-
amining a number of variables can be readily performed.
Thus, drug concentration, time of exposure to drug, length
of assay, and cell density can be varied and tested. More-
over, the simplicity of this assay allows simultaneous test-
ing of multiple drugs on multiple cell lines. Finally, the
MTT assay is useful for monitoring the development of
multidrug-resistant cells in culture.

Introduction

The need for rapid efficient in vitro assays for assessing
drug cytotoxicity has accompanied the ever-expanding
repertoire of antineoplastic agents. Assays currently in use
include those which measure clonogenic cell survival [21,
22] and biochemical assays which measure radiolabelled
precursor incorporation into nucleic acids or protein [4,
19]. The effect of drugs on cell proliferation may also be
tested by directly counting cells maintained in liquid cul-
ture. Large-scale manual counting by trypan blue exclu-
sion is extremely laborious and time-consuming. There-
fore, alternative rapid assays to measure cell survival and
thus indicate the relative sensitivity of tumor cells to an-
tineoplastic agents are desirable. Landegran [12] has de-
scribed a method by which cell numbers can be estimated
by measuring the activity of the ubiquitous lysosomal en-
zyme, hexosaminidase. However, since serum contains
significant levels of this enzyme it is necessary to remove
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the tissue culture medium before assaying the enzyme ac-
tivity. A simpler enzyme activity-based assay is the MTT
assay described by Mossman [18]. In this assay, a tetrazol-
ium salt [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide, MTT] is reduced to a colored formazan
product by reducing enzymes present only in living meta-
bolically active cells [24]. Previous investigators have
shown that dead cells are unable to reduce MTT within
30 min of lysis [18]. Thus, the color reaction is a measure of
cell viability. Tetrazolium salts have also been used to im-
prove detection of drug cytotoxicity in soft agar colony
formation assays [1] and have the advantage over many
other stains [10] of being nonlethal [11], allowing cells to be
recovered if desired. In the present study, the adaptation
of the MTT assay to measure the effect of antineoplastic
agents on human lung tumor cells is described.

Materials and methods

Cell lines. Human lung tumor cell lines were maintained in
RPMI 1640 medium supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS), L-glutamine (4 m M), sodi-
um pyruvate (1 mM) and 2-mercaptoethanol (50 uM).
Cells were cultured in the absence of antibiotics at all
times. Small cell lung cancer (SCLC) cell line NCI-H69
was kindly provided by J. Minna (NIH, Bethesda). Squa-
mous cell line BEN [7] was provided by Prof. A. M. Ne-
ville (Ludwig Institute for Cancer Research, London, UK).
Large cell lung tumor cell line SK-LC-6 [3] and lung ade-
nocarcinoma A549 were obtained from the Human Tumor
Cell Laboratory of the Sloan-Kettering Institute for Can-
cer Research (Rye, NY). Large cell line QU-DB was esta-
blished in this laboratory and has been characterized else-
where [6]. A multidrug-resistant variant of NCI-H69 was
established in our laboratory by culturing these cells in in-
creasing concentrations of adriamycin and is designated
H69-AR7 (Cole S. and Mirski S., manuscript in prepara-
tion).

The Chinese hamster ovary (CHO) cell line AUX Bl
and its multidrug-resistant variant CHRCS [14] were kindly
provided by Dr V. Ling (Ontario Cancer Institute, Toron-
to). These cell lines were maintained in DMEM medium
supplemented with 10% FBS.

All cell lines were tested for mycoplasma contamina-
tion using the DAPI (4’-6-diamidino-2-phenylindole)
DNA-binding assay [20] and found to be negative.
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MTT assay. Drugs were provided by the Ontario Cancer
Treatment and Research Foundation, Kingston Regional
Centre. Drugs were dissolved in physiological saline and
filtered through a 0.22-um filter. Drugs were further dilut-
ed to 1 mM with sterile phosphate-buffered saline (PBS)
and stored frozen at —20 °C or used immediately. All sub-
sequent dilutions were made with tissue culture medium.

