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Elucidation of apoptosis induced by serum deprivation in
cultured conjunctival epithelial cells
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Background/aims: The conjunctival epithelial cell line,
CCL20.2 (CCL), requires the presence of 10% fetal calf
serum (FCS) in the medium to survive. To elucidate the
molecular mechanism underlying such cell death, including
the death signal for these cells, the activities of several
caspases in the CCL were measured, and the effects of
caspase inhibitors and serum components on cell death were
examined.
Methods: CCL was grown in Medium 199 containing 10%
FCS, and the medium was changed to Medium 199 with or
without 10% FCS, or medium without 10% FCS but contain-
ing caspase inhibitors or serum components. After 24 hours’
incubation, the enzyme activities of caspases 1, 3, 8, and 9
in the culture supernatants were measured, and the effects of
caspase inhibitors and serum components—for example,
growth factors, lactoferrin, retinoic acid, were investigated.
Results: DNA fragmentation was induced by serum depriva-
tion, confirming that serum deprivation induces apoptosis in
CCL. While the activities of caspases 3 and 8 were found to
be increased, those of caspases 1 and 9 were not detected in
the apoptotic cells. Z-VAD completely suppressed the
caspase 3 activation, and specific inhibitors of caspases 1,
8, and 9 partially suppressed the activation. Serum depriva-
tion induced a decrease in the cellular viability, which,
however, partially recovered in the presence of caspase
inhibitors, epidermal growth factor and retinoic acid.
Conclusion: These results suggest that the apoptosis induced
by serum deprivation involves caspases 1, 3, 8, and 9, and is
suppressed by caspase inhibitors. EGF and retinoic acid
have a key role in the maintenance of the ocular surface.

S
evere dry eye results not only from desiccation of the
ocular surface, but also from the lack of tear compo-
nents, which are essential for maintaining the ocular

surface.1–5 Artificial tears are useful for the treatment of dry
eye, but the efficiency of the components included in artificial
tears is not comparable to that of human tears. In a previous
study,6 we used autologous serum as a substitute for tears for
the treatment of severe dry eye, and observed a dramatic
improvement in the ocular surface. A comparative analysis of
the components of serum and tears revealed that the serum
components were similar to the tear components.7 The
efficient therapeutic effects of serum in cases of severe dry
eye also suggest that the components of serum that are
essential for maintaining viability of the ocular surface may
be the same or similar to those of tears.

It is well known that deprivation of serum or growth
factors from the medium causes apoptotic death of cultured
cells. Myc and p53 appear to be involved in the mechanism
underlying such apoptotic cell death, but the precise
mechanism is still unknown.8–11 Some components of serum,

such as growth factors, cause attenuation of apoptosis in cell
cultures.12–15 Epidermal growth factor (EGF) has been shown
to protect cultured cells against apoptosis induced by serum
deprivation,14 and also fas induced apoptosis.13 The EGF
receptor is also known to be distributed in human ocular
surface epithelial cells.16 17 Glucocorticoids protect granulosa
cells against apoptosis induced by serum deprivation via an
increase of bcl-2 expression levels.18 Retinoic acid is another
major components found in tears. In previous clinical studies,
retinoic acid was shown to be useful for the treatment of dry
eye19 20 and Stevens-Johnson syndrome.21

Although the precise biochemical pathway involved in
mammalian cell death remains undefined by serum depriva-
tion, it is clear that caspases, a family of cysteine proteases
that cleave the carboxyl terminus of aspartic acid, have
essential roles in apoptosis. Fourteen distinct caspases have
been identified and have been grouped into three subfamilies
based on their substrate specificities.22–24 Group I caspases
prefer the tetrapeptide sequence WEHD, and are believed to
play a part mainly in inflammation, whereas members of
groups II and III, with the optimal peptide recognition motifs
DexD and (I/L/V) ExD, respectively, are mainly involved in
apoptosis.22–24 These caspases are produced as precursors and
activated either by autocatalytic processing and/or cleavage
by other caspases in response to a variety of death stimuli,
including tumour necrosis factor (TNF), Fas ligand, staur-
osporine, or ultraviolet irradiation. This activation then
triggers a cascade reaction. Caspases 8 and 9 are placed at
the most upstream position in the caspase cascade,25–28 on the
other hand, caspase-3 is placed at the most downstream
position in the cascade, as the ‘‘executioner.’’29–31

To elucidate the mechanism of the maintenance of ocular
surface epithelial cells by human serum, we used the
conjunctival epithelial cell line, CCL-20.2 (CCL), as a model
system of the ocular surface. When serum is removed from
the culture medium, CCL undergo apoptosis. In this study,
we measured the activities of four caspase species using
artificial fluorescent substrates in CCL, and determined the
effects of caspase inhibitors, and serum and tear components,
such as growth factors, retinoic acid, and lactoferrin, on
caspase dependent apoptosis.

