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Abstract Bcl-2 has been described as a factor that can
protect from apoptosis. The protective effect of Bcl-2
may be lost if the protein is phosphorylated. Bcl-2
phosphorylation can be induced by agents that affect
microtubule depolymerization or prevent microtubule
assembly. In 13 human tumor cell lines there was a high
degree of heterogeneity in Bcl-2 protein expression.
Human H460 non-small-cell lung carcinoma (NSCLC)
cells expressed high levels of Bcl-2 and were selected for
study. Western blot analysis for Bcl-2 phosphorylation
was carried out after 4 h and 24 h of exposure to
cryptophycin 52, cryptophycin 55, paclitaxel or vin-
blastine. Cryptophycin 52 and cryptophycin 55 were
very potent inducers of Bcl-2 phosphorylation. After 4 h
of exposure, Bcl-2 phosphorylation was evident with
0.05 nM cryptophycin 52, 0.25 nM cryptophycin 55,
5 nM vinblastine and 50 nM paclitaxel. The hyper-
phosphorylated form of Bcl-2 was evident after 24 h
exposure of H460 cells to 0.25 nM cryptophycin 52 or
cryptophycin 55 and 50 nM vinblastine or paclitaxel.
The effects of the compounds on the cell cycle paralleled
those on Bcl-2 phosphorylation. In H460 cells 90% cell
killing was obtained with 0.13 nM cryptophycin 52,
0.2 nM cryptophycin 55, 20 nM paclitaxel and > 100 nM
vinblastine after 24 h of exposure as determined by
colony formation. In Bcl-2-negative Calu-6 NSCLC
cells, 90% cell killing was obtained with 0.03 nM
cryptophycin 52, 0.1 nM cryptophycin 55, 11 nM pac-
litaxel and 0.5 nM vinblastine using the same experi-
mental design. Thus, cryptophycins are potent inducers
of Bcl-2 phosphorylation. The cryptophycins were more
potent cytotoxic agents in Bcl-2-negative Calu-6 cells
than in Bcl-2-positive H460 cells indicating that path-
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ways triggered by Bcl-2 phosphorylation are involved in
cryptophycin-induced lethality.
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Introduction

The Bcl-2 protein family is a family of apoptosis regu-
lators protecting cells from stresses. Expression of Bcl-2
is an intracellular suppressor of apoptosis or pro-
grammed cell death [1, 2, 3, 4, 5, 6]. Bcl-2 expression has
been shown to protect cells from a variety of external
stresses including chemotherapeutic agents and radia-
tion. Bcl-2 expression correlates with poor outcome in
several cancers [7, 8]. Microtubule-stabilizing agents
such as paclitaxel and docetaxel, and microtubule-dis-
rupting drugs such as vincristine and vinblastine, have
antimitotic and apoptosis-inducing activity. These drugs
induce apoptosis by disorganization of microtubule
structure. Several studies have demonstrated that bcl-2
phosphorylation can be specifically induced by drugs
that affect microtubule depolymerization or prevent
microtubule assembly [9, 10, 11, 12, 13, 14, 15, 16, 17].
Human glioma cells, breast cancer cells, ovarian cancer
cells, multiple myeloma cells and prostate cancer cells
exposed to paclitaxel express a phosphorylated form of
Bcl-2 and undergo apoptosis [9, 10, 11, 12, 13, 14, 15].
These and other data suggest that phosphorylation of
Bcl-2 may inhibit bcl-2 function [16]. Furthermore, Bcl-2
phosphorylation occurs relatively early after paclitaxel
exposure, much earlier than other observable features of
cell death. Bcl-2 phosphorylation may, thus, be an early
signal of apoptosis.

Cryptophycin-1, a desipeptide isolated from cyano-
bacteria of the genus Nostoc, was initially described as
an antifungal agent [18]. It later was shown to have
antimitotic activity and cytotoxicity toward tumor cells
in culture and anticancer activity against murine solid
tumor models and human tumor xenografts [19, 20, 21,



22]. Subsequently, many cryptophycins have been iso-
lated and prepared by chemical synthesis [23]. The
mechanism of anticancer action of the cryptophycins
has been associated with their action on intracellular
microtubules [24, 25, 26, 27, 28]. In cell culture, the
cryptophycins maintain activity against ovarian and
breast carcinoma cells that overexpress the multidrug
resistance efflux pump P-glycoprotein (MDR-1) as well
as the MRP multidrug resistance protein, and in in vivo
tumor models, the cryptophycins have been shown to
lack cross resistance with paclitaxel and doxorubicin
[19, 23, 25, 26].