Cells to be tested were harvested, in the case of adher-
ent cell lines (non-SCLC and CHO) by incubation in
0.02% EDTA in phosphate-buffered saline for 10 min at
37 °C and in the case of suspension cultures (SCLC), by
centrifugation. After resuspension in fresh medium, cells
were plated in a volume of 100 pl at 5x10* cells/well,
unless otherwise specified, in 96-well microtiter plates
(Linbro 76-032-05) using a multichannel pipette. The
plates were incubated at 37 °C for 2—4 h to allow cells to
reattach and reequilibrate. Without removing any medi-
um, drugs were then added at twice the final concentration
in a volume of 100 pl. In some experiments, cells were ex-
posed to adriamycin for a time and then the drug was re-
moved using a multichannel pipette followed by addition
of drug-free medium. The cells were incubated for selected
times at 37 °C. At 3 h before the end of drug exposure,
100 ul medium was removed from each well and 25 ul
MTT (Sigma) solution (2 mg/ml in PBS) was added. Then,
at the end of drug exposure the enzyme reaction was
stopped by the addition of 1 N HCl:i-propanol (1:24)
(100 nl/well) followed by thorough mixing with a multi-
channel pipette. The plates were read on a Flow Multiskan
MC plate reader at 540 nm. All drug concentrations were
tested in four to five replicate wells on each plate, and
each experiment was repeated at least twice. Controls in-
cluded wells with cells but no drugs and wells with medi-
um and the highest drug concentration but no cells.

Results

To determine the relationship of cell number to absorb-
ance values, a standard curve was generated for each cell
line. The results for SCLC cell line NCI-H69 are shown in
Fig. 1. For this cell line, linearity extended from 1x 10°
cells/well to approximately 8 x 10? cells/well. This range
of linearity generally applied to the other cell lines (results
not shown).

NCI-H69 cells were exposed to various concentrations

Table 1. Effect of adriamycin on NCI-H69 cell viability
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Fig. 1. Linearity of the MTT assay with small cell lung cancer cell
line NCI-H69. Each point represents the mean of five determina-
tions +SD

of adriamycin and assessed for viability using the MTT as-
say 6, 24, 48 and 72 h later. The apparent sensitivity of
these cells increases with time as seen in Table 1. For ex-
ample, after 6 h toxicity was seen at 6 uM drug, while after
72 h toxicity was observed at 0.2uM adriamycin. Similar
results were obtained at 72 h even if the drug was removed
after 24 h (Fig. 2).

The effect of adriamycin on four human non-small cell
lung tumor cell lines is shown in Fig. 3. Lung adenocarci-
noma A549 and squamous cell lung carcinoma BEN were
quite insensitive to adriamycin, as cytotoxicity was ob-
served only at concentrations greater than 2 u M. Large cell
lines SK-LC-6 and QU-DB were much more sensitive,
with cytotoxicity seen at concentrations of less than 0.2
and 0.6 uM, respectively.

The effects of mitoxantrone, cyclophosphamide, dau-
nomycin and nitrogen mustard on A549 cells and NCI-
H69 cells were tested, and the results are shown in Fig. 4.
Cyclophosphamide had no effect on viability of either cell
type at the concentrations of drug tested. Nitrogen mus-
tard and mitoxantrone were active on NCI-H69 cells at
concentrations greater than 0.2 pM, while cytotoxicity in
A549 cells was not observed until concentrations of greater
than 6 uM were used. Thus, there is about a 30-fold differ-
ence between the sensitivity of these cell lines to these

Drug incubation uM Adriamycin

time (h)
0 0.2 2 6 20
6 0.324 0.289 0.296 0.294 0.257 0.268
(£0.035) (£0.031) (£0.029) (£0.025) (£0.020) (+£0.022)
24 0.325 0.311 0.288 0.249 0.183 0.152
(£0.027) (£0.030) (£0.014) (£0.024) (£0.010) (£0.012)
48 0.314 0.277 0.250 0.214 0.160 0.093
(£0.051) (£0.039) (£0.024) (£0.027) (£0.021) (£0.018)
72 0.632 0.491 0.423 0.291 0.163 0.107
(£0.043) (£0.013) (£0.015) (£0.007) (£0.010) (£0.005)

