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Abstract: One of the main problems in the culture of
Chinese Hamster Ovary (CHO) cells continues to be the
inability to maintain the viability of the cultures over an
extended period of time. The rapid decline in viability at
the end of the culture is exacerbated by the absence of
serum. In trying to reduce the extent of death in these
cultures, we first tried to determine the mode of death.
We found that more than 80% of the cells in a standard
serum-free batch culture of CHO cells in suspension died
via apoptosis—as evidenced by condensed chromatin
and the appearance of a characteristic DNA ladder. Fur-
thermore, when protein synthesis was inhibited using
cycloheximide, the cells underwent rapid apoptosis indi-
cating that death proteins were present in greater abun-
dance than survival proteins in our CHO cells. Cell lysate
from CHO cells showed evidence of cysteine protease
(caspase) activity. Caspases of the Interleukin-1-b-
Converting Enzyme (ICE) family, e.g., CPP32, Mch-1, etc.,
have been implicated in the apoptotic process. Surpris-
ingly, a caspase peptide inhibitor, N-benzyloxycarbonyl-
Val-Ala-Asp-fluoro-methyl-ketone (z-VAD.fmk), was un-
able to substantially extend the life of a serum-free batch
culture of CHO cells. In addition, z-VAD.fmk was only
marginally able to extend viability in response to with-
drawal of growth and survival factors, insulin and trans-
ferrin. In both these instances, z-VAD.fmk was able to
prevent cleavage of caspase substrates, but not protect
cells from death. However, we found that bcl-2 expres-
sion was able to significantly extend viabilities in CHO
batch culture. Bcl-2 expression also substantially ex-
tended the viability of cultures in response to insulin and
transferrin withdrawal. These results provide interesting
insights into the pathways of death in a CHO cell. © 1999
John Wiley & Sons, Inc. Biotechnol Bioeng 62: 632–640, 1999.
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INTRODUCTION

Chinese Hamster Ovary (CHO) cells are being increasingly
used in industry to manufacture complex proteins for both
therapeutic and diagnostic purposes. One of the major costs

of manufacturing these proteins is the cost of downstream
purification. These costs can be reduced to a certain extent
by maintaining a high density of viable and productive cells
in culture for an extended period of time. Suspension culture
partially achieves the first goal by allowing higher cell den-
sities. However, in the case of CHO cells, suspension cul-
ture also necessitates the removal of serum from the me-
dium. The removal of serum makes the cells more suscep-
tible to death (Zhang et al., 1995; Ruoslahti and Reed,
1994).

Our study was performed to determine whether necrosis
or apoptosis is the mode of death in serum-free suspension
CHO cultures in the context of conflicting reports in litera-
ture as to the principal mode of death in CHO cells (Moore
et al., 1995; Moore et al., 1997; Singh et al., 1994; Singh et
al., 1997). Necrosis is a degenerative form of death caused
by violent changes in the cell’s environment. Apoptosis, on
the other hand, is a genetically controlled death process,
where the fate of the cell is determined by the relative
abundance of survival and death proteins. There are several
ways in which apoptosis can be morphologically differen-
tiated from necrosis. Two of these distinguishing features—
the condensation of chromatin and the fragmentation of in-
terneucleosomal DNA into multiples of 180 bp fragments—
were used in our study to detect apoptotic cells. Death by
apoptosis can be triggered by much smaller levels of insults
than those required to cause necrosis (Martin and Cotter,
1994). Such insults can take the form of very small changes
in the environment which often cannot be detected, such as
depletion of growth or survival factors from the medium.