Microtubules are dynamic assemblies involved in the
maintenance of cell structure, regulation of membrane
transport processes, cell motility and proliferation.
Agents such as paclitaxel promote tubulin assembly and
hyperstabilize microtubules, while agents such as col-
chicine and vinca alkaloids inhibit tubulin polymeriza-
tion and destabilize microtubules [29]. The actions of the
cryptophycins resemble those of the vinca alkaloids, so
that it is likely that the cryptophycins interact with the
vinca alkaloid binding domain or at a site that overlaps
with the vinca alkaloid binding domain of tubulin
[25, 26, 30, 31, 32, 33].

Cryptophycin 52 (LY355703), a synthetic crypto-
phycin, is currently undergoing phase II clinical trial
[34]. Cryptophycin 52 has demonstrated very potent
activity against human tumor cell lines in culture [35, 36]
and a broad range of antitumor activity against both
murine and human tumors. Cryptophycin 52 has dem-
onstrated marked antitumor activity against both early
and well-established tumors [19, 21, 22]. The aim of the
current study was to explore the effects of cryptophycins
on Bcl-2 phosphorylation and the cell cycle, and their
cytotoxicity, in Bcl-2-positive and negative cells.

Materials and methods

Drugs

Cryptophycin 52 (LY355703) and cryptophycin 55 were produced
by total chemical synthesis at Lilly Research Laboratories (India-
napolis, Ind.) (Fig. 1). Paclitaxel and vinblastine were purchased
from Sigma Chemical Co. (St. Louis, Mo.).

Cryptophycin 52, cryptophycin 55, paclitaxel and vinblastine
were prepared in DMSO. The final concentration of DMSO in the
cell culture medium was 0.5%. The mouse monoclonal IgG; Bcl-2
primary antibody was purchased from Santa Cruz (sc-509; Santa
Cruz, Calif.). The secondary antibody (goat anti-mouse 1gG,, HRP
conjugate) was purchased from Upstate (12-349; Lake Placid,
N.Y)).

Tumor cell lines

The following 13 human tumor cell lines were studied: NCI-
H460 non-small-cell lung carcinoma (NSCLC), Calu-6 NSCLC,
SW2 small-cell lung carcinoma, H82 small-cell lung carcinoma,
HCTI116 colon carcinoma, HT29 colon carcinoma, LNCaP
prostate carcinoma, DU-145 prostate carcinoma, PC-3 prostate
carcinoma, MCF-7 breast carcinoma, MDA-MB-468 breast
carcinoma, SaOS-2 osteosarcoma and one murine tumor cell
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Fig. 1 Chemical structures of cryptophycin 52 and cryptophycin 55

line, EMT-6 mouse mammary carcinoma. All of the cell lines
were purchased from the American Type Culture Collection
(Manasses, Md.) except SW2 cells and EMT-6 cells [37, 38, 39].
The H460, HCT116, HT29, DU-145, PC-3, MCF-7, H82 and
MDA-MB-468 cells were grown in RPMI-1640 medium supple-
mented 10% fetal bovine serum (FBS) and 1% penicillin-strep-
tomycin (GIBCO BRL, Grand Island, N.Y.). The SW2 cells
were grown in RPMI-1640 medium supplemented 2.0 g/l sodium
bicarbonate, 10% FBS and 1% penicillin-streptomycin (GIBCO
BRL). The Calu-6 cells were grown in Earle’s MEM supple-
mented with 1IXMEM nonessential amino acids, IXMEM sodium
pyruvate, 10% FBS and 1% penicillin-streptomycin (GIBCO
BRL). The LNCaP cells were grown in RPMI-1640 medium
(without phenol red) supplemented with 10% FBS and 1%
penicillin-streptomycin (GIBCO BRL). The SaOS-2 cells were
grown in McCoy’s 5A medium supplemented 10% FBS and 1%
penicillin-streptomycin (Bio-Whittaker, Walkersville, Md.). The
EMT-6 cells were grown in Waymouth’s MB 752/1 medium
supplemented with 10% FBS and 1% penicillin-streptomycin
(GIBCO BRL).

