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Preclinical report

Resistance to paclitaxel induces time-delayed
multinucleation and DNA fragmentation into large
fragments in MCF-7 human breast adenocarcinoma

cells
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DNAfragmentationwasinvestigatedinMCF7andtheMCF77AX1®

paclitaxel-resistant subline exposed to paclitaxel for 24 h. No
nucleosome-sized DNA fragmentation was observed by DNA
agarose gel electrophoresis in both cell lines. However, DNA
fragmentation was detected by flow cytometry sub-G; peak
analysis in both cell lines immediately after paclitaxel
exposure. Nuclear abnormalities were observed in both cell
lines in the range of 35-40% of the total cell population. This
value was reached immediately in MCF7 cells but was time-
delayed in MCF7™X'? cells. Significant morphologic differ-
ences were observed between sensitive and resistant cell
lines, 24 h after exposure to 50 nmol/l paclitaxel. Although no
difference in the sub-G; cell population was observed
between sensitive and resistant cells, a significantly higher
rate of multinucleated cell features was observed in resistant
cells. [© 2000 Lippincott Williams & Wilkins.]
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Introduction

Paclitaxel (Taxol®) has demonstrated high chemother-
apeutic activity in the treatment of ovarian and breast
tumors. Paclitaxel is an antimitotic agent which is
active in the G,/M phase of the cell cycle where it
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tightly binds microtubules, inhibiting their depolymer-
ization and forming abnormal cytoplamic bundles and
nuclear asters, thus blocking cell division.! These
microtubular changes affect cells mostly in G, and M,
preventing completion of cell division, which results
in accumulation of cells in G, and M.? More recently,
the complexity of cell cycle arrest in G; and/or G,
phase was investigated, and results showed that the
death rate induced by paclitaxel could be higher in G,
than in G, blocked cells.®> Defective G4/S checkpoint
function was reported to sensitize colon cancer cells
to paclitaxel-induced apoptosis.4 Paclitaxel-induced
apoptosis was reported to be related to drug
concentration in human tumor cells treated with a
low drug concentration, i.e. unable to alter the
microtubule mass but blocking mitosis by stabilizing
microtubule dynamics.” Induction of apoptosis was
found to be not only related to cell cycle arrest but to
the concomitant phosphorylation of p34°“““ protein
controlling mitosis.” Inadequate activation of this
protein could induce apoptosis in two different
manners, being directly related to p53 or not.
Independently of p53, apoptosis could be initiated
through the cell rheostat. Activation of c-Raf-1 leading
to the phosphorylation of Bcl-2”® could consequently
inhibit its anti-apoptotic activity. The second pathway
for induction of apoptosis by paclitaxel is p53
dependent. After being blocked in G,/M phases and
consequently to the activation of p34°““ the cells
would undergo aberrant mitosis without cytokinesis
leading to multinucleated cell features. Cell death
would then occur within 3-6 days after G,/S cell cycle
arrest and p53 induction.” More recently, paclitaxel
sensitivity was reported to correlate with p53 status
and DNA fragmentation, but not G,/M accumulation. '’
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In MCF7 breast cancer cells,'! paclitaxel-induced
apoptosis was documented and found to account for
part of the paclitaxel cytotoxicity and suggested that in
the MCF7 cell line, DNA degradation appears to be
characterized by infrequent DNA fragmentation yield-
ing large (50-300 kbp) DNA fragments. The in vivo
relevance of apoptosis induction in paclitaxel anti-
tumor activity was confirmed in murine mammary and
ovarian tumors.'*"?