Cells were plated at 5 x 104 cells/well and reequilibrated for 3 h at 37°C before addition of the drug. At 3 h before the end of the drug
incubation period the MTT was added. The enzyme reaction was stopped by addition of i-propanol/HCI. Values given are the absor-
bance values at 540 nm. Each number represents the mean (= SD) of four to five determinations
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Fig. 2. Effect of adriamycin on small cell lung cancer cell line
NCI-H69 after a 72-h incubation period. ® ®, continuous
exposure for 72 h; o O drug removed after 24 h. Each point
represents the mean +SD of four to five determinations

drugs. NCI-H69 cells were also more sensitive to daunom-
ycin than A549 cells.

The effect of cell density on the sensitivity of NCI-H69
and A549 cells to adriamycin was tested on initial cell den-
sities of 1 x 10% and 5 x 10* cells/well. With NCI-H69 cells
(Fig. 5, upper panel), little difference was seen in the rela-
tive sensitivity at the two cell densities. With A549 cells
(Fig. 5, lower panel), cytotoxicity was observed at adriam-
ycin concentrations greater than 2 uM when cells were
plated at 5x 10* cells/well. By contrast, cytotoxicity was
observed at 0.2 uM when cells were initially plated at
1 x 10* cells/well.

To determine whether the MTT assay would be useful
for distinguishing drug-resistant variants from their sensi-
tive parent cells, the sensitivity of the well-characterized
CHO cell line AUX BI and its multidrug-resistant variant,
CHRCS, to adriamycin was determined, and the results are
shown in Fig. 6a. Cytotoxicity was observed in the drug-
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Fig. 3. Effect of adriamycin on the viability of human non-small
cell lung tumor cell lines following a 72-h exposure to the drug.
Each point represents the mean £SD of four to five determina-
tions
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Fig. 4. Effect of antineoplastic agents on NCI-H69 cells (upper
panel) and A549 cells (lower panel) after a 72-h continous exposure
to t the drugs. @, mitoxantrone; O, daunomycin; O, nitrogen
mustard; M, cyclophosphamide. Each point represents the mean
of four to five determinations. Error bars have been omitted for
the sake of clarity but errors were similar to those in the other fi-
gures
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Fig. 5. Effect of adriamycin after 72 h on the viability of NCI-H69
cells (upper panel) and A549 cells (lower panel) initially plated at
different cell densities (open symbols, 1x10* cells/well; closed
symbols, 5 x 10" cells/well). Each point represents the mean of four
to five determinations +SD

sensitive AUX Bl cells at about 0.6 pM adriamycin, while
cytotoxicity was not observed in the resistant cells at the
concentrations of drug tested (up to 20 uM). The MTT as-
say works equally well with human cells. The sensitivity of
the NCI-H69 parent line and its multidrug-resistant var-
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Fig. 6a, b. Effect of adriamycin on a Chinese hamster ovary cell
line AUX Bl (e @) and its multidrug-resistant variant,
CHRCS (o o) after a 72-h exposure, and b small cell lung
cancer cell line, NCI-H69 (m m) and its multidrug-resistant
variant, H69AR7 (o o) after a 7-day exposure. Each point
represents the mean of four determinations +SD

iant H69-AR7 to adriamycin after a 7-day exposure was
determined, and the results are shown in Fig. 6b. Cytotoxi-
city was observed in NCI-H69 cells at doses as low as
0.01 uM adriamycin, while cytotoxicity was not observed
in resistant H69-R7 cells until concentrations greater than
0.1 uM adriamycin were used.

Discussion

Most new antineoplastic drugs are initially screened on the
murine leukemia P388 cell line before further testing on
mouse and human tumors [25]. The relevance of this test to
the chemotherapy of human tumors may be limited. Shoe-
maker et al. [23] have reported that a significant propor-
tion (27/105) of P388 prescreen-negative compounds
showed activity in a human tumor colony forming assay,
suggesting that screening assays using human cells might
be more meaningful [9]. Such assays would be useful for
testing single drugs and drug combinations already in clin-
ical use as well as for testing experimental drugs.