Because apoptosis is genetically controlled, mitigating or
enhancing the activity of death or survival proteins, respec-
tively, should provide us with insights to delay apoptosis in
cultures. One of the death-gene families that has recently
been implicated in the apoptotic pathway in a number of cell
lines, is the cysteine protease, or caspase family (Chinnai-
yan and Dixit, 1996; Takahashi and Earnshaw, 1996;
Thornberry and Molineaux, 1995; Wang et al., 1994).
Translation of these genes produces proteases that have a
cysteine residue in their active site and specifically recog-
nize and cleave after the aspartate residues in their sub-
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strates or target proteins. One of the members of the caspase
family, the CPP32 or Yama gene (Fernandes-Alnemri et al.,
1995; Martin et al., 1996; Tewari et al., 1995), has been
implicated in the cleavage of two proteins—Poly-ADP-
Ribose Polymerase (PARP) (Lazebnik et al., 1994; Liu et
al., 1996; Tewari et al., 1995) and Sterol-Regulatory Ele-
ment Binding Proteins (SREBPs) (Wang et al., 1996).
These proteins are responsible for DNA repair and cellular
cholesterol homeostasis, respectively. We detected the pres-
ence of caspase activity in our CHO cells under normal cell
culture conditions. Because the presence of caspase activity
was detected, this study attempted to determine whether
specifically inhibiting some of the caspases could extend the
viability of batch cultures.

The commitment of a cell to apoptosis also depends on
expression of survival proteins, hence, we studied the effect
of constitutive overexpression of the survival protein, bcl-2,
in CHO cells grown in suspension. Bcl-2 has been shown to
protect many cell lines against apoptosis in response to a
large number of apoptotic stimuli (Bissonnette et al., 1992;
Chiou et al., 1994; Cuende et al., 1993; Fanidi et al., 1992;
Farrow and Brown, 1996; Gottschalk et al., 1994; Hocken-
berry et al., 1993; Jacobson et al., 1993; Korsmeyer, 1992;
Lam et al., 1994; Lotem and Sachs, 1993; Reed, 1994).
Although the protective effect of bcl-2 expression is well
documented, the exact biochemical pathway by which bcl-2
exerts its protective effect is not known. There have been
some reports recently that show that bcl-2 (like its nematode
homologue, ced-9) acts upstream of the caspase family of
genes (Enari et al., 1996; Wang et al., 1996). In addition,
several authors have shown that bcl-2 is effective in pre-
venting different cell lines from death under cell-culture
conditions (Itoh et al., 1995; Mastrangelo and Betenbaugh,
1998; Mastrangelo et al., 1996; Simpson et al., 1997; Singh
et al., 1996; Singh et al., 1997; Suzuki et al., 1997; Terada
et al., 1997). There have also been other attempts at reduc-
ing apoptosis in mammalian cell-culture systems using
amino acid mixtures or chemical means (see review in
Franek, 1995; Franek and Chladkova-Sramkova, 1995;
Mastrangelo and Betenbaugh, 1998; Perreault and Lemieux,
1994). Our study was conducted to determine the relative
effectiveness of using chemical (caspase-inhibiting pep-
tides) and genetic (bcl-2 expression) methods in extending
the life of CHO cells in serum-free batch culture. Also,
through our experiments we sought to better understand the
pathway of apoptosis in CHO cells.

MATERIALS AND METHODS

Cell Culture

Chinese Hamster Ovary (CHO) cells expressingg-inter-
feron were obtained from the Laboratory of Molecular Bi-
ology, State University of Ghent, Belgium (Scahill et al.,
1983). The cells are routinely grown in suspension in se-
rum-free RPMI medium (Sigma Chemicals) with 2.5 g/L

primatone (Quest International), 5 mg/L each of insulin and
transferrin (Sigma, St. Louis, MO).

Batch cultures were carried out in 50 mL conical flasks,
unless otherwise noted. The working volume in these ex-
periments was 20 mL. The cycloheximide experiments were
carried out with 6-well plates with 2 mL of cell suspension
per well. Cells were grown in an incubator maintained at
37°C, 95% humidity and 5% (v/v) CO2. For all experiments
mid-log phase cells were centrifuged and resuspended in
fresh medium at an initial density of 2 × 105 cells/mL. All
experiments were carried out in duplicate. Cell number and
viability were assessed by the Trypan blue exclusion assay
using a hemacytometer. Extent of apoptosis was determined
by the acridine orange/ethidium bromide (AO/EB) assay
(McGahon et al., 1995; Mercille and Massie, 1994) using a
hemacytometer. In each of the assays at least 200 cells were
counted for each sample.