Resistance to paclitaxel can be mediated by several
mechanisms. The multidrug resistance phenotype has
been largely described as a potent resistance mechan-
ism to paclitaxel.14 However, in cells selected after
exposure to paclitaxel, resistance to paclitaxel is usually
not related to P-glycoprotein (P-gp) or multidrug
resistance-related protein (MRP) overexpression, thus
indicating other mechanisms of resistance. Some
reports demonstrated that modifications of tubulin
subunits could be implicated in paclitaxel resistance.
Recently, in H69 human small cell lung cancer cell line,
alteration of the o-tubulin isoform with an increase in
acetylation has been reported as a possible resistance
pathway."”> Some other papers indicate that in K562
cells selected by concomitant exposure to paclitaxel
and to the non-immunosuppressive cyclosporin analog,
P-glycoprotein modulator SDZ-PSC833, an increase in 5-
f-tubulin isoform was observed and induced a decrease
in the cellular sensitivity to paclitaxel.16

In addition to these mechanisms, the potential
implication of alterations of the apoptotic pathway in
paclitaxel-resistant cell models has been suggested as a
potent mechanism of resistance to paclitaxel.'” Pre-
vious studies revealed that in leukemic cell models'®
paclitaxel resistance was not related to its inability to
target microtubules or to block cell cycle progression in
the G, phase but to the inability of resistant cells to
enter the apoptotic pathway. More recently, paclitaxel
resistance was reported to be mediated by caspase
inhibition, leading to multimininucleation in the PC3
prostate cancer cell line as compared to paclitaxel
relatively sensitive Hela cells.'®

In the present paper, DNA fragmentation induction
after exposure to paclitaxel was studied in a paclitaxel-
resistant subline established from the MCF7 human
breast adenocarcinoma cell line and exhibiting a low
resistance index.

Materials and methods

Drugs

Paclitaxel was purchased from Sigma (St Quentin-
Fallavier, France), and was first solubilized in ethanol
and then diluted in sterile water. Therefore, control
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experiments always included samples treated with the
equivalent ethanol concentration.

Cell lines

MCF7 human breast adenocarcinoma cell line and a
subline MCF7™*'? displaying resistance to paclitaxel
were used. The resistant subline, MCF7TAX19, was
established in our laboratory'” after culturing parental
MCF7 cells in increasing paclitaxel concentrations.
The MCF7™*' subline was then maintained in
paclitaxel-free medium. Neither P-gp nor MDR1 mRNA
expression was detected in both cell lines.””

Both cell lines were cultured at 37°C in phenol red-
free RPMI 1640 medium supplemented with 10% fetal
calf serum and in 5% CO, atmosphere.

Cytotoxicity assays

The sulforhodamine-B (SRB) assay was performed as
previously reported.?! The cells were harvested from
exponential phase culture by trypsinization, counted
and plated in 96-well microtiter plates. The optimal
seeding density of each cell line was determined to
ensure adequate absorbance readings in control wells
during a 5-day assay. An initial concentration of 10*
cells/ml was found suitable for all cell lines. All
experiments were performed in exponentially grow-
ing cells, 3 days after seeding, treated with paclitaxel
for 24 h and then either assayed immediately (T,) or
incubated for 24 h (T,4) in paclitaxelfree culture
medium before performing the SRB cytotoxicity assay.
Briefly, the cells were washed with PBS and fixed by
means of protein precipitation with trichloroacetic
acid at 4°C for 1 h. After washing with water, the cells
were stained with SRB (Aldrich-Chimie, St Quentin
Fallavier, France). Protein-bound stain was solubilized
with unbuffered Tris base (Merck, Darmstadt, Ger-
many). The absorbance of each well was then
measured at 540 nm using a MultiskanMCC/340
microplate reader (Flow, Les Ulis, France).

Each concentration was assayed in sextuplicate and
each experiment was repeated 3 times. Results were
expressed as relative absorbance as compared with
untreated controls. The paclitaxel concentration
inhibiting the cellular growth by 50% (ICsy) was
calculated using the median-effect principle.*?

Cell cycle analysis

Cell suspensions were prepared according to Lieb-
mann.?? Briefly, about 10° cells were stained in 2 ml of
0.1% sodium citrate/0.1% Triton X-100 solution contain-
ing 50 pg/ml propidium iodide. After atleast 24 h in the
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staining solution at 4°C, RNase A (50 ug/ml) was added
and all samples (5000 cells minimum) were analyzed by
flow cytometry (Orthocyte; Ortho Diagnostic System,
Roissy, France). Cell cycle phase distribution was
calculated using Multicycle analysis software (Phoenix,
CA) and Dean and Jett’s modelization.