Abbreviations: ABTS, 2,29-azinobis(3-ethylbenzothiazolin-6-sulfonic
acid; AFC, 7-amino-4-trifluoromethyl coumarin; CCL, conjunctival
epithelial cell line; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-2-
hydroxy-1-propanesulfonic acid; EGF, epidermal growth factor; FCS,
fetal calf serum; FGF, fibroblast growth factor; FMK, fluoromethyl
ketone; HGF, hepatocyte growth factor; IGF, insulin-like growth factor;
NGF, nerve growth factor; PDGF, platelet derived growth factor; SCF,
stem cell factor; TGF-b, transforming growth factor-b; Z-LEHD, Z-Leu-
Glu-His-Asp-FMK; Z-LETD, Z-Leu-Glu-Thr-Asp-FMK; Z-WEHD, N-
benzyloxycarbonyl-Trp-Glu-His-Asp-FMK; Z-VAD, Z-Val-Ala-Asp (O-
methyl)-FMK
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METHODS
Reagents
EGF, FGF (fibroblast growth factor), IGF (insulin-like
growth factor), and PDGF (platelet derived growth factor)
were purchased from Invitrogen Corporation (Carlsbad, CA).
HGF (hepatocyte growth factor), NGF (nerve growth factor),
and TGF-b (transforming growth factor-b) were purchased
from PeproTech EC Ltd (London, UK). SCF (stem cell factor)
was purchased from Strathmann Biotech GmbH (Hamburg,
Germany). Retinoic acid and lactoferrin were obtained from
Wako Pure Chemical Industries, Ltd (Osaka, Japan). Other
reagents were of the highest quality commercially available.

Cell stimulation
CCL was obtained from the American Type Culture Condition
(Manassas, VA, USA) and grown to 70–80% confluence in
75 cm2 flasks in Medium 199 (Gibco BRL Life Technologies,
Rockville, MD, USA) containing 10% FCS. It is known that
the CCL does not survive when serum is removed from the
medium. There are many common components between
serum and tears, such as growth factors and vitamin A. We
attempted to examine the influences of components of serum
and tears on the apoptosis of CCL. The medium was changed
to Medium 199 with 10% FCS (serum (+)), to Medium 199
without FCS (serum (2)), or to Medium 199 with tear
factors (growth factors, lactoferrin, and retinoic acid) or
caspase inhibitors (Enzyme System Products, Livermore, CA,
USA) instead of FCS. After 24 hours of incubation, the cells
were harvested and viability of the cells was measured by
trypan blue staining. Harvested cells were solubilised and cell
lysate were centrifuged to assay DNA fragmentation and the
caspase activities.

Cell death detection assay
DNA fragmentation was quantified by measuring DNA
fragmentation using the Cell Death Detection ELISA kit
(Roche Diagnostics GmbH, Mannheim, Germany). This assay
was conducted according to the manufacturer’s protocol.
Briefly, DNA fragments were bound to peroxidase labelled
anti-DNA antibody, and the production of antibody-DNA
fragment complex was measured photometrically using 2,29-
azinobis(3-ethylbenzothiazolin-6-sulfonic acid (ABTS) as the
substrate.

Caspase activity assay
Since DNA fragmentation is catalysed by DNA endonucleases
which are activated by the caspase cascade, we measured the
activity of caspases 1, 3, 8, and 9. The caspase activities in the
cell lysate were measured using artificial fluorescent sub-
strates (Enzyme System Products) with a fluorescent micro-
plate reader. Harvested cells were solubilised with 50 mM
HEPES buffer (pH 7.4) containing 0.1% CHAPS, 0.1 mM

PMSF, 1 mM DTT and 0.1 mM EDTA for 5 minutes in an ice
bath. They were then centrifuged at 100006g for 10 minutes
at 4 C̊, and the caspase activities were measured in the
supernatants.

