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In vitro assessment of Taxol for human glioblastoma:
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Although the antineoplastic efficacy of Taxol against a
variety of tumors has been established, it has only re-
cently been used for malignant brain tumors. We eval-
uated in vitro chemosensitivity of glioblastoma to Taxol
and the affect of Taxol on glioblastoma cell locomotion.
The clonogenic assay was used to evaluate the chemo-
sensitivity of five human glioblastomas and the C6 rat
glioma. Cells exposed to Taxol (0-250 nM) were sus-
pended in agar in capillary tubes. Following incubation,
colonies were counted to determine percent survival. All
six cell lines demonstrated sensitivity to Taxol (LDsg 1 nM
to >250 nM). However, even at concentrations exceeding
those achievable clinically, all cell lines had surviving
cells, indicating a saturation threshold for Taxol cytotoxi-
city. Cell locomotion was evaluated using the radial dish
assay to determine the rate of egress of cells from a
region of high cell density to the periphery. Increasing
Taxol concentration caused increased locomotion in all
six cell lines (p < 0.0001). Although Taxol has significant
cytocidal impact, it increases in vitro locomotion of glio-
blastoma cells. These findings suggest that the clinical
use of Taxol for glioblastoma may slow the growth of bulk
disease, but may also lead to increased tumor invasion.

Key words: Cell locomotion, chemosensitivity, gliobla-
stoma, motility, Taxol.

Introduction

Taxol® (Paclitaxel) is a new antineoplastic agent
with proven antimitotic and antitumor activity
against advanced and refractory ovarian, breast,
lung, and head and neck cancers.’™ The drug was
first extracted from the bark of the Pacific Yew tree
(Taxus brevifolia) in 1963 by Wani and Wall.® How-
ever, the supply of this drug was initially limited due
to restricted supply of the bark extract which re-
quired destruction of the tree for acquisition. De-
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spite this, the National Cancer Institute (NCI) con-
ducted a broad screening program to assess the
efficacy of Taxol in the 1960s. In the 1970s, Schiff
et al. described the unique mechanism of Taxol’s
cytotoxicity.” Unlike other antimitotic agents, Taxol
acts by promoting microtubule assembly into a
meta-stable structure which the cell cannot disas-
semble.#!° Microtubules become arranged in par-
allel ‘bundles’ in Gg, Gi, S and early G, phases, or
form abnormal mitotic ‘asters’ during the G,~M in-
terface that are enucleated without centrioles and
can replace the normal bipolar mitotic spindles.*
Another factor that slowed the use of Taxol was its
relative insolubility, requiring the use of a Cremo-
phor® EL vehicle which elicited a high rate of hy-
persensitivity  reactions.'’  Pretreatment  with
steroids and antihistamines was found to greatly
reduce the incidence of this side effect. Despite
these problems, Taxol entered phase I clinical trials
in the US in the 1980s. Currently, Taxol is success-
fully used for a number of systemic neoplasms and
is undergoing phase II trials for malignant brain
tumors.

Primary malignant brain tumors are rarely cur-
able. It is the motile invading cells from these tu-
mors, which cannot be surgically extirpated, that are
responsible for tumor recurrence following radical
resection,'? and also these cells that, by unknown
mechanisms, can lead to progressive neurologic
dysfunction without evidence of mass effects of re-
currence of bulk disease.'? Although current
treatments are aimed at tumor control within the
region of bulk disease and/or the area of brain ad-
jacent to the tumor, it is now clear that malignant
brain tumors extend microscopically through much
of the neural axis at the time of diagnosis.’>*® Cy-
toskeletal assembly is required for cellular motility
as well as mitosis. Because Taxol affects the cellular
cytoskeletal system, we hypothesized that Taxol
may affect brain tumor cell motility as well as having
an anti-mitotic affect. Alterations in tumor cell
egress from bulk disease could potentially affect
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patients’ neurologic status and length of survival.