Preparation of Plasmids and Transfection of Cells

hbcl-2 cDNA (graciously donated by Stanley Korsmeyer,
University of Washington) was excised using EcoR1 sites,
inserted into pcDNA3.1+ vector (Stratagene, Quest Interna-
tional, Norwich, NY), and placed under the control of a
constitutive CMV promoter. Chinese hamster ovary cells
grown in suspension were transfected in standard 6-well
plates using lipofectamine (GIBCO-BRL). Expression was
verified by Western blot analysis using a purified hamster
anti-human bcl-2 monoclonal antibody (catalog #15131A,
Pharmingen). The control cell line used was one transfected
with the null pcDNA3.1+ vector. Six hundredmg/mL G-418
(Genetecin, GIBCO-BRL) was used to maintain selective
pressure on the mixed culture of cells.

Measurement of Caspase Activity

About 2 × 106 cells were lysed using a single detergent lysis
buffer (Sambrook et al., 1989). Cells from an apoptotic
culture were taken for measurement of caspase activity. The
substrate used to detect caspases, z-YVAD.AFC (AFC-120,
Enzyme Systems Products), has a fluorescent 7 amino-4
trifluromethyl coumarin (AFC) residue. z-YVAD.AFC is a
specific substrate for cysteine proteases within the cell.
Cleavage of this substrate after the aspartate residue releases
the fluorescent AFC fragment of the protein, which, in turn,
leads to fluorescence. To measure fluorescence, 120mL of
AFC buffer (50 mM HEPES pH 7.5, 1% sucrose, 0.1%
CHAPS), 50mL dithiothreitol (100 mM DTT stock), and 10
mL of AFC-120 [2.5 mM AFC-120 in dimethyl sulfoxide
(DMSO)] were added to a cuvette, which was then placed in
a fluorimeter. The fluorimeter was then zeroed (excitation
frequency4 400 nm, emission frequency4 505 nm).
TwentymL of the cell lysate was then added to the cuvette
and the fluorescence was then monitored with time.

Caspase activity was also measured observing cleavage
of Caspase 3 (CPP32) substrate, Poly-ADP-Ribose Poly-
merase (PARP). PARP cleavage was determined by West-
ern blot analysis of cell lysate using a polyclonal antibody
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against PARP (Boehringer Mannheim, catalog #1 835 238).
Uncleaved PARP runs as a 113 kDa band, while cleaved
PARP is detected either as a 89 kDa fragment or a 24 kDa
fragment.

Caspase-Inhibiting Peptide Experiments

z-VAD.fmk (N-benzyloxycarbonyl-Val-Ala-Asp-fluoro-
methyl-ketone, FK-009, Enzyme Systems Products) was
solubilized in dimethyl sulfoxide to yield a stock concen-
tration of 10 mM. z-VAD.fmk binds irreversibly to several
caspases within the cell. A final concentration of 60mM was
used for the experiments.

Western Blot Analysis

About 2 × 106 were lysed in 1% Triton X-100, 0.15 mM
NaCl, and 10 mM Tris (pH 7.4) with 50mg/mL phenyl
methanesulfonyl fluoride (PMSF) and 2mg/mL aprotinin.
The cell lysates were boiled in sodium dodecyl sulfate
(SDS) sample buffer (Sambrook et al., 1989) for 5 min
before being run on a 10% SDS-polyacrilimide gel (Bio-
rad). Lysate from 1 × 105 cells was loaded into each lane.
Gels were transferred to nitrocellulose filters at 100 V for 45
min. Blots were blocked with 5% skim milk overnight and
protein was then detected using the appropriate antibody.