Western blotting analysis

The 13 cell lines (MCF-7, MB-468, H460, Calu-6, H82, SW2,
HCT116, HT29, LNCaP, DU-145, PC3, EMT-6 and SaOs) were
grown until 85% confluent and collected for protein determination.
Adherent cells were suspended by exposure to 0.25% trypsin/1 mM
EDTA (GIBCO BRL), then medium containing serum was added
and the cultures were centrifuged at 1000 rpm for 5 min and the
pellets collected. The cells washed twice with phosphate-buffered
saline (PBS) and cell pellets collected. The suspended cells (H82 and
SW2) were collected by centrifugation at 1000 rpm for 5 min, then
washed twice with PBS and the cell pellets collected. The cells were
lysed on ice in 50 mM Tris, (pH 7.4), 150 mM NacCl, 0.1% Triton
X-100, 1% of Nonidet P-40, 4 mM EDTA, 1 mM sodium ortho-
vanadate, 20 mM sodium fluoride, and protease inhibitors (1 pg/ml
leupeptin, 1 pg/ml aprotinin, 1 pg/ml pepstatin, and 1 mM PMSF)
and the samples were shaken at 4 °C for 10 min. After sonication
for 12 s, the samples were centrifuged at 14,000 rpm for 20 min in
the cold and supernatants were collected. The protein concentra-
tions of the supernatants were determined using a Bio-Rad DC
Protein Assay Kit (500-0112).



172

The human H460 NSCLC cell line was selected for the Bcl-2
phosphorylation study. H460 cells were grown in 75 cm?® flasks
until about 70% confluent, then the cells were exposed to various
concentrations of cryptophycin 52, cryptophycin 55, paclitaxel and
vinblastine (0, 0.05, 0.25, 0.5, 5.0, 50, 100 nM) for 4 h or 24 h. Both
dead cells and live cells were collected. The cells were lysed on ice in
50 mM Tris (pH 7.4), 150 mM NacCl, 0.1% Triton X-100, 1% of
Nonidet P-40, 4 mM EDTA, 1 mM sodium orthovanadate, 20 mM
sodium fluoride, and protease inhibitors (1 pg/ml leupeptin, 1 pg/
ml aprotinin, 1 pg/ml pepstatin, and 1 mAM PMSF). The superna-
tants were collected after centrifugation at 14,000 rpm for 20 min.
The protein concentrations of supernatants were determined using
a Bio-Rad DC Protein Assay Kit (500-0112). The samples were
combined with 4xNuPAGE LDS sample buffer (NP0007; Novex,
San Diego, Calif.) and 10xLC5625 reducing agent (Novex), and
then heated at 70 °C for 10 min. The protein samples (22 pg/per
lane) were loaded onto 12% Tris-glycine SDS gels (1.5 mm 15
wells, Pro-Cast SDS-page; Novex).

After electrophoresis, the proteins were transferred from the gel
to a PVDF membrane (Novex). The membrane was blocked with
1xPBS containing 5% non-fat milk and 0.2% Tween-20 overnight
at 4 °C. The membrane was washed twice for 10 min each time in
washing buffer (0.1% Tween-20 in 1xPBS) and then incubated at
room temperature with the primary antibody for bcl-2 (mouse
monoclonal 1gGy, sc-509) in 1XPBS containing 5% non-fat dried
milk for 1 h. After washing three times with washing buffer for
10 min each time, the membrane was incubated at room temper-
ature with the secondary antibody (goat anti-mouse I1gG,, HRP
conjugate, 12-349) in 1xPBS buffer containing 5% non-fat dried
milk for 1 h. After the membrane had been washed with washing
buffer three times for 10 min each time, it was exposed to the ECL
Western blotting kit (RPN2106; Amersham, Arlington Heights,
Ill.) and the resulting chemiluminescence was detected using
Hyperfilm ECL (Amersham).