Determination of apoptosis

Flow cytometry sub-G; peak analysis using propi-
dium iodide DNA labeling. DNA content of apop-
totic cells was analyzed according to Ormerod et al**
with slight modifications. After collection by trypsini-
zation and centrifugation, 2-4 X 10° cells were fixed
on ice in 70% cold ethanol and stored at —20°C until
experiments were performed. Before staining, 10°
cells were washed with PBS and then resuspended in
4 ml PBS for 15 min at room temperature to elute
cleaved DNA small fragments. After centrifugation,
cells were stained with a solution of PBS containing
propidium iodide (50 pg/ml), EDTA (0.1 mmol/D),
Triton X-100 (0.1%) and RNase A (25 ug/ml). Cell
cycle phases analysis was then performed as described
above.

Fluorescence microscopy using Hoechst 33342 DNA
labeling. After completion of paclitaxel exposure in
slideflasks (Nunc, Polylabo, Strasbourg, France), cells
were rinsed twice in PBS and then fixed with 1%
paraformaldehyde solution for 20 min at room tem-
perature. The slide was then washed with PBS and
then stained with Hoechst 33342 (Molecular Probes,
Interchim, Asnieres, France) 5 ug/ml solution in PBS
according to Lizard et al.*> Fluorescence microscopy
analysis was then performed with excitation at 330-
380 nm and emission at 420-460 nm using an AX70
Provis epifluorescence microscope (Olympus, Rungis,
France) fitted with a LH1600 cooled CCD camera
(Lhesa, Cergy-Pontoise, France). Cells were classified
as ‘intact cells’ with uncondensed chromatin, ‘multi-
nucleated cells’ exhibiting more than three nuclei with
uncondensed chromatin and ‘apoptotic cells’ exhibit-
ing apoptotic bodies.

DNA agarose gel electrophoresis. Cells were col-
lected after completion of paclitaxel exposure. For
DNA extraction the cells were lyzed in Tris buffer
(pH 8) containing 0.5% sodium dodecylsulfate, and
supernatants were treated with RNAse A (10 pg/ml)
and proteinase K (25 pug/ml). DNA was phenol-
chloroform extracted and precipitated in 10 volumes
of ethanol and 10 mmol/l MgCl, washed in 1 ml

ethanol, dried and resuspended in 100 ul diethylpyr-
ocarbonate solution. DNA (1 ug/sample, determined
by absorbance at 260 nm) was analyzed by agarose gel
electrophoresis (1.8% agarose, 25V, 4 h) using
0.89 mol/l Tris, 0.89 sodium borate, 0.2 mol/l EDTA,
pH 8 running buffer. A 100 bp size standard was
electrophoretized in parallel. DNA was stained with
ethidium bromide (1 ug/ml) in water, analyzed using
UV transillumination and image analysis (Gel-Doc 1000
fitted with Molecular Analyst software; BioRad, Ivry
Sur Seine, France). The positive control consisted of
HT29 human colon carcinoma cells exposed for 24 h
to paclitaxel.

Statistical analysis

Student’s #test was employed to determine the
statistical significance with a limit set to p <0.05 using
Statview 4.02 software (Abacus Concepts, Berkeley,
CA).

Results

Cytotoxicity assays

Paclitaxel ICsq values were calculated from cytotoxi-
city plots (Figure 1) as 291 (32) nmol/l (SD) in the
parental MCF7 cells while being significantly increased
in MCF7™*" cells to 1177 (120) (p <0.02).
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Figure 1. Dose-response plots of MCF7 (H) and

MCF7™X1® (&) cells exposed to paclitaxel for 24 h.
Cytotoxicity was assessed using SRB assays, performed
immediately after completion of paclitaxel exposure.
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The resistance index to paclitaxel was calculated by
comparing the ICso achieved in MCF7"*" with that
of the parental taxol-sensitive MCF7 cell line and found
to be 4.0.

