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Abstract Paclitaxel (Taxol) is a potent chemother-
apeutic drug for squamous-cell carcinoma (SCC) of the
head and neck in vitro with microtubule-stabilizing
activity that arrests cells in G2-M. To study the mecha-
nism of its cytotoxic effect on SCC in vitro, we exposed
five laryngeal SCC cell lines to 10 nM paclitaxel. The
cell lines were studied by time-lapse video microscopy
for 96 h, and by agarose gel electrophoresis. Paclitaxel
blocked the cells in the premitotic phase for 6—24 h,
after which the cells died morphologically by apoptosis.
Mitotically arrested cells were seen within a few min-
utes after exposure to paclitaxel. No mitoses were seen
in the paclitaxel-treated cells. A few apoptoses were
also seen in the control cultures grown without pac-
litaxel, but they represented only 6%—20% of the fre-
quency of apoptoses seen in the paclitaxel-treated
group. In some paclitaxel-treated cultures the cells es-
caped the mitotic arrest without cytokinesis and for-
med multinucleated cells that eventually died. Agarose
gel electrophoresis showed oligonucleosomal DNA
fragmentation characteristic of apoptosis. We conclude
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that time-lapse video microscopy is an efficient method
of observing drug-induced morphological changes in
cell culture. Paclitaxel at a 10 nM concentration rap-
idly induces a premitotic block, which usually leads to
apoptotic cell death. In some cases multinucleated cells
are formed that morphologically also eventually die by
apoptosis.
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Abbreviation SCC squamous-cell carcinoma

Introduction

Paclitaxel (Taxol) is a structurally complex natural
plant product with a novel mechanism of action. It has
a range of activity that includes ovarian cancer,
melanoma, non-small-cell lung carcinoma, breast carci-
noma and leukemia (Runowicz et al. 1993).

Paclitaxel is a potent inhibitor of eukaryotic cell
replication, blocking cells in the late G2-M phase of the
cell cycle (Schiff and Horwitz 1980). It is an unusual
mitotic inhibitor because it promotes the formation of
discrete bundles of stable microtubules that result from
the reorganization of the microtubule cytoskeleton
(Schiff et al. 1979).

Whyllie et al. (1980) characterized two mechanisms of
cell death: necrosis and apoptosis, also called pro-
grammed cell death. These two processes differ both
morphologically and biochemically. The morphologi-
cal changes associated with necrosis are swelling, fol-
lowed by rupture of the cell membranes and dissolution
of the organized cell structure. In contrast, apoptosis is
characterized by chromatin condensation, cellular
shrinkage, cytoplasmic blebbing and fragmentation of
genomic DNA as a consequence of the activation of



a specific endogenous endonuclease. DNA is broken
into fragments of 180—200 base pairs (bp), i.e. oligonuc-
leosome length.

Many chemotherapeutic agents have been shown to
induce apoptosis in sensitive cells. It has been reported
that paclitaxel causes apoptotic changes in human
small-cell lung cancer (SCC) cells (at the mean inhibi-
tion concentration of 22.6 nM) (Ohmori et at. 1993), in
a human ovarian tumor cell line (Liu et al. 1994), in two
human carcinoma cell lines (Willingham and Bhalla
1994} and in human leukemic cells (Tang et al. 1994).
The tendency of a cancer cell to undergo apoptosis may
be especially important for the chemotherapy of malig-
nant tumors with a low growth rate, which are typically
resistant to cytostatic agents (Carson and Ribeiro
1993).

Our group has previously shown that paclitaxel in-
duces growth inhibition in laryngeal SCC cell lines at
nanomolar concentrations and DNA flow cytometry
showed a G2-M block (Elomaa et al. 1995). In this
study we demonstrate that paclitaxel in nanomolar
concentrations induces apoptosis in human laryngeal
SCC cell lines, and study the associated morphological
changes by time-lapse video microscopy.