Flow cytometry analysis

Exponentially growing H460 cells were seeded at 1x10° cells/flask
in a 75 cm? flask containing 25 ml RPMI-1640 medium (Bio-
Whittaker) supplemented with 10% FBS. The cells were incubated
for 24 h at 37 °C in humidified air/5% carbon dioxide. The cells
were then exposed to paclitaxel, cryptophycin 52, cryptophycin 55
or vinblastine prepared in DMSO. After 24 h incubation, the cells
were harvested by treatment with 0.25% trypsin/1 mM EDTA and
washed once with 1xPBS. After centrifugation, 0.5 ml PBS was
added to the pellet and the cells were resuspended. To the cell
suspension was added ice-cold 70% ethanol (5 ml) with mixing.
The cells were then stored at —20 °C for 2-24 h. The cells were
removed from storage at —20 °C and washed once with 1xPBS.
Buffer comprising 0.1% (v/v) Triton X-100 (Sigma) in PBS and
2 mg DNAse-free RNAse and 200 pl of 1 mg/ml propidium iodide
(Molecular Probes) was added to each ethanol-fixed tube of cells.
The cells were then analyzed on a Coulter Epics flow cytometer,
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exciting at 488 nM. WinMDI 2.8 software was used to illustrate the
DNA histograms.

Cell survival analysis

Human H460 and Calu6 NSCLC cells were grown in 25 cm? flasks
until about 70% confluent, then various concentrations of paclit-
axel, cryptophycin 52, cryptophycin 55 and vinblastine (0, 0.05,
0.25,0.5, 5.0, 50, 100 nM) were added to the cultures for 24 h. After
the 24-h exposure to the agent, the cells were washed with 0.9%
PBS and suspended by exposure to 0.25% trypsin/0.1% EDTA.
The cells were plated in duplicate at three or more dilutions for
colony formation. After 7 to 10 days, the colonies were visualized
by staining with crystal violet in methanol. Colonies of 50 cells or
more were counted. The results are expressed as the surviving
fraction of treated cells compared with control cultures.

Results

The structures of cryptophycin 52 and cryptophycin 55
differ in that cryptophycin 52 is an epoxide and crypt-
ophycin 55 is the corresponding chlorohydrin (Fig. 1).
Western blot methodology was used to analyze 13
tumor cell lines in exponential growth in monolayer
culture for expression of Bcl-2 using f-actin as a stan-
dard for comparison. The human tumor cell lines in-
cluded two breast cancer lines (MCF-7 and MDA-MB-
468), two NSCLC lines (NCI-H460 and Calu-6), two
small-cell lung cancer lines (NCI-H82 and SW2), two
colon cancer lines (HCT116 and HT29), three prostate
cancer lines (LNCaP, DU-145 and PC-3) and one os-
teosarcoma (SaOS-2). There was a high degree of het-
erogeneity in the expression of Bcl-2 over the 13 lines
analyzed (Fig. 2). The two breast cancer lines expressed
moderate levels of Bcl-2. The H460 NSCLC line ex-
pressed high levels of Bcl-2, while the Calu-6 NSCLC
was Bcl-2-negative. The SW2 small-cell cancer line
markedly overexpressed Bcl-2, while the H82 small-cell
cancer line expressed very low levels of Bcl-2. The
HCTI116 colon cancer line expressed moderate levels of

Fig. 2 Western blot determination of the expression of Bcl-2 using
f-actin as a standard for comparison in 13 human tumor cell lines
in exponential growth in monolayer culture. The data were
analyzed by densitometric comparison of Bcl-2 and f-actin
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Bcl-2 and the HT29 colon cancer line expressed low
levels of Bcl-2. Of the three prostate cancer lines,
LNCaP expressed moderate levels of Bcl-2, PC-3 ex-
pressed low levels of Bcl-2 and DU-145 was negative for
Bcl-2. The human osteosarcoma line SaOS-2 expressed
high levels of Bcl-2.

