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Abstract
Salivary epithelial cells from patients with primary SjoÈ gren's
syndrome (SS) undergo Fas-mediated apoptosis. Bcl-2 and
Bcl-xL are apoptosis suppressing oncogenes. Very little is
known about the role of these oncogene molecules in salivary
epithelial cells. To investigate the possible prevention of
salivaryglandulardestruction inSSbyBcl-2andBcl-xL,stable
transfectants expressing these molecules were made from
HSY cells, a human salivary epithelial cell line. HSY cells were
transfected with an expression vector for human Bcl-2 or Bcl-
xL. Stable transfectants were selected and apoptosis was
induced by anti-Fas antibody. Apoptosis was quantified by
propidium iodide staining followed by flow cytometry.
Caspase activity was detected by immunohistochemical
analysis and enzyme cleavage of DEVD-AMC, a fluorescent
substrate. Response to carbachol, a muscarinic receptor
agonist, and EGF was measured by Ca2+ mobilization and
influx. Fas-mediated apoptosis was significantly inhibited in
Bcl-2 and Bcl-xL transfectants compared to wild-type and
control transfectants (empty vector). Surprisingly, caspase
activity was not inhibited in Bcl-2 and Bcl-xL transfectants.
Activation of the Fas pathway in the Bcl-2 and Bcl-xL

transfectants by antibody also inhibited carbachol and EGF
responsiveness (i.e., Ca2+ mobilization and/or influx) by 50 ±
60%. This Fas-mediated inhibition of cell activation was
partially or completely restored by specific peptide inter-
ference of caspase enzyme activity. The prevention of Fas-
mediated apoptosis by the overexpression of Bcl-2 and Bcl-xL
in salivary gland epithelial cells results in injured cells
expressing caspase activity and unable to respond normally
to receptor agonists. Such damaged cells may exist in SS
patients and could explain the severe dryness out of
proportion to the actual number of apoptotic cells seen on
salivary gland biopsy. Cell Death and Differentiation (2000) 7,
1119 ± 1126.
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Introduction

CD95 (i.e., Fas or APO-1) is a cell surface receptor expressed
in many different types of cells and tissues.1,2 When
crosslinked by antibody or its physiological ligand (FasL)
Fas sends an apoptotic signal to the cell.3 This signal includes
the activation of a cascade of cysteine proteases called
caspases4 ± 7 and a rise in intracellular ceramide.5,8,9 Fas-
mediated apoptosis is inhibited by the protooncogene bcl-210

in a cell type-dependent fashion.7 Fas-mediated apoptosis
has been implicated in the pathogenesis of numerous
diseases.11 ± 15 Several organ-specific autoimmune diseases
including SjoÈgren's syndrome (SS), diabetes mellitus, and
thyroiditis, demonstrate coexpression of Fas/FasL suggesting
that target cell death is initiated by Fas-mediated apopto-
sis.16 ± 19

The bcl-2 family of protooncogenes plays an important
role in regulating apoptosis.20 This family consists of both
antagonists (e.g., bcl-2, bcl-xL) and agonists (e.g. bax) that
cross-talk with one another through dimerization.21 For
example, the family member bid heterodimerizes with both
bcl-2 and bax. When cleaved by caspase 8, bid counters
the cytoprotective effect of bcl-2 and promote the
proapoptotic effect of bax.22 Any changes in this family of
proteins, can alter the cell's sensitivity to an apoptotic
signal.

The autoantigens that incite autoimmune disease are
becoming better known. Recent evidence from several
laboratories suggests that many of these antigens arise in
cells undergoing apoptosis.23 ± 26 These apoptotic autoanti-
gens are thought to induce several antinuclear and
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antinucleoprotein antibodies seen in SLE and SS patients.
We reported that SS salivary gland epithelial cells die
apoptotically.16 The same is true in NOD mice (a model for
SS), but surprisingly also in NOD.scid mice which lack a
mature immune system.27 This unexpected result sug-
gested a lymphocyte-independent early stage in SS
patients in which the epithelial apoptotic lesion precedes
and calls forth the lymphocytic autoimmune process.

To pursue this hypothesis, we studied a human
salivary gland epithelial cell line (HSY) growing in tissue
culture. We induced Fas-mediated apoptosis in these
HSY cells and aborted cell death by stable transfection
with bcl-2 or bcl-xL. These transfected cells still manifest
caspase activation and have Fas-induced defects in
intracellular [Ca2+]i signaling in response to carbachol
and EGF. To our knowledge, this is the first report
showing that the functional abnormalities associated with
the Fas pathway can be segregated from apoptosis.
These poorly functional cells may be a model for what
occurs pathologically in SS patients where the severity of
dryness is probably not solely a result of glandular
destruction.