Cell lysates were mixed with 50 mM HEPES buffer (pH
7.4) containing 100 mM NaCl, 0.1% CHAPS, 10 mM DTT,
0.1 mM EDTA, and 10% glycerol, and then 0.1 mM artificial
substrate was added to begin the reaction catalysed by
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Figure 1 DNA fragmentation induced by serum deprivation. DNA
fragmentation was estimated by measuring the change of absorbance at
405 nm. Results are the mean (SD) (n = 4). *Indicates a significant
difference from the result in serum (2), p,0.05.
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Figure 2 Temporal profiles of the caspase activities induced by serum
deprivation. The activity of caspases was estimated by measuring AFC
cleavage from AFC labelled artificial substrate.
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Figure 3 Suppression of caspase-3 activation by caspase inhibitors.
Activity of caspase-3 was estimated by measuring the AFC production.
Caspase inhibitors blocked activation of caspase-3 by inhibition specific
caspase inhibition (caspase-1; Z-WEHD, caspase-8; Z-LETD, and
caspase-9; Z-LEHD) or all caspases pan-caspase inhibition (Z-VAD).
Results are the mean (SD) (n = 3). **Indicates a significant difference from
the result in serum (2), p,0.01.
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Figure 4 Effect of caspase inhibitors on cellular viability and number of
cells. The number of cells was counted after trypan blue staining. Bars
indicate viability and the solid line indicates the number of cells. Results
are the mean (SD) (n = 3). **Indicates a significant difference for viability
from the result in serum (2), p,0.01.
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caspases. The artificial substrate used for measurement of
caspase-1 activity was acetyl-Trp-Glu-His-Asp-AFC (WEHD-
AFC), for that of caspase-3 was acetyl-Asp-Glu-Val-Asp-AFC
(DEVD-AFC), for that of caspase-8 was acetyl-Leu-Glu-Thr-
Asp (LETD-AFC), and for that of caspase-9 was acetyl-Leu-
Glu-His-Asp (LEHD-AFC).32 Fluorescence was measured
immediately and after incubation for 1 hour at 37 C̊,
excitation wavelength 400 nm and emission wavelength
505 nm.

Inhibition assay
Caspase inhibitors were used to clarify the role of caspases in
apoptotic cell death induced by serum deprivation. N-
benzyloxycarbonyl-Trp-Glu-His-Asp-FMK (Z-WEHD), a spe-
cific inhibitor of caspase-1, Z-Leu-Glu-Thr-Asp-FMK (Z-
LETD), a specific inhibitor of caspase-8, Z-Leu-Glu-His-Asp-
FMK (Z-LEHD), a specific inhibitor of caspase-9, and Z-Val-
Ala-Asp (O-methyl)-FMK (Z-VAD), a pan-caspase inhibitor,
were employed in the study. Caspase inhibitor, 10 mM, was
added to Medium 199 without FCS, and the CCL was
incubated for 24 hours at 37 C̊ and harvested to measure the
activity of caspase-3.

Statistical analysis
Data are expressed as the mean (SD). Dunnett’s test was
used to determine the significance of the differences.

RESULTS
DNA fragmentation assay
The viability of CCL incubated in serum (+) medium was
96.8% (1.3%), and that in serum (2) medium was 67.8% (SD
4.7%). To confirm that this cell death is apoptosis, DNA
fragmentation, which is a hallmark of apoptosis, was
measured with an ELISA kit (fig 1). DNA fragmentation
was gradually induced with progressive serum deprivation,
confirming that serum deprivation induces apoptosis in the
CCL.

Caspase activity assay
Figure 2 shows the temporal profile of the activity of caspases
induced by serum deprivation. The activity of caspase-3
increased markedly and that of caspase-8 increased slightly.
On the other hand, the activity of caspases 1 and 9 showed no
change.

Effects of caspase inhibitors
To confirm that caspases 1, 8, and 9 are involved in apoptosis
induced by serum deprivation, the influence of caspase
inhibitors on caspase-3 activation was examined (fig 3). Z-
VAD, which is a pan-caspase inhibitor, completely inhibited
the activity of caspase-3, and Z-LEHD also inhibited the
activity of caspase-3 markedly. Z-WEHD and Z-LETD also
inhibited the activity of caspase-3. The activity of caspases 1,
8, and 9 are specifically inhibited by each inhibitor in this
concentration. These results indicate that Z-WEHD and Z-
LETD blocked the activation of caspase-3 by inhibition of the
reaction of caspase-1 and caspase 9, respectively. Figure 4
shows the influences of caspase inhibitors on the cellular
viability and number of cells. All the inhibitors restored
cellular viability (fig 4, bars) by inhibiting cellular apoptosis.
On the other hand, none of the inhibitors increased the
number of cells (fig 4, solid line).