Materials and methods

Materials

Paclitaxel was kindly provided by Bristol-Mayers Squibb (Prin-
ceton, Pa., USA). A 0.1 mM stock solution was prepared by diluting
the original solution containing 6 mg paclitaxel with isotonic saline,
and the final dilutions were made immediately before each experi-
ment in our laboratory.

Cell culture

Five laryngeal SCC cell lines established in our laboratory were
investigated. Information about the origin of the cell lines [primary
tumour location, TNM staging, specimen site, type of lesion, his-
tological grade (1-3) and the passage numbers used] are listed in
Table 1. The cells were maintained in complete Eagle’s minimal
essential medium with 2 mM glutamine, 1% non-essential amino
acids, 100 U/ml penicillin, 100 pg/ml streptomycin, and 10% fetal
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bovine serum. All cells were cultured as monolayers in plastic
tissue-culture dishes (Nunc, Roskilde, Denmark).

Time-lapse video microscopy

Between 1 and 4 days after plating a medium containing 10 nM
paclitaxel was applied. The medium was equilibrated with 5% CO,
at 37°C in an incubator for 10 min. The culture flask was then
capped and transferred to a 37°C heated stage of an inverted
microscope (Nikon Diaphot, Nikon Corp., Tokyo, Japan). Cells
were viewed using phase-contrast optics at 20 x objective magnifica-
tion coupled to a JVC 3CCD KY-F30 video camera (Victor Com-
pany, Tokyo, Japan). The field to be analysed was selected so that at
the beginning of filming it contained approximately 20—50 cells. The
time-lapse video recording was performed so that two successive
pictures were taken at 1-min intervals (Panasonic AG-6720A). The
video recorder and the microscope were coupled to a timer (LIBT2,
Red Lion, USA), which lit the microscope lamp for 5s in every
minute syncronously with the recorder. Filming was continued for
96 h. Subsequently the film was viewed frame by frame on a video
monitor. The cumulative number of cells rounding up, completing
mitosis or apoptosis and multinucleated cells per field were counted
at 3-h intervals. The pH of the medium remained stable during the
experiment. One control culture was filmed for each cell line, and at
least two paclitaxel-treated cultures were filmed. The time (h) during
which the cells stayed mitotically arrested was calculated by a time-
shift of the two curves (imaging premitotic or apoptotic cells) until
they overlapped each other.

Analysis of DNA fragmentation

Cells (107) were harvested after treatment with 10 nM paclitaxel for
24 h and 48 h. The cells were incubated in a cell lysis buffer (50 mM
TRIS-HCI, pH 8, 2 mM EDTA, 100 ug/ml proteinase K and 0.5%
sodium dodecyl sulphate) at 37 °C overnight, and the DNA was
extracted twice with phenol/chloroform and once with chloroform.
DNA was precipitated with ethanol, rinsed with 70% ethanol, and
dried. The extract was dissolved in TRIS/EDTA buffer (10 mM
TRIS/HCI, pH 8, containing 1 mM EDTA) and then treated with
RNase (50 pg/ml) for 1h at 37°C. Extraction and precipitation of
DNA were repeated as described above. Cellular DNA (0.5-1.0 ug)
was treated with 5 U Klenow polymerase using 0.5 uCi ?P-labelled
dCTP in the presence of 10 mM TRIS/HCI (pH 7.5)/5 mM MgCl,.
The reaction was incubated for 10 min at room temperature and
terminated after addition of 10 mM EDTA. The unincorporated
nucleotides were removed by three consecutive precipitation cycles
of isopropanol with 2.5 M ammonium acetate. The labelled DNA
was resuspended in TRIS/EDTA (pH 7.5). 0.5 ng DNA was applied
on a 1.8% agarose gel and electrophoresed for 2 h at 100 V. After the
gel had been dried, the filter was exposed for autoradiography.