DNA Ladder Technique for Detection
of Apoptosis

The Apoptotic DNA Ladder Kit from Boehringer Mann-
heim (catalog #1 835 246) was used to observe the charac-
teristic ladder obtained due to internucleosomal cleavage of
DNA in apoptosis. The protocol for this assay is well de-
scribed in the kit. DNA from lysed cells bind to microscopic
glass fibers in the presence of a chaotropic salt. The salts are
then washed away and the DNA is eluted in Tris buffer and
run on a 2% agarose gel (Sambrook et al., 1989).

Medium Glucose Analysis

Glucose was analyzed using assay kits from Sigma (catalog
#16-20). This kit was based on enzymatic reactions using
hexokinase and glucose-6-phosphate. Samples were depro-
teinated and neutralized prior to each assay (Xie and Wang,
1993). Absorbance was measured at a wavelength of 340
nm with a Perkin-Elmer Lambda-3 spectrophotometer.

RESULTS

CHO Cells Die by Apoptosis in Serum-Free
Batch Culture

The growth kinetics for a typical serum-free batch culture of
CHO cells is shown in Figure 1. After a period of exponen-
tial growth cells die very rapidly. There is a small decline in

the number of total cells due to the tendency of dead cells to
stick to the walls of the flask.

The mode of death involved in these cells, as measured
by the AO/EB assay, is shown in Figure 2a. The apoptotic
cells included both early (chromatin condensation but no
loss in membrane integrity) and late (chromatin condensa-
tion and membrane integrity loss) stages of apoptosis. These
results indicate that apoptosis is the main mode of death
right from the start of the culture growth process, which is
in agreement with the work of Moore et al., 1995. Further-
more, apoptosis accounts for more than 95% of the death
occurring during cultivation. In contrast, necrosis accounts
for less than 5% of the final death observed. Apoptosis was
also confirmed by the presence of a DNA ladder, when
genomic DNA extracted from apoptotic CHO cells was run
on an agarose gel (Fig. 2b).

Protein Synthesis Inhibition Causes Rapid,
Dose-Dependent Apoptosis in CHO Cells

Because apoptosis is a genetically controlled form of death
where the fate of a cell is determined by death-suppressing
and death-inducing proteins, we were interested in deter-
mining which class of proteins dominated in CHO cells.
One way to determine this was to inhibit protein synthesis
using a protein synthesis inhibitor such as cycloheximide,
and then follow the fate of the cells. Two scenarios are
possible. In the first scenario, if death proteins are present in
greater abundance and survival proteins have to be continu-
ously synthesized to keep the cell alive, prevention of pro-
tein synthesis would cause apoptosis. In the second sce-
nario, if death proteins have to be synthesized de novo to
initiate apoptosis, inhibition of protein synthesis will ulti-
mately lead to death by necrosis. As shown in Figure 3, we
observed extensive and rapid apoptosis, and almost no ne-
crosis on inhibition of protein synthesis. Within 19 h after
the start of protein synthesis inhibition, more than 85% of
the cells with 60mM cycloheximide had undergone apop-
tosis. By contrast, there was less than 8% apoptosis in the
control culture (without cycloheximide). The extent of ap-
optosis at any point in time was also observed to be dose

Figure 1. Viable (VCD) and total cell densities (TCD) obtained in nor-
mal serum-free batch culture of suspension CHO cells.

634 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 62, NO. 6, MARCH 20, 1999



dependent, with higher levels of cycloheximide resulting in
more apoptosis. Similar results were obtained with another
protein synthesis inhibitor, actinomycin D (data not shown).
Hence, survival proteins must be continuously synthesized
to prevent CHO cells from death.