None of the assays currently used to test the chemosen-
sitivity of human tumor cells are ideal [19, 22, 26, 27]. A
major drawback of most assays is that only a single drug
exposure time, cell density, and even single drug concen-
tration can be tested because of practical limitations. The
main advantage of the MTT assay is that the ease with
which it can be performed allows a large number of par-
ameters to be examined in a very short time.

In many instances, a cursory inspection of the dose-re-
sponse curve may be all that is necessary where only a rel-
ative estimate of drug sensitivity is required. However, es-
timates of actual cell numbers can be determined using the
MTT assay from a standard curve of absorbance (enzyme
activity) versus cell number if desired. For NCI-H69 cells,
the relationship between absorbance and cell number is
linear over a wide range (Fig. 1); nevertheless, it is essen-
tial that the range of linearity be determined for each cell
type.

In many cytotoxicity assays, the time at which viability
is assessed after exposure to the drug is fixed, and may be
somewhat arbitrary. In certain instances, this choice may
profoundly affect the results obtained [8]. Thus, it would
be preferable to be able to test a number of time points,
since some drugs may take longer than others to exert their

cytotoxic effects. In some studies tumor cells are continu-
ally exposed to drug for the duration of the assay. Fre-
quently, however, drug exposure time may be as little as
1 h. The choice is often one of convention and may not ne-
cessarily be appropriate for all drugs or cells being tested
[15]. Using the MTT assay, the effect of drug exposure time
can be readily determined (Table 1). Moreover, the effect
of removing the drug at a certain time can be easily com-
pared with the continuous exposure of the cells to the
drug. In our study, no difference was observed when NCI-
H69 cells were exposed to adriamycin for only 24 h or
continuously over the entire 72-h assay period (Fig. 2).

Because of the rapidity and efficiency of the MTT as-
say, multiple cell lines can be simultaneously tested with
multiple drugs. This may be important if one is interested
in determining the variability of chemosensitivity of cell
lines within a particular type of tumor [16, 17] or among
different tumor types. Our results clearly show that differ-
ent lung tumor cell lines have different sensitivities to adri-
amycin (Fig. 3). Furthermore, SCLC cell line NCI-H69
was shown to be consistently more sensitive to three of
four drugs tested than adenocarcinoma A549 cells (Fig. 4).
The fourth drug tested, cyclophosphamide, had no effect
on cell viability at the concentrations of drug tested
(Fig. 4). This is probably because this drug must be meta-
bolically activated before it can exert its cytotoxic effect
[2]. The necessary biotransformation processes may not be
present in these cell lines.

It has been reported that the degree of cytotoxicity ob-
served with adriamycin can depend on cell density [5].
With-most in vitro cytotoxicity assays only a single cell
density is tested. The effect of cell density on chemosensi-
tivity can be readily tested with the MTT assay. Little dif-
ference was seen in the relative sensitivity of NCI-H69
cells at the two cell densities tested (Fig. 5, upper panel),
while an approximately 10-fold difference in sensitivity
was seen with A549 cells (Fig. 5, lower panel). Thus, cell
density is important with some tumor cell lines but not
with others.

The increasingly widespread use of multidrug therapy
has been accompanied by the emergence of the multidrug
resistance phenotype. This phenomenon has been exten-
sively studied in a CHO cell model system using a drug-
sensitive cell line, AUX Bl, and a number of variants, in-
cluding CHRCS5, which exhibit multidrug resistance [13].
The difference in drug sensitivity of these two lines is read-
ily apparent using the MTT assay (Fig. 6a). Recently a
mutlidrug-resistant variant of the NCI-H69 human SCLC
cell line has been isolated in our laboratory by selection in
adriamycin (Cole S and Mirski S, manuscript in prepara-
tion). The MTT assay has been very useful for monitoring
the gradual development of drug resistance in this cell line
(Fig. 6b) and for quick determination of its cross-resist-
ance to a wide variety of drugs (results not shown).

In conclusion, the experiments described in this paper
establish the usefulness of the MTT assay for measuring in
vitro chemosensitivity of human lung tumor cell lines and
for monitoring the emergence of drug-resistant variants of
such lines.
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