Table 1 Characteristics of the

cell lines Cell line Tumour site TNM stage Specimen site Histological Passages
grade used
UT-SCC-8 Supraglottic T2NOMO Larynx G1 4,49, 53
larynx

UT-SCC-9 Glottic larynx T2NOMO Neck metastasis Gl1 24, 27, 38
UT-SCC-19A  Glottic larynx T4NOMO Larynx G2 24, 25, 43
UT-SCC-19B Glottic larynx T4NOMO Larynx? G2 32, 33,45
UT-SCC-29 Glottic larynx T2NOMO Larynx Gl 9, 10, 15

* Persistent disease at the primary site after irradiation
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Table 2 The cumulative number of cells completing mitoses or undergoing apoptoses during 96 h in a medium containing 10 nM paclitaxel.
The figures are percentages of the initial cell number and » is the initial cell number in parenthesis. The time in premitotic phase was
estimated by a time-shift of the curves so that they overlapped each other

Cell line Control culture 10 nM paclitaxel
Mitoses Apoptoses n Mitoses Apoptoses Time (h) in n
(%) (%) (%) (%) premitotic phase
UT-SCC-8 142 13 31 0 84 24 25
UT-SCC-9 146 12 55 0 57 14 45
UT-SCC-19A 240 25 20 0 51 16 43
UT-SCC-19B 150 17 36 0 46 24 50
UT-SCC-29 65 12 40 0 57 6 45
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Fig. 1 UT-SCC-8 cells grown in Eagle’s minimal essential medium
(control) and followed by time-lapse video microscopy. The filming
began 48 h after plating. The initial cell number in the viewing screen
at the beginning of the filming was 31. The cumulative number of
cells undergoing mitoses (O) or apoptoses (@)

Data analysis

The apoptotic frequency of control cells and paclitaxel-treated cells
was calculated as the ratio (apoptoses)/(initial cell number + mitoses),
referred to as the apoptotic ratio.

Results

Time-lapse video microscopy of SCC cells
in culture

Time-lapse video microscopy was used to analyse the
morphological changes induced by 10 nM paclitaxel in
the cultured laryngeal SCC cells. The results of the
time-lapse video microscopy are shown in Table 2 and
in Figs. 1 and 2. As expected on the basis of our pre-
vious experiments, the control cultures of all cell lines
showed frequent mitoses (Elomaa et al. 1995). Apo-
ptoses were also seen in the control cultures; they
represented 12%-25% of the initial cell number,
depending on the cell line (Table 2), and the apoptotic
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Fig. 2 Effects of 10 nM paclitaxel on UT-SCC-8 cells followed by
time-lapse video microscopy. The initial number of cells in the
viewing screen at the beginning of the filming was 25. The cumula-
tive number of cells rounding up (+) or undergoing mitoses (O) or
apoptoses (@)

ratio varied from 0.052 to 0.075 (mean 0.064). In the
cultures treated with 10nM paclitaxel the cells
rounded up at the same pace as the control cells under-
went mitoses. They stayed mitotically arrested for
6-24 h, after which the cells died morphologically by
apoptosis 1e. by cellular shrinkage, violent pulsation
and blebbing of the plasma membrane during the sub-
sequent hour. No mitoses or necroses were observed
in the paclitaxel-treated cells. The apoptotic ratio
varied from 0.35 to 0.92 (mean 0.61). In some paclitaxel-
treated cultures some of the cells escaped the mitotic
arrest without cytokinesis and formed multinuc-
leated cells. These multinucleated cells eventually died
very rapidly (in a few minutes) showing cell shrinkage,
ie. one of the typical signs for apoptotic cell death
(Fig. 3).