ICE-Like Protease Inhibiting Peptides Are Unable
to Significantly Enhance Viability of CHO Cells
in Culture

ICE-like cysteine proteases (caspases) have been found to
be downstream effectors of apoptosis in a large number of
cell lines, including CHO cells. We were interested in de-
termining whether our CHO-cell line expressed some of
these proteins in response to stresses resulting from normal
cultivation conditions. Using the assay described above
(Materials and Methods) we detected caspase activity only
in apoptotic CHO cells (Fig. 4). Detection of cleavage of
caspase 3 (CPP32/Yama) substrate PARP with death, pro-
vided additional support of caspase activity in apoptotic
CHO cells (see Fig. 5d).

With cysteine protease activity detected in our cells, we
attempted to delay apoptosis in our cells by adding specific
caspase inhibiting peptides to our culture. The peptide we
chose was a fluoro-methyl-ketone (fmk) with a sequence,
z-Val-Ala-Asp-fmk. This is an irreversible inhibitor of cys-
teine proteases (Enari et al., 1996; Martin et al., 1996; Ta-
kahashi and Earnshaw, 1996; Thornberry and Molineaux,
1995; Wang et al., 1995; Wang et al., 1996). We added 60
mM z-VAD.fmk (solubilized in dimethyl sulfoxide) to batch
cultures to examine whether we could delay the rapid death
observed at the end of a batch culture. To the control culture
for each of these experiments, we added the same volume of
DMSO as was used to deliver the z-VAD.fmk.

The results are shown in Figures 5a and b. z-VAD.fmk
provides only a small improvement in culture viability 96 h
into the culture. The cause of death at the end of the culture
is thought to be primarily glucose depletion, though other
factors cannot be ruled out (Fig. 5c). The results demon-
strate that the viabilities and cell densities of the two cul-
tures are almost identical for a period of 72 h. Death starts

Figure 3. Extent of apoptosis induced by varying doses of cycloheximide
(CHX). Cycloheximide induces protein-synthesis inhibition in cells. Ap-
optosis accounted for almost all the death observed.

Figure 4. Fluorescence obtained by combining cell-lysate from apoptotic
CHO cells with a fluorescent substrate z-YVAD.AFC, indicating the pres-
ence of caspases.

Figure 2. Apoptosis in batch cultures of CHO cells. (a) Percentage of dead, apoptotic and necrotic cells obtained during a normal serum-free batch culture
of CHO cells. The percentage of dead cells is obtained by adding the percentages of apoptotic and necrotic cells. Almost all death is seen to occur via
apoptosis. (b) Agarose gel photograph of genomic DNA from CHO cells shows presence of a DNA ladder, which coincides with massive apoptosis.
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to occur almost 24 h after glucose depletion has set in. We
verified that z-VAD.fmk does get into the cells and prevent
cleavage of substrates of caspases by monitoring the cleav-
age of PARP at 96 and 120 h. Figure 5d shows that there is
no cleavage of PARP in the z-VAD.fmk protected cultures,
while a clear cleavage of PARP is seen in the cultures not
protected by z-VAD.fmk. Thus, the meager protection in
cultures supplemented with z-VAD.fmk cannot be attrib-
uted to the inability of z-VAD.fmk to penetrate the cells. In
addition, because the control and z-VAD.fmk protected cul-
tures behave almost identically until the cultures start to die,
death in the culture with z-VAD.fmk is not due to any toxic
side effect of the peptide.

Bcl-2 Extends Viability in Batch Cultures of
CHO Cells

A mixed culture of CHO cells transfected with the human
bcl-2 gene was used to examine the effect of bcl-2 expres-
sion on cell death at the end of a batch culture. The results
are shown in Figure 6. The fluctuation in total cell densities
at the end of the culture results from a tendency of cells to
clump and stick to the walls of the flask. The bcl-2 culture
is more than 40% viable 72 h after the control culture is
completely dead. As can be seen from Figure 6a, bcl-2
expression does not affect the growth rate of the culture.
The death stimulus is most probably glucose depletion (Fig.