The human NCI-H460 NSCLC cell line was selected
for the study of the effects of anticancer agents on the
phosphorylation state of Bcl-2. Western blot analysis for
Bcl-2 phosphorylation was carried out after 4 h of ex-
posure of the cells to paclitaxel or cryptophycin 52
(Fig. 3). Under these conditions, phosphorylated Bcl-2
was evident but the hyperphosphorylated form was not
seen. The phosphorylated form of Bcl-2 was evident at a
cryptophycin 52 concentration as low as 0.05 nM and
through 100 nM. The phosphorylated form of Bcl-2 was
clearly present at both 50 nM and 100 nM of paclitaxel.
Further Western blot analysis for Bcl-2 phosphorylation
was carried out after 24 h of exposure of the cells to
paclitaxel or cryptophycin 52. Under these conditions,
both phosphorylated and hyperphosphorylated forms of
Bcl-2 were evident (Fig. 4). The phosphorylated form
of Bcl-2 was evident at a cryptophycin 52 concentration
as low as 0.05 nM and through 100 nM. The hyper-

Fig. 3 Western blot determina-
tion in human H460 NSCLC
cells of Bcl-2 phosphorylation
after 4 h of exposure of the cells
to paclitaxel (50 or 100 nM) or
cryptophycin 52 (0.05 to

100 nM)
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phosphorylated form of Bcl-2 was clearly detectable
at cryptophycin 52 concentrations of 0.25 nM through
100 nM. Both the phosphorylated and hyperphosph-
orylated forms of Bcl-2 were clearly present at paclitaxel
concentrations of both 50 nM and 100 nM.

Western blot analysis for Bcl-2 phosphorylation was
carried out after 4 h of exposure of the H460 cells to
paclitaxel, cryptophycin 55 or vinblastine (Fig. 5). Un-
der these conditions, phosphorylated Bcl-2 was evident
but the hyperphosphorylated form was not seen. The
phosphorylated form of Bcl-2 was evident at crypto-
phycin 55 concentrations of 0.25 nM through 100 nM.
The phosphorylated form of Bcl-2 was evident at vin-
blastine concentrations of 5 nM through 100 nM. The
phosphorylated form of Bcl-2 was clearly present at
paclitaxel concentrations of both 50 nM and 100 nM.
Further Western blot analysis for Bcl-2 phosphorylation
was carried out after 24 h of exposure of the cells to
paclitaxel or cryptophycin 55. Under these conditions,
both phosphorylated and hyperphosphorylated forms of
Bcl-2 were evident (Fig. 6). The phosphorylated form of
Bcl-2 was evident at cryptophycin 55 concentrations
of 0.25 nM through 100 nM. The hyperphosphorylated
form of Bcl-2 was also clearly detectable at cryptophycin

4 Hour Exposure
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Fig. 4 Western blot determina-
tion in human H460 NSCLC
cells of Bcl-2 phosphorylation
after 24 h of exposure of the
cells to paclitaxel (0.05 to

100 nM) or cryptophycin 52
(0.05 to 100 nM)
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55 concentrations of 0.25 nM through 100 nM. Both the
phosphorylated and hyperphosphorylated forms of Bcl-
2 were clearly present at both paclitaxel concentrations
of 50 nM and 100 nM. Finally, Western blot analysis
for Bcl-2 phosphorylation was carried out after 24 h of
exposure of the cells to paclitaxel or vinblastine.
Under these conditions, both phosphorylated and hyper-
phosphorylated forms of Bcl-2 were evident (Fig. 6). The
phosphorylated form of Bcl-2 was evident at vinblastine
concentrations of 5 nM through 100 nM. The hyper-
phosphorylated form of Bcl-2 was clearly detectable at

Fig. 5 Western blot determina-
tion in human H460 NSCLC
cells of Bcl-2 phosphorylation
after 4 h of exposure of the cells
to paclitaxel (50 or 100 nM),
cryptophycin 55 (0.05 to

100 nM) or vinblastine (0.5 to
100 nM)
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vinblastine concentrations of 50 nM and 100 n. Both the
phosphorylated and hyperphosphorylated forms of Bcl-2
were clearly present at paclitaxel concentrations of both
50 nM and 100 nM.