Previous preclinical investigations of Taxol have
demonstrated its antimitotic potency with a number
of systemic cancers (leukemia, colon adenocarcino-
ma, mammary carcinoma, osteogenic sarcoma, mel-
anoma, lung carcinoma, ovarian carcinoma).”>*%?
We utilized the human capillary clonogenic assay to
evaluate the susceptibility of a number of human
glioblastomas to Taxol. A newly developed radial
dish assay was used to evaluate the impact of Taxol
on human brain tumor cell locomotion.

Materials and methods

Acquisition of human brain tumor
specimens

Surgical specimens were obtained during routine
craniotomies for resection of previously untreated
supratentorial glioblastomas in adults. The extent of
resection and standard neurosurgical craniotomy
methods were not altered in any way for this in-
vestigation. Specimens were split, with one part
sent for culture (described below) and one part for
routine histopathological evaluation, including
staining with hematoxylin and eosin (H&E) and im-
munocytochemical staining for glial fibrillary acidic
protein (GFAP) expression (all tumors used expres-
sed GFAP). Astrocytoma specimens were graded
using a three tier system.>*2¢

Establishment of human malignant brain
tumor cell lines

The techniques for culturing and maintaining cell
lines of malignant brain tumors have been previous-
ly reported.””">* Briefly, fresh surgical specimens
were transported from the operating room in sterile
saline, minced to a slurry with crossed scalpels,
centrifuged at 250 g at 4°C for 10 min, and resus-
pended in calcium- and magnesium-free Hank’s ba-
lanced salt solution (HBSS) containing a triple
enzyme mixture of 0.04% collagenase, 0.02%
deoxyribonuclease and 0.2% neutral protease. The
cell suspension was then incubated at 37°C for
45 min, washed twice in Dulbecco’s modified
Eagle’s medium (DMEM) via centrifugation at 250 g
at 4°C for 12 min, and resuspended in DMEM with
15% heat inactivated fetal calf serum (FCS), 0.2 mM
glutamine, 100 pg/ml penicillin, 100 pg/ml strepto-
myecin, 50 pg/ml neomycin. Then 10 ml of cell sus-
pension was plated in 75 ml Falcon T-75 tissue
culture flasks at a density of 2.5-5 X 10° cells/ml.

Taxol for glioblastoma

Cells were incubated at 37°C in a humidified 5% CO;
atmosphere and stored in a dimethylsulfoxide so-
lution, in liquid nitrogen, for later use (viability after
thawing and re-plating was typically 93-99%). All
experiments used low passage cell lines (P < 8).

Clonogenic stem cell assay for
determination of chemosensitivity
profiles

The clonogenic assay evaluates the ability of tumor
stem cells to form colonies in agar following expo-
sure to a cytotoxic agent.>> Two thirds of tumors
found to be sensitive to a given cytotoxin in vilro
ultimately respond to the agent clinically, whereas
one-tenth of those predicted to be resistant show a
clinical response.>**' Hence, tumor cell lines
shown to be drug resistant with the clonogenic as-
say will probably not respond clinically; cell lines
shown to be sensitive probably will respond.

The methodology used has been previously de-
scribed.3*35 Cells near confluency (mid-logarithmic
growth phase) in T-75 flasks were washed with cal-
cium- and magnesium-free HBSS, then exposed to
3 ml of trypsin solution (315 U/ml of trypsin activity
and 0.2 M EDTA) for 60 s at 37°C. The cells were
then resuspended in 7 ml of DMEM with 10% FCS
and centrifuged at 250 g, 4°C, for 5 min, and resus-
pended in DMEM with 10% FCS at 2.5 X 10° cells/
ml. The cells were then exposed to Taxol for 60 min
at 37°C, then centrifuged at 250 g, 4°C, for 5 min.
The supernatant was discarded and the cells wa-
shed with 1 ml of HBSS, via centrifugation at
250 g, 4°C, for 5 min, then resuspended in 0.9 ml
of double-enriched DMEM (15% heat-inactivated
horse serum, 2% heat-inactivated bovine serum,
2 units insulin/ml, 0.4 mM 1-glutamine, 0.4 mM L-
asparagine). To each 0.9 ml of cell suspension,
0.1 ml of 2.5% agar (Sea Plaque agar, FMC BioPro-
ducts, melted and then cooled to 37°C in a water
bath) was added, and then loaded into capillary
tubes, prepared using 100 pl pipettes (Clay Adams,
#4625) cut to a length of 9.75 cm. Following capil-
lary tube loading, the ends of the tubes were oc-
cluded with hematocrit clay, placed in labeled
borosilicate tubes in a rack at a 45° angle and in-
cubated at 37°C. On day 14, capillary tubes were
removed from the incubator and the ends removed
with a glass cutter. A piece of rubber tubing attached
to a rubber bulb was fixed to a micropipette tip on a
micropipette and the agar/cell suspension was gent-
ly blown onto a microscope slide and examined
with light microscopy. Colonies (>50 cells and
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>50 pm) were then counted and the data plotted to
compare colony growth for each concentration of
Taxol used.