Paclitaxel-induced G,/M cell cycle arrest

G>/M phase cell accumulation (Table 1) appeared
immediately after paclitaxel exposure (T,) in both

Table 1. Go/M phase cell fraction (expressed as percent of
the total cell population) detected immediate1ly >$To) or24 h
(T2s) after exposure of MCF7 and MCF7™*'® cells to
paclitaxel (20 or 50 nmol/l for 24 h)

MCF7 MCF7TAX19
To 20 nmol/l 34 (5) 22 (3)
50 nmol/l 61 (8) 56 (8)
Tos 20 nmol/l 10 (3) 7 (2)
50 nmol/l 23 (4) 29 (5)

Results are mean values (SD) of a minimum of three independent
experiments. Cell cycle analysis was performed using flow
cytometry after propidium iodide DNA labeling (for details, see
Materials and methods).
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MCF7 and MCF7™*" cells, and to a significantly
(p<0.05) lower extent in MCF7"*' cells at the
lowest concentration (20 nmol/l). The G,/M cell
population increased significantly (»<0.01) as the
concentration was set to 50 nmol/l in both cell lines.
No significant difference remained at 50 nmol/l
between MCF7 and MCF7™%1° cells (Figure 2).

Twenty-four hours after paclitaxel exposure (T»y),
G,/M cell fractions significantly (p <0.01) decreased as
compared to T, values, in both cell lines, and for 20
and 50 nmol/l concentrations, probably in relation to
apoptosis induction in cells arrested in G,/M. Sig-
nificantly higher G,/M cell fractions were detected at
50 than at 20 nmol/l (»<0.02). No significant
difference was detected between MCF7 and
MCF7™X" cells.

DNA fragmentation

Apoptosis induction was first screened using sub-G,
peak analysis for paclitaxel concentrations of 10, 20,
50 and 100 nmol/l, immediately or 24 h after comple-
tion of paclitaxel exposure in MCF7 cells. The results
show that significant apoptosis induction was
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Figure 2. Representative histograms illustrating G,/M cell cycle arrest in MCF7 (A and C) and MCF7™'® (B and D) cells.
Untreated controls (A and B) and cells exposed to paclitaxel (50 nmol/l) for 24 h (C and D). Analyses were performed using
flow cytometry, immediately after completion of paclitaxel exposure.
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achieved within a 20-50 nmol/l concentration range.
Below (i.e. 10 nmol/l), no significant variation was
observed as compared to untreated controls (data not
shown). Above (i.e. 100 nmol/l), necrosis appeared
through a large proportion of broken cells. Therefore,
20 and 50 nmol/1 concentrations were further used for
apoptosis analysis using flow cytometry and fluores-
cence microscopy.

Flow cytometry sub-G; peak analysis. Using flow
cytometry sub-G; peak analysis (Table 2), a low
proportion of cells (approximately 10%) was detected
immediately after 20 nmol/1 paclitaxel exposure (Tq)
in both MCF7 and MCF7™%" cells. When the
concentration was set to 50 nmol/l, the number of
DNA-fragmented cells increased significantly in both
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cases ( <0.01), although remaining significantly low-
er in MCF7"™*1? cells, as illustrated Figure 3 (p <0.01).