6c) and in the control culture death sets almost 24 h after
glucose is depleted. In addition, we checked whether bcl-2
expression is able to block cleavage of caspase substrate
PARP. Figure 6d shows that even after 168 h the PARP in
the bcl-2 protected cultures remains essentially uncleaved,
suggesting that bcl-2 protects against CPP32 activity in
CHO cells. We suspect that the small band of cleaved PARP
which appears in the bcl-2 lane, may be caused by apoptosis
in the mixed population of cells which do not express bcl-2.
The protective effect of bcl-2 is similar to that observed by
authors using other cell lines (Itoh et al., 1995; Simpson et
al., 1997; Singh et al., 1997; Suzuki et al., 1997; Terada et
al., 1997).

Bcl-2 Protects Better Than Caspase-Inhibiting
Peptides in Response to Growth and Survival
Factor Withdrawal

Growth and survival factor withdrawal is known to be a
potent inducer of apoptosis in mammalian cells, especially
in the absence of serum (Bottenstein et al., 1979; Murakami,
1989; Zhou and Hu, 1995). Insulin and transferrin were
used as specific growth and survival factors used in our
serum-free medium. We studied the protective effect of
bcl-2 and z-VAD.fmk separately and together in protecting
CHO cells in batch culture from the effects of insulin and
transferrin withdrawal. A volume of DMSO equal to that

Figure 5. Comparison of the protective effect of z-VAD.fmk (a peptide inhibitor of caspases) on protected (pcd + zVAD) and control (pcd + DMSO)
batch cultures of CHO cells: (a) Total cell density (TCD) and viable cell density (VCD) as a function of time. (b) Total cell density and viability of cultures
as a function of time. Viability declines rapidly after 72 h. (c) Medium glucose concentration as a function of time. Medium glucose concentration has
dropped to almost 0 after 72 h in both cultures. (d) Poly-ADP-ribose polymerase (PARP) cleavage evident in the control cultures but not in the z-VAD.fmk
protected cultures.
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used to deliver the z-VAD.fmk to the other cultures was
added to the control (pcd-CHO) culture and the bcl-2-CHO
culture. The results of the experiment are shown in Figure 7.
The potency of insulin and transferrin withdrawal in initi-
ating apoptosis can be judged from the rapid death in the
control culture (pcd + DMSO). It is seen that bcl-2 and
z-VAD.fmk acting together do, indeed, provide better pro-
tection than either agent alone. Also, bcl-2 expression pro-
vides much better protection than adding z-VAD.fmk to the
culture. The sudden decrease in viability for the pcd + z-
VAD.fmk culture at 72 h is probably due to the exhaustion
of glucose in the culture (Fig. 7c). The better growth rates of
the z-VAD.fmk supplemented cultures (Fig. 7a) cannot be
explained at this time.

DISCUSSION

There have been conflicting reports in literature as to the
mode of death in CHO cells (Moore et al., 1995; Moore et
al., 1997; Singh et al., 1994; Singh et al., 1997). In this
article, we have shown that CHO cells grown in batch cul-
ture die via apoptosis; a form of genetically encoded death.
In batch culture, this induction of apoptosis followed the
depletion of glucose in the medium. In addition, we have
also demonstrated, by means of protein synthesis inhibition,
that de novo protein synthesis is not necessary for CHO
cells to undergo apoptosis. This implies that death-inducing
and death-suppressing proteins are always present within

the CHO cell, and that possibly death proteins degrade less
rapidly than survival proteins (Mercille and Massie, 1994;
Mosser and Massie, 1994). Hence, when protein synthesis is
inhibited, death proteins are able to exert their effect once
the survival proteins have been removed. This hypothesis
also implies that in a surviving CHO cell, survival proteins
have to be continuously synthesized to enable the cell to
escape death. This scenario lends support to our hypothesis
that overexpression of the correct survival protein or inhi-
bition of the death proteins in the CHO cell may be able to
delay the onset of apoptosis in response to certain stress
stimuli.