Determination of in vitro cell motility
utilizing the radial dish assay

A simple technique was previously developed in
our laboratory®® to specifically evaluate in vitro cell
locomotion from a region of high cell density (as in
bulky tumor) to a region of lower cell density (as in
surrounding brain). Human brain tumor cells
2 x 10% suspended in 1 ml of feeding media
(DMEM with 15% FCS) were plated in the center
of an 8 cm diameter round Petri dish. After 12 h at
37°C, in a humidified 5% CO, atmosphere, the med-
ium was discarded. A 2 cm circular zone of plated
cells, in the center of the Petri dish, was thus es-
tablished. The attached cells were washed and then
fed with 10 ml of feeding media containing the spe-
cific substance(s) to be evaluated. The effect upon
motility of various substances was evaluated by
adding relevant concentrations to the feeding med-
ja.*® Increasing serum concentration increased cell
locomotion. Cytochalasin B, which blocks cytoske-
letal assembly, halted cell movement. Fibronectin
coating on the Petri dish surface did not alter cell
locomotion. After initial experiments®® demonstra-
ted that hydroxyurea, a cell cycle inhibitor, had no
effect upon brain tumor cell motility, hydroxyurea
(10 mM) was added to all plates tested with the
radial dish assay to maintain a constant number of
cells per plate for the duration of each experiment.

Motility was determined by counting daily (in tri-
plicate) the number of cells per random high power
field (HPF, X20) at predetermined distances from
the perimeter of the central zone (0-1, 1-2 and 2—
3 cm). The area of each concentric field of cells
increases with increasing distance from the center
of the Petri dish. To calculate the total number of
cells in each concentric ring from the mean number
of cells counted per HPF, the surface area of each
ring (which increases with increased distance from
the central zone) was used to determine cell den-
sity. The average distance traveled each day by the
cells was computed by multiplying the number of
cells (the mean of the three cell counts) in each
concentric ring. Each count is ‘weighted’ relative
to the area of its respective ring to determine cell
density (weighted cell count = WCC). The central
cell zone is not weighted (cell counts are multiplied
by 1):
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Area of the central cells = Agc = n# =

(1 cm)® = 7
Weighting factorce = Aec/Ace = 1
Each of the concentric rings are then weighted:

Area of 0-1cm ring = 4 = (2 cm)? — Ace)
=4n —m=3n

Weighting factor; = 43/Acc = 3

WCCy = 3(mean cell count per X20 field in the 0
1 cm ring)

Area of 1-2cm  ring = A, = ((3 cm)? —
(A + Ace) = 9 — 4n = 57

Weighting factor, = A,/ Ace = 5

WCC, = 5(mean cell count per X20 field in the 1—
2 cm ring)

Area of 2-3 cm ring = Az = (n(4 cm)* — (4, +
Ay + Acc)) = 16m — 9n = 71

Weighting factors = As/Acc =7

WCCs = 7(mean cell count per X20 field in the 2—
3 cm ring)

The WCC for each concentric ring multiplied by the
distance traveled in centimeters, divided by the total
number of cells counted, is the average distance
traveled (ADTD):

0 cm X WCCeepter + 0.5 cmm x WCC,

+1.5 cm x WCCy + 2.5 cm x WCCy
Total WCOcenter+1+2+3

Data were analyzed using the SAS PROC GLM as a
randomized-block factorial type RBF design*? with
average distance traveled by the cells measured at
intervals for each of the five concentrations of Taxol
teste.