Table 2. Sub-G; cell fraction (expressed as percent of the
total cell population) detected immediately (Tog or 24 h

(T24) after exposure of MCF7 and MCF7™*™° cells to
paclitaxel (20 or 50 nmol/l for 24 h)
MCF7 MCF7™AX19
T 20 nmol/ 10 (1) 9 (1)
50 nmol 26 (4) 13 (1)
Tos 20 nmol/ 38 (5) 43 (3)
50 nmoll 34 (4) 40 (5)

Results are mean values (SD) of a minimum of three independent
experiments. Cell populations were analyzed using flow cytometry
after propidium iodide DNA labeling (for details, see Materials and
methods).
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Figure 3. Representative histograms illustrating DNA fragmentation induced in MCF7™*'°, Untreated controls (A and B) and
cells exposed to paclitaxel (50 nmol/l) for 24 h (C and D). Sub-G; peak analyses were performed using flow cytometry
immediately (A and C) or 24 h (B and D) after completion of paclitaxel exposure.
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Twenty-four hours after paclitaxel exposure (T5y),
the number of DNA-fragmented cells significantly
increased in MCF7 cells incubated in 20 nmol/l
paclitaxel (p <0.005) while no significant effect was
observed at 50 nmol/l. In MCF7"™*'? cells, significant
increases were observed for both concentrations
(»<0.005). In all cases, no significant difference
remained between cell populations incubated in either
20 or 50 nmol/l paclitaxel and between MCF7 and
MCF7™%' cells, thus indicating that maximal DNA
fragmentation was achieved in the range of 35-40% of
the total cell population. This value was reached at T,
in MCF7 cells but was time-delayed to T,; in

MCF7™*1 cells in which DNA fragmentation ap-
peared to be associated with stabilization of G,/M-
arrested cells, unable to undergo DNA fragmentation
at T (Figure 3).

Fluorescence microscopy cell morphology analysis.
Using fluorescence microscopy with Hoescht 33342
DNA labeling enabled us to distinguish multinucleated
cells from late-apoptotic cells exhibiting apoptotic
bodies (Figure 4). One hour after paclitaxel exposure
(Ty), multinucleated cells were mostly observed (Table
3) in both cell lines, whatever the concentration. As

Figure 4. Representative fluorescence microscopy images of multinucleation (A) and apoptosis (B) in MCF7™X° cells
exposed to paclitaxel (50 nmol/l) for 24 h. Analyses were performed 24 h (T,4) after completion of paclitaxel exposure after

Hoescht 33342 DNA labeling.
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Figure 5. Agarose gel electrophoresis pattern of DNA extracted from MCF7 (lanes 3-6) and MCF7 "X celis (lanes 7-9),
immediately (lanes 3, 5 and 7) or 24 h (lanes 4, 6, 8 and 9) after completion of exposure to 20 (lanes 3, 4, 7 and 8) and 50
(lanes 5, 6 and 9) nmol/l paclitaxel. Lanes 1 and 2, positive controls (HT-29 cells exposed to 50 nmol/l paclitaxel for 24 h).

Lane 10, molecular weight standard.
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observed previously, no significant difference was
found between MCF7 and MCF7™*' cells when
exposed to 20 nmol/l paclitaxel. In cell populations
exposed to 50 nmol/l paclitaxel, the proportion of
apoptotic figures observed in MCF7™*'” was signifi-
cantly lower (»<0.02) than in MCF7 cells. Twenty-
four hours after paclitaxel exposure (T,4), the propor-
tions of either multinucleated cells or cells with
apoptotic bodies increased significantly (»<0.01) in
both cell lines excepted in MCF7 cells exposed to
50 nmol/l paclitaxel in which the proportion of
multinucleated cells variation was not significant.
Although no significant difference remained between
MCF7 and MCF7™*' cells when the proportion of
multinucleated cells was considered, a significantly
(»<0.02) lower proportion of cells exhibiting apop-
totic bodies was detected in MCF7™*" cells.

DNA agarose gel electropboresis. Figure 5 illustrates
the agarose gel electrophoresis pattern of DNA
extracted from MCF7 and MCF7"™*' cells. No DNA
ladder was observed either in the parental sensitive or
in the paclitaxel-resistant cell line, being analyzed
immediately and 24 h after exposure to paclitaxel (20
and 50 nmol/l).

Discussion

Paclitaxel has been reported to induce apoptosis in
several experimental models including leukemic cells,
fibroblasts, gastric, cervix and breast carcinoma cell
lines>® 1120 grown in vitro, head and neck tumor
specimens from patients exposed ex vivo to paclitax-
el”” as well as in vivo murine mammary tumor
models.'*"?