DNA electrophoresis

DNA ladder fragmentation was detected by agarose gel
electrophoresis, which confirmed the apoptotic type of
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Fig. 3 Effects of 10 nM paclitaxel on UT-SCC-29 cells followed by
time-lapse video microscopy. The initial cell number in the viewing
screen at the beginning of the filming was 53. The cumulative
number of cells rounding up (+) or undergoing mitoses (O} or

apoptoses (@), multinucleated cells (A) or dying multinucleated cells
(A)
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Fig. 4 Effects of 10 nM paclitaxel on DNA fragmentation. UT-
SCC-19A cells were cultured with no additives (Control) or in 10 nM
paclitaxel for 24 h or 48 h as indicated. Subsequently DNA was
isolated from the cultures and analysed for DNA laddering. Compa-
rable results were obtained in all cell lines and in two independent
experiments. Arrowheads from bottom to top indicate mono- or
oligonucleosomal DNA fragments with the nominal length of 200n
base pairs {n = 1, 2, 3, 4. 5)

cell death. The DNA agarose gel electrophoresis “lad-
der” pattern was observed on DNA extracted from cells
treated with paclitaxel.
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Figure 4 shows the appearance of DNA fragments
detected by agarose gel electrophoresis. The DNA frag-
mentation patterns are similar for all samples in which
the cells were exposed to paclitaxel for periods of 24 h
or 48 h.

The hallmark of the apoptotic process, nucleosomal
fragmentation, was detectable even in untreated con-
trol cells. Oligonucleosomal DNA fragmentation was
visible in all cultures at 24 h and it was of increased
intensity at 48 h.

Discussion

The spontaneous occurrence of apoptosis has been
described in many different types of cancer (Wyllie et al.
1980). Video microscopy revealed spontaneous apo-
ptoses in all of our cell lines established from head and
neck cancer, and they represented 6%—20% of the
frequency of apoptoses seen in the paclitaxel-treated
cultures. Similarly agarose gel electrophoresis showed
DNA laddering as a sign of spontaneous apoptoses in
all cell lines (example in Fig. 4).

A 10 nM dose of paclitaxel induced full growth inhi-
bition in our laryngeal SCC cell lines. In flow-cytomet-
ric analysis a G2-M block was demonstrated in all our
five cell lines after exposure to 10 nM paclitaxel for 24 h
(Elomaa et al. 1995). Mitotically arrested cells were
observed with time-lapse video microscopy after addi-
tion of paclitaxel, and they were copious after 24 h. This
timing corresponds to the developement of the pre-
mitotic block demonstrated in DNA flow-cytometry
studies (Elomaa et al. 1995). ‘

Detection of apoptosis by DNA gel electrophoresis
depends on the number of apoptotic cells in the sample.
Extensive apoptosis can easily be visualised by elec-
trophoresis after staining with ethidium bromide,
whereas the measurement of a low level of nucleosomal
autolysis is more difficult. To increase the sensitivity for
detection of fragmented DNA, we carried out a simple
and rapid method using [**P]dCTP end-labelling of
DNA fragments with Klenow polymerase (Rdsi 1992).

Although apoptotic cell death was detected both by
time-lapse video microscopy and agarose gel elec-
trophoresis, we found video microscopy to be a specific
and sensitive method to detect apoptotic cell death, and
to give information about the time course of these
events.

The multinucleated cells eventually died mor-
phologically by quick cellular shrinkage, and a change
to a normal Dulbecco’s modified Eagle medium after
they had been kept for 96 h in a medium containing
10 nM paclitaxel even facilitated their tendency to die
(data not shown).

These effects were seen with a paclitaxel concentra-
tion of 10 nM, which is only 1/10-1/100 of the concen-
tration achieved in the patient serum after a single dose
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of about 200 mg/m?. However, the exposure time of
96 h to paclitaxel may be longer than what is achieved
in head and neck cancer tissue in vivo after a single
infusion of paclitaxel.

The tendency for spontaneous apoptosis of our cell
lines might have some correlation to their sensitivity to
paclitaxel. This, however, requires further study in
a larger series of cell lines. The paclitaxel-induced G2-
M block might act as a radiosensitizer as this phase is
known to be a radiosensitive phase of the cycle (Sinclair
1968). It has been suggested that paclitaxel potentiates
tumour response to radiation by other mechanisms in
addition to blocking the cell cycle in mitosis (Milas
et al. 1994).
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