Suppressive effects of serum and tear components on
apoptosis
Figure 5 shows the effect of growth factors on DNA
fragmentation of CCL induced by serum deprivation. EGF
and TGF-b significantly suppressed apoptosis. IGF, NGF, and
SCF slightly suppressed apoptosis, whereas FGF, HGF, and
PDGF did not suppress apoptosis. Since EGF is the major
growth factor in tears,7 the effects of EGF on activity of
caspase-3 and the cellular viability were examined. Figure 6
shows dose dependency of EGF on suppression of caspase-3
activity. EGF, 10 ng/ml and 100 ng/ml, significantly sup-
pressed caspase-3 activity. Figure 7 shows the influence of
the cellular viability and the number of cells. These results
were different from those obtained with caspase inhibitors;

3.5

3.0

2.5

1.5

0.5

2.0

1.0

0.0

C
as

pa
se

-3
 a

ct
iv

ity
 (r

at
io

)

Se
rum

 (+
)

Se
rum

 (–
)

EG
F

FG
F

HGF
IG

F
NGF

PD
GF

SC
F

TG
Rβ

Figure 5 Effect of growth factors on caspase-3 activity induced by
serum deprivation. Apoptosis caused by serum deprivation was
suppressed by the addition of some growth factors to the medium. The
concentration of EGF was 10 ng/ml, FGF 5 ng/ml, HGF 50 ng/ml, IGF
10 ng/ml, NGF 50 ng/ml, PDGF 10 ng/ml, SCF 50 ng/ml, and TGF-b
1 ng/ml, respectively. Results are the mean (SD) (n = 5). *Indicates a
significant difference from the result in serum (2), p,0.05.
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EGF restored cellular viability and the number of cells, and
there was no significant difference between serum (+) and
EGF (p.0.05).

Figures 8 and 9 show the influence of retinoic acid and
lactoferrin on apoptosis in the CCL, respectively. Retinoic acid
significantly suppressed caspase-3 activation, but lactoferrin
did not suppress DNA fragmentation. It can be concluded
that EGF and vitamin A are useful for cellular survival.

DISCUSSION
Severe dry eye, which is caused by a lack of tear components,
can be improved by supplying the components essential for
maintaining the ocular surface. We used autologous serum to
supply these components to the ocular surface.6 We tried to
elucidate the effects of serum on the ocular surface by using a
conjunctival epithelial cell line as a model system. Because
components in the serum are similar to those in tears,
elucidation of the effects of serum on CCL may be useful for
understanding the mechanisms of maintenance of the ocular
surface by tears.7

Serum deprivation from the tissue culture medium elicits
many responses in cultured cells. In many cell lines,
apoptosis induced by serum deprivation is observed.8–11 In
this study, serum deprivation was found to induce apoptosis
in the CCL, and this apoptosis appeared to involve the caspase
cascade. Because serum consists of many components, CCL
cultured in medium containing serum could be affected by
various signals. Caspase-8 and caspase-9 are the initial
enzymes of the caspase cascade, which are concerned with
the death signal pathway and mitochondrial pathway,
respectively. Caspase-3 is an effector enzyme which activates
DNA endonucleases.33 Partial inhibition of caspase-3 activa-
tion by inhibitors of caspases 1, 8, and 9 suggests this
apoptosis is at least a participated death signal pathway and
mitochondrial pathway. The activities of caspase-1 and
caspase 9 were not detected (fig 2). We think that the
activities of these caspases were too weak to be detected by
our assay technique. Caspase inhibitors could affect cell
death via inhibition of caspase-3 activation, but they did not
affect cellular proliferation.

Growth factors included in serum and tears are effective, at
least partially, for suppressing apoptosis induced by serum
deprivation (figs 5, 6, and 7). This indicates that these growth
factors are also at least partially responsible for maintaining
cellular homeostasis. Loo et al showed that EGF induced bcl-2
expression in serum-free mouse embryo cell line.34 We think
one of the protection mechanisms of EGF against apoptosis is
caused by induced bcl-2 expression. The other protection
mechanism of EGF may be proliferation effect on cells.35 A
study of repression of the EGF receptor by anti-EGF receptor
antibody reveals that anti-EGF receptor antibodies can

induce apoptosis associated with activation of the caspase
cascade.36 NGF has also been reported to rescue cultured cells
from serum deprivation induced apoptosis.15 TGF-b protected
against cellular apoptosis via the mitogen activated protein
kinase pathway; however, the anti-apoptotic effect of EGF
was not involved in this pathway.12

Kitamura et al showed the anti-apoptotic mechanism of
retinoic acid in mesanginal cells. Retinoic acid inhibits
oxidative stress induced apoptosis via suppression of c-fos/c-
jun expression and JNK activation.37 Retinoic acid was shown
to regulate proliferation and differentiation of cultured
corneal epithelium as a physiological modulator.38 Anti-
apoptotic effects of retinoic acid may be the result of this
physiological role. The effects of retinoic acid on cells are
mediated by nuclear retinoic acid receptors which were
identified in rabbit corneal epithelial cells.39 It is possible that
EGF and retinoic acid are key components of autologous
serum eye drops that have a different but important role in
the maintenance of the ocular surface in severe dry eye.
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