In the present paper, apoptosis induction by
paclitaxel in the MCF7 cell line and its variant
expressing 4-fold resistance to paclitaxel (MCF7™%1%)
was demonstrated using morphologic criteria by
fluorescence microscopy after DNA labeling by
Hoechst 33342 and confirmed by assessing DNA
fragmentation using sub-G; flow cytometry peak
analysis after DNA labeling by propidium iodide. The
results achieved in sensitive MCF7 cells confirmed
those recently reported by Saunders et al.,'' qualita-
tively and quantitatively, with apoptosis induction
representing 30-40% of the whole cell population,
achieved with approximately 20 nmol/l paclitaxel
24 h after incubation with the drug. Maximal paclitax-
elinduced apoptosis was achieved at 50 nmol/l and
represented 50% of the cell population. In the
MCF7™X" paclitaxel-resistant subline, no difference

in the maximal rate of apoptosis was observed but a
significant time delay appeared in the resistant subline,
tending to show that low paclitaxel resistance could
be associated with a time delay to apoptosis induction.

The results achieved using fluorescence microscopy
were consistent with those achieved using flow
cytometry. No significant difference was found when
the sub-G; peak population was compared with the
proportion of multinucleated cells and cells bearing
apoptotic bodies. Only in cell populations exposed to
50 nmol/l paclitaxel and 24 h after paclitaxel expo-
sure did a significant difference appear between the
results achieved with the two methods. This difference
was mostly related to the increase in the proportion of
cells bearing apoptotic bodies that are not being
considered in the flow cytometry analyses based on
cell size population selection.

Twenty-four hours after paclitaxel exposure, DNA
fragmentation was illustrated by a high proportion of
multinucleated cells and a very low amount of
apoptotic cells. The relative proportion of multi-
nucleated cell features was consistent with the sub-
G; DNA cell population and coincided with the lack of
200 bp DNA fragmentation. This confirmed the results
achieved by Panvichian et al."® using two different cell
models and showing that multimininucleation was
related to paclitaxel resistance.

As already noted by Saunders et al.'' in the same
cell model, apoptosisrelated DNA fragmentation
seems to be complex. Among the large variety of cell
models that were used to study paclitaxel-induced
apoptosis, two modes of DNA degradation were
reported to occur. The most characterized mode of
DNA breakage during apoptosis, i.e. nucleosome-sized
fragmentation illustrated by a DNA ladder structure
with agarose gel electrophoresis,”® was reported in
several models.>'® The present results showed that in
the MCF7 cell line this event was not evidenced, as
opposed to the HT29 colon carcinoma model used as
positive control, and therefore is probably not
necessary to trigger apoptosis. This confirms that
paclitaxel should induce an alternative DNA fragmen-
tation mechanism, yielding larger DNA fragments,’
that, in the present case, could not be evidenced with
agarose electrophoresis but could be detected with
sub-G; DNA content analysis. This was consistent with
the results achieved previously in MCF7 cells'"'® as
well as in K562 leukemic cells.'®

Investigations of paclitaxel-induced apoptosis mole-
cular pathways have been reported. Bcl-2 apoptosis
regulation‘m appears to be an important event in
paclitaxel-induced apoptosis. Results achieved in
MCF7 cells® suggest that the mitogen-stimulated
serine/threonine kinase Raf-1 could form a molecular
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complex with Bcl-2 after paclitaxel exposure and
represents a distinct Raf-1-mediated signaling pathway
whose activation leads to apoptosis. Recent results®"
envision a pathway of Rafl activation and Bcl-2
activation following disruption of microtubular archi-
tecture that could play a role similar to that of p53
after DNA damage. Similar investigations could be

reproduced in the MCF

719 paclitaxel-resistant cell

model to investigate whether molecular alterations of
this pathway might be involved in apoptosis induction.
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