The kinetics of cell movement in the radial dish
assay are mathematically most similar to directional
(i.e. driven) movement. Directional movement is
described by the equation x = vt (x is the mean
distance from the point of origin, v is the linear
velocity and is the time).*® This is a linear relation-
ship, as was found with the cell movement in the
radial dish. Alternatively, isotropic random move-
ment is described by the equation {x%} = 4Dt (o2 is
the mean square distance from the point of origin, D
is the diffusion coefficient and ¢ is the time)** which
is non-linear. The directional movement in the ra-
dial dish assay is most likely driven by the higher
cell density in the central zone compared with the
periphery. Therefore, tumor cell density alone is an
important factor in tumor cell locomotion.

ADT =
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Table 1. Capillary clonogenic assay chemosensitivity testing results

Taxol concentration (nM) C6 wu17 wu1is wu20 wu29 WwuU31
0 100 100 100 100 100 100
0.25 81 90 88 78 72 63
0.5 74 92 77 66 70 58
1.0 52 71 58 52 64 45

10 43 67 58 51 48 43
100 26 53 43 41 45 29
250 30 56 37 10 43 24

Numbers represent the percent of cells surviving (i.e. forming colonies in agar) with escalating concentrations of Taxol. At
higher concentrations, a plateau of cytocidal impact is reached where additional drug does not decrease cell survival.

Results
Capillary clonogenic assay

Table 1 shows the surviving fraction of cells (i.e.
those cells that formed colonies) following expo-
sure to increasing concentrations of Taxol. Although
all cell lines demonstrated sensitivity to Taxol, the
degree of sensitivity varied along the six cell lines.
Even at high Taxol concentrations, all cell lines had
surviving cells, indicating a saturation threshold for
Taxol cytotoxicity. Tumor cells exposed to higher
concentrations of Taxol formed intracellular cyto-
plasmic inclusions as previously described with
other tumor types.'°

Radial dish assay

Cells exposed to Taxol demonstrated a dose-depen-
dent increase in locomotion from the central region
of the dish to the periphery (the computed Fstatistic
with degrees of freedom 4 and 102 was 7.29, with
p < 0.0001) (Table 2). Very few of the C6 cells sur-
vived when the Taxol concentration was 1000 nM,
so motility for this cell line could only be evaluated
at lower concentrations. This dose-dependent in-
crease in motility was a linear relationship (the com-
puted F statistic with degrees of freedom 4 and 102
was 17.35, with p < 0.0001).

Discussion

Malignant astrocytomas are diffusely infiltrative and
rapidly fatal.'®%452 Malignant human astrocytoma
cells are exceedingly motile. The extent of tumor
cell infiltration and the highly motile nature of as-
trocytoma cells in vivo has been documented by
Bernstein ef al.’>>* Labeled astrocytoma cells were
implanted in rat forebrain. Within 7 days of implan-
tation, tumor cells were found throughout the cen-
tral nervous system. Bulk disease was identified
only at the site of injection, while distant cells re-
mained single. Westermark et al”>> demonstrated
the marked motility of human malignant glioma
cells in vitro. Evaluation of phagokinetic tracks of
cells grown on colloidal gold deposits revealed in-
creased cell motility with exposure to epidermal
growth factor (EGF). Engebraaten56 showed that the
rate at which glioblastoma cells migrate from spher-
oids is increased by the addition of specific cyto-
kines. The affects of EGF were blocked with the
addition of an antibody to the EGF receptor.”’
Optimal treatment of malignant astrocytomas
should address both the bulk tumor and the diffu-
sely invading tumor cells. Taxol induces cells to
assemble microtubules into cycle-specific meta-
stable structures (bundles or asters) which the cells
cannot disassemble.* Since microtubule assembly is
required for many cell activities including mitosis
and locomotion, we tested the hypothesis that Taxol