The human NCI-H460 NSCLC cell line was used for
the study of the effects of anticancer agents on the dis-
tribution of the cell population through the cell cycle
(Fig. 7). Staining with propidium iodide and flow cy-
tometry was used to analyze cell cycle distribution after
exposure of H460 cells to various concentrations of
paclitaxel for 24 h. The distribution of the cells through
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Fig. 6 Western blot determina-
tion in human H460 NSCLC
cells of Bcl-2 phosphorylation
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Fig. 7 Cell cycle distribution of H460 cells after exposure to
various concentrations (0.05 nM to 100 nM) of paclitaxel,
cryptophycin 52, cryptophycin 55 or vinblastine for 24 h. The
distribution of the cells was determined by staining with propidium
iodide and flow cytometry

the cell cycle was not altered after exposure to paclitaxel
at concentrations of 0.05 nM through 5 nM. However,
after exposure to 50 nM or 100 nM of paclitaxel there
was a marked accumulation of the cells in the G2/M
phase of the cell cycle. The distribution of the cells
through the cell cycle was altered after 24 h exposure to
cryptophycin 52 at concentrations of 0.05 nM through
100 nM with a marked accumulation of the cells in the
G2/M phase of the cell cycle. The distribution of the
cells through the cell cycle was also altered after 24 h
exposure to cryptophycin 55 at concentrations of
0.05 nM through 100 nM with a marked accumulation
of the cells in the G2/M phase of the cell cycle at con-
centrations of 0.25 nM and greater. Finally, the distri-
bution of the cells through the cell cycle was altered
after 24 h exposure to vinblastine at concentrations of
5 nM through 100 nM with a marked accumulation of
the cells in the G2/M phase of the cell cycle at con-
centrations of 50 nM and 100 nM. Over the concen-
tration range of the compounds tested, cryptophycins
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52 and 55 were the most potent in blocking cells in the
G2/M phase of the cell cycle (Fig. 8), paclitaxel was the
least potent, being at least 3.5 logs less potent than the
cryptophycins, and vinblastine was of intermediate
potency.

Survival of exponentially growing human H460
NSCLC cells in monolayer culture after exposure to
various concentrations of cryptophycin 52, cryptophycin
55, vinblastine or paclitaxel for 24 h was determined by
colony formation (Fig. 9). One log of cell killing (90%)
was obtained with 0.13 nM cryptophycin 52, 0.2 nM
cryptophycin 55, 20 nM paclitaxel and > 100 nM vin-
blastine. Survival of exponentially growing human Calu-
6 NSCLC cells in monolayer culture after exposure to
various concentrations of cryptophycin 52, cryptophycin
55 or paclitaxel for 24 h was also determined by colony
formation. One log of cell killing (90%) was obtained
with 0.03 nM cryptophycin 52, 0.1 nM cryptophycin 55,
11 nM paclitaxel and 0.5 nM vinblastine.

Discussion

Bcl-2 has been described as a factor that can protect cells
from apoptosis [2, 3, 5]. The protective effect of Bcl-2
may be lost if the protein is phosphorylated [3, 4, 6].
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Bcl-2 was very heterogeneously expressed in the 13 hu-
man tumor cell lines examined in the current study. The
human H460 NSCLC cell line had a high expression of
Bcl-2 and therefore was selected for further study.
Cryptophycin 52 and cryptophycin 55 were very po-
tent inducers of Bcl-2 phosphorylation in H460 cells in
culture. After 4 h of exposure to 0.05 nM cryptophycin
52, bcl-2 phosphorylation was evident while 50 nM of
paclitaxel was required to produce the same effect. A
cryptophycin 55 concentration of 0.25 nM and a vin-
blastine concentration of 5 nM produced similar Bcl-2
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Fig. 8 Percent of cells in the G2/M phase of the cell cycle after
exposure to a concentration range (0.05 nM to 100 nM) of
paclitaxel, cryptophycin 52, cryptophycin 55 or vinblastine for 24 h
as determined from the cycle distribution data

phosphorylation after exposure of H460 cells to the
compounds for 4 h. The hyperphosphorylated form of
bcl-2 was evident after 24 h of exposure of H460 cells to
the compounds. The cryptophycins were very potent
inducers of the hyperphosphorylated form of Bcl-2. In
H460 cells after 24 h exposure, hyperphosphorylated
Bcl-2 was clearly evident at cryptophycin 52 and crypt-
ophycin 55 concentrations of 0.25 nM or greater, and
after 24 h exposure to 50 nM or 100 nM paclitaxel or
vinblastine.