ICE-like cysteine protease (caspase) activity was detected
in CHO cells. Therefore, our first effort was to determine if
countering the effect of cysteine proteases within the cell
would be able to extend the life of a batch culture. Experi-
ments were carried out using z-VAD.fmk, a cysteine pro-
tease-inhibiting peptide. This peptide, though not the most
potent inhibitor, was chosen because it is known to have
better cell membrane permeability. Our experiments indi-
cate that inhibition of caspases is able to marginally delay
the onset of apoptotic death in batch culture of CHO cells.
When apoptotic stimuli such as withdrawal of insulin and
transferrin were introduced, cell cultures with z-VAD.fmk
exhibited a higher viability, with respect to the control. This
protective effect was observed right from the start of the
culture. However, viability rapidly declined as medium glu-

Figure 6. Protective effect of bcl-2 expression as compared to a control (pcd) in batch culture of CHO cells: (a) Total cell density (TCD) and viable cell
density (VCD) as a function of time. (b) Total cell density and viability of cultures as a function of time. Viability of the control, but not the bcl-2 protected
cell line, declines rapidly after 72 h. (c) Medium glucose concentration as a function of time. Medium glucose concentration has dropped to almost 0 after
72 h in both cultures. (d) Poly-ADP-ribose polymerase (PARP) cleavage is clearly evident in the control cultures, but almost all the PARP is uncleaved
in the bcl-2 protected cultures.
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cose concentrations fell to near 0, suggesting limits to the
protective effect of z-VAD.fmk.

Other experiments were conducted to determine whether
overexpression of bcl-2, a well-studied death-suppressing
gene, in CHO cells would be able to extend the life of batch
cultures. Bcl-2 has been shown to have a protective effect
under cell-culture conditions in several other cell lines (Itoh
et al., 1995; Mastrangelo and Betenbaugh, 1998; Mastran-
gelo et al., 1996; Simpson et al., 1997; Singh et al., 1996;
Singh et al., 1997; Suzuki et al., 1997; Terada et al., 1997).
In the case of both normal and insulin- and transferrin-

deprived CHO batch cultures, bcl-2 was able to delay the
onset of apoptosis substantially. It is interesting to note that
both bcl-2 and z-VAD.fmk only start to play a role once
apoptotic stimuli are experienced. The growth and viability
of the control culture is identical to that of the protected
culture before the appearance of apoptotic stimuli.

Bcl-2 overexpression seems to be a better way to extend
the life of CHO cultures than using caspase inhibitors. This
is interesting, especially because the point of action of bcl-2
appears to be upstream of that of the caspases in the apop-
totic pathway (Enari et al., 1996; Wang et al., 1996) (Fig.
8a). We were interested in determining if having both bcl-2
and z-VAD.fmk together provided any additional protection
over just having z-VAD.fmk alone in the culture. If certain
caspase-independent pathways exist, and bcl-2 is also able
to block these pathways, then having both bcl-2 and caspase
inhibitors should improve culture viability. Figure 7b shows
that bcl-2 and z-VAD.fmk acting together do indeed provide
better protection than either agent alone. This improved
survival could not have been due to z-VAD.fmk protection
of the non-bcl-2 expression cells in the mixed culture; we
know that z-VAD.fmk alone is unable to protect cells not
expressing bcl-2, once glucose is exhausted (Figs. 7b and c).
Hence, bcl-2 independent and caspase-dependent pathways
appear to exist.