Table 2. Average distance (cm) traveled in 7 days by glioblastoma cells in culture in the presence of escalating concen-
trations of Taxol: the six cell lines show a trend towards increased locomotion with increasing Taxol concentration
(p < 0.0001)

Taxol concentration (nM) Cé Wu17 wu18 wu20 wu29 WU31

0 1.222521 0.118018 0.491288 0.812278 0.528338 0.998535

1.0 1.383273 0.168021 0.578815 0.499193 0.577321 1.281442

10 1.324196 0.240205 0.717347 0.874215 0.519721 1.156528

100 1.405435 0.350992 0.408132 1.273227 0.572494 1.360001

1000 cell death 0.315363 0.863941 1.166667 0.707185 1.363745
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is cytocidal and alters the rate of tumor cell loco-
motion.

Previous studies***! have demonstrated that cell
lines that are insensitive to a drug in vitro are almost
always insensitive to the drug in vivo. However, cell
lines that are sensitive to a drug in vitro are not
necessarily sensitive to the drug in vivo. Thus, in
vitro assays are most predictive of treatment fail-
ures, not successes. The six cell lines tested showed
significant, though not 100% lethal, response to Tax-
ol using an established in vitro method. Clinically,
high-dose Taxol (250 mg/m?) can achieve a plasma
level of approximately 100 nM.>® Helson et al'®
performed in vitro chemosensitivity testing of two
glioblastomas, two neuroblastomas and two primi-
tive neuroectodermal tumors. They demonstrated
that sensitivity varied among the six cell lines tested
and that at a ‘saturation threshold’ can be attained.
When Taxol concentration exceeds this saturation
level, no additional cytotoxic effect exists. This rai-
ses the possibility of a ‘saturable microtubular tar-
get."? This concept is supported by the work of
Leibmann et al?*® who demonstrated a saturation
threshold as low as 50 nM using eight human tu-
mors (including one grade three astrocytoma).

Brain tumor cell invasion into surrounding nor-
mal brain is a complex process that involves three
coordinated events: cell movement from the parent
tumor into the surrounding extracellular matrix, hy-
drolysis of matrix components and movement
through the matrix.>® With invasion, the normal bal-
ance between proteinase activation (activation of
metalloproteinases, cysteine proteinases and serine
proteinases) and proteinase inhibition (by tissue
inhibitors of metalloproteinases, cystatin, and plas-
minogen activator inhibitors) is disrupted.?®:%:6!
Cytochalasin B blocks cytoskeletal assembly and
halts all cell locomotion in the radial dish assay.?®
In contrast, Taxol induces cytoskeletal assembly,
possibly providing a rigid lattice for attachment of
contractile mechano-proteins. Even at relatively
high Taxol concentrations (1000 nM), surviving
cells exhibited increased cellular velocity. Results
obtained with the radial dish assay reached statis-
tical significance with the cell lines tested with
p < 0.0001.

Using a human prostate tumor cell line that in-
vades and metastasizes in immunodeficient mice,
Stearns and \Wang62 showed that Taxol inhibits se-
cretion of two type IV collagenases and a gelatinase.
Furthermore, Boyden chamber studies showed that
Taxol inhibited invasion of cells into matrigel.
Therefore, although glioblastoma cells showed in-
creased locomotion, they may or may not have al-
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tered ability to invade into normal brain. The
prostate tumor cell line invades and metastasizes
in immunodeficient mice, while brain tumor cell
lines do not typically metastasize systemically, in-
dicating a fundamental difference in the types of
tumors investigated and possibly in the types of
collagenases and gelatinases produced or required
for invasion.

Conclusions

Although the development of Taxol began three
decades ago, only recently has this drug been used
in patients with primary malignant brain tumors.
Phase II trials with this drug are now ongoing. Our
results indicate that Taxol is a potent antimitotic
agent at low concentrations, but reaches a saturable
threshold at higher concentrations. Taxol enhances
brain tumor cell locomotion in a dose-response
fashion. This is suggestive that Taxol may impact
tumor cell invasion in vivo.
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