The effects of the compounds on the cell cycle par-
alleled those on Bcl-2 phosphorylation. Exposure for
24 h to cryptophycin 52 or cryptophycin 55 markedly
increased the proportion of the population of exponen-
tially growing H460 cells in the G2/M phase of the cell
cycle even at the lowest concentration (0.05 nM) of the
compounds tested. The percent of cells in the G2/M
phase seemed to parallel the expression of both the
phosphorylated and the hyperphosphorylated forms of
Bcl-2. G2/M phase arrest was evident upon exposure to
vinblastine at 5 nM while paclitaxel concentrations of
50 nM or 100 nM were required to achieve the same
effect.

The cytotoxicity of the compounds was determined
using H460 cells that expressed high levels of Bcl-2 and
Calu-6 cells that were negative for Bcl-2 expression. The
pattern of cell killing by the compounds in the two cell
lines was very similar. In fact, the concentrations of the
cryptophycins and paclitaxel required to kill one log
(90%) of the cells were lower in the Bcl-2-negative Calu-
6 cells than in the Bcl-2-positive H460 cells. Working in
human HeLa cervical carcinoma cells and human
SKOV-3 ovarian carcinoma cells, Ling et al. [40] have
found that upon exposure of the cells to paclitaxel, Bcl-2
phosphorylation is closely associated with M phase ar-
rest, accumulation of cyclin Bl and activation of cdc2/
cyclin Bl kinase but not with apoptosis of the cells.
These investigators have shown that Bcl-2 phosphory-
lation is tightly associated with mitotic arrest but did not

Fig. 9 Survival for human 1
H460 or Calu-6 NSCLC cells
after exposure to various con-
centrations (0.05 nM to 100 nM)
of paclitaxel, cryptophycin 52,
cryptophycin 55 or vinblastine
for 24 h. Points are the means
of two determinations (bars
SEM)
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show that Bcl-2 phosphorylation is a determinant of
progression into apoptosis after mitotic arrest induced
by antitubulin agents [40].

Elliott et al. [41] studied HeLa cells stably transfected
to overexpress Bcl-2. They exposed the cells to etoposide
and examined several determinants of apoptosis and
other indicators of cell death. They found that the in-
hibition of etoposide-induced apoptosis by Bcl-2 results
in the accumulation of giant multinucleated cells that
lose viability without apoptotic morphology or DNA
degradation by laddering [41]. In an in vivo study
comparing the Bcl-2-expressing murine lymphoma cell
line LY-ar and the Bcl-2-negative line LY-as, Story et al.
[42] found that after treatment of tumor-bearing animals
with six chemotherapeutic agents, apoptotic indices are
higher in the bcl-2-negative tumors but that tumor re-
sponse (tumor growth delay) cannot be predicted from
apoptotic indices. In the current study, the antitubulin
agents were as lethal to tumor cells that were Bcl-2-
negative as to tumor cells that were Bcl-2-positive.

Cryptophycin 52 and cryptophycin 55 were very po-
tent inducers of Bcl-2 phosphorylation with a potency
three orders of magnitude greater than that of paclitaxel.
After 4 h of exposure to the compounds the phospho-
rylated form of Bcl-2 was evident and after 24 h of ex-
posure the hyperphosphorylated form was seen. The
blocking of cells in the G2/M phase of the cell cycle by
these compounds occurred at the same concentrations as
the phosphorylation and hyperphosphorylation of Bcl-2
in the cells. The cytotoxicity of the cryptophycins and
paclitaxel was altered by the presence or absence of ex-
pression of Bcl-2 in the human NSCLC cell lines H460
and Calu-6, thus indicating that pathways triggered by
Bcl-2 phosphorylation are involved in cryptophycin-
induced lethality.
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