Our results are bolstered by reports in literature about two
separate apoptotic pathway factors that bcl-2 is able to block
cytochrome c (Kluck et al., 1997; Liu et al., 1996; Yang et
al., 1997) and Apoptotic-Inducing Factor (AIF) (Kroemer et
al., 1997; Susin et al., 1996). It is suggested that both these
factors reside between the inner and outer membranes of the
mitochondria. They are released in response to apoptotic
stimuli, whereupon they initiate subsequent steps in the
apoptotic pathway. Bcl-2, by virtue of its subcellular local-
ization to the mitochondrial membrane, is able to block
apoptotic death purely by blocking the release of these
agents from the mitochondria. Cytochrome c has been
shown to activate cysteine proteases. The pathway by which

Figure 7. Comparison of the protective of bcl-2 expression and z-
VAD.fmk, together and separately, in batch cultures of CHO cells which
have been deprived of insulin and transferrin. To cultures which did not
contain z-VAD.fmk we added a volume of dimethyl sulfoxide (DMSO)
equal to the volume that was used to deliver z-VAD.fmk to the other
cultures (also see text). (a) Total cell density (TCD) as a function of time.
(b) Viability of cultures as a function of time. (c) Medium glucose con-
centration as a function of time.

Figure 8. Possible pathways of death in the CHO cell, focusing on the
bcl-2 and cysteine protease nodes. (a) Conventional pathway. (b) Sug-
gested pathway. S1, S2, and S3 are the same or different external stimuli
for apoptosis. M, C, and ‘‘?’’ are the mitochondrial, cysteine protease, and
as yet unknown checkpoints for apoptosis, respectively.
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AIF causes apoptosis seems to be caspase independent.
Given this information and the fact that bcl-2 has been
shown to act upstream of caspases in the apoptotic pathway,
we have attempted to come up with an apoptotic pathway in
CHO cells which focuses on bcl-2 and caspases (Fig. 8b).
As indicated by the pathway emanating from stimulus S1
and reaching the mitochondrial checkpoint for apoptosis,
blocking caspase activity using caspase inhibitory peptides
will not block apoptosis occurring via the AIF pathway, but
expressing bcl-2 within the cell will. This part of the pro-
posed pathway partially explains why we observe that bcl-2
and z-VAD.fmk together provide greater protection than
z-VAD.fmk alone. In addition, it is possible that some ele-
ments of the apoptotic pathway bypass the bcl-2 node and
directly activate caspases, as indicated by the sequence of
events triggered by stimulus S2. This hypothesis would ex-
plain our other observation as to why bcl-2 and z-VAD.fmk
together provide better protection than bcl-2 alone.

The fact that cells still die despite the presence of both
z-VAD.fmk and bcl-2, can be explained by one or both of
the following hypotheses. First, as the level of insults gets
progressively greater, it is possible that the level of bcl-2
and/or z-VAD.fmk in the cell is no longer sufficient to
counter the levels of the death-protagonist elements of the
apoptotic pathway. Second, pathways that are both bcl-2
and caspase independent, as indicated by the pathway trig-
gered by stimulus S3, may exist. This pathway may directly
trigger events at an as yet unidentified node (indicated by
‘‘?’’) in the apoptotic pathway, which is downstream of the
mitochondrial and caspase checkpoints. At this point, we
have no evidence to allow us to choose between these two
hypotheses. It must be emphasized that S1, S2, and S3 may
be the same or different stimuli, and choice of the pathway
of action may depend on the level of the insult to the cell.

The drawback with studies carried out in the batch mode
is that cultures invariably are exposed to a nutrient limita-
tion, which ultimately proves to be too strong a stimulus to
counter using either gene expression or peptide-induced in-
hibition of caspases. This observation corroborates batch-
culture results presented by other authors working with sev-
eral cell lines (Itoh et al., 1995; Simpson et al., 1997; Singh
et al., 1996; Singh et al., 1997; Suzuki et al., 1997). Fur-
thermore, this scenario of nutrient limitation is unlikely to
occur industrially. Fed-batch studies, currently underway in
our lab, in which nutrient limitation ceases to be a primary
cause of death, will provide an interesting environment in
which to further test the protective effect of death-
suppressing proteins such as bcl-2 and caspase-inhibiting
peptides. In addition, these studies will give us an opportu-
nity to study the effect of bcl-2 expression on total product
titers in an environment where nutrient availability is not a
limiting factor.
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