Results

Bcl-2 and Bcl-xL protect HSY cells from
fas-mediated apoptosis

HSY cells were stably transfected for bcl-2 and bcl-xL
expression. Transfectants only overexpressed their re-
spective molecule as assessed by Western blot analysis
(Figure 1). Furthermore, transfectants were responsive to
carbachol, a muscarinic receptor agonist, and EGF (Figure
1). Sensitivity to Fas-mediated apoptosis was assessed by
adding anti-Fas antibody, CH11, to cell cultures (Figure 2).
After 48 h the classical DNA laddering pattern typical of
apoptotic cells was seen in the empty vector transfectant
but not in the bcl-2 and bcl-xL transfectant (data not
shown). Further confirmation of the antiapoptotic action of
bcl-2 and bcl-xL in HSY cells was obtained by quantifying
apoptosis by propidium iodide staining (Figure 2A). More
than 80% of the empty vector transfectants were
apoptotic, whereas the bcl-2 and bcl-xL transfectants
were resistant to Fas-mediated apoptosis (11 and 8%
apoptotic, respectively, P50.05). Furthermore, Fas-
mediated apoptosis in HSY was caspase-dependent as
DEVD inhibited cell death (Figure 2A). C2-ceramide, a
lipid second messenger for Fas, was added to cultures.
As with CH11, bcl-2 and bcl-xL transfectants were
resistant to ceramide-induced apoptosis compared to the
control transfectant (70 vs 10 and 6% apoptotic,
respectively; P50.05). Upregulation of bcl-2 or bcl-xL
totally protected HSY cells from apoptosis and did not
merely delay apoptosis. The number of apoptotic cells did
not increase after 4 days in culture with CH11.

Forward light scatter (Figure 2B) showed that anti-Fas
antibody did not alter cell size in the bcl-2 and bcl-xL
transfectants. By contrast, cell size was reduced in the wild-
type and the control transfectant after 48 h of exposure to
CH-11.

Figure 1 Bcl-2 family expression and function in HSY transfectants. Cell
lysates from HSY transfectants were assessed for bcl-2, bcl-xL, and bax
expression by Western blot analysis (A). Overexpression of bcl-2 and bcl-xL were
only observed in HSY cells transfected with pSFFV-bcl-2 and pSFFV-bcl-xL,
respectively. The expression of bax was not altered in the three transfectants.
Fluorometric analysis was used to measure [Ca2+]i in Fura-2AM-loaded HSY
cells, wild-type and transfectants, stimulated with carbachol (10 mM) and EGF
(50 ng/ml) (B). Transfectants retained their ability to respond to receptor agonists
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Figure 2 Resistance of transfectants to Fas-mediated apoptosis. Anti-Fas antibody, CH11 (1 mg/ml), was added to cultures for 48 h. Nuclei were stained with
propidium iodide and analyzed by flow cytometry (A). Cells staining subdiploid were defined as apoptotic. The percentage represents [experimental ± background]
where the background was 3.0 ± 8.7%. DEVD (100 mM) was added to cultures to inhibit caspase activation. Forward angle light scatter was performed (B). After 24 h
with CH11, no change in cell size was observed in all of the cell lines. After 48 h of CH11 treatment, cell shrinkage was observed in the wild-type and control
transfectant
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Fas-mediated signaling abnormalities in Bcl-2 and
Bcl-xL transfectants

Transfectants were treated with CH11 (anti-Fas antibody) and
assessed for cell function by measuring intracellular free
[Ca2+]i in response to carbachol and EGF (Figure 3). After
24 h, a time when nuclear condensation, DNA fragmentation,
and cell shrinkage was not observed, control transfectants
showed decreased responses to carbachol and EGF
compared to cultures with no anti-Fas antibody. Although
the bcl-xL transfectant was resistant to Fas-mediated
apoptosis it was nevertheless defective in response to
carbachol and EGF following exposure to CH11. The
abnormality in Ca2+ release from intracellular stores was not
observed in the bcl-2 transfectants. However, C2-ceramide
significantly inhibited carbachol responses in all three
transfectants (Figure 4).

Extracellular Ca2+ influx is another measurement of
signal transduction. Anti-Fas antibody decreased in Ca2+

influx by 30 ± 50% in all three transfectants (Figure 5). Fas-
induced inhibition of Ca2+ influx was not affected by the
overexpression of either bcl-2 and bcl-xL.

Caspase 3 is activated in the Fas-stimulated Bcl-2
and Bcl-xL transfectants

Fas stimulation leads to the activation of a cascade of
cysteine proteases called caspases.28 The caspase inhibitor
DEVD or VAD was added to cultures and the transfectants

Figure 3 Fas-mediated inhibition of carbachol and EGF signal transduction
in HSY transfectants. Anti-Fas antibody, CH11 (1 mg/ml), was added to
cultures for 24 h. Fluorometric analysis was used to measure [Ca2+]i in Fura-
2AM-loaded HSY cell transfectants stimulated with carbachol (A) and EGF
(B). DEVD (100 mM) or VAD (100 mM) was added to cultures to inhibit caspase
activation. The presence of CH-11 inhibited the rise in [Ca2+]i in all the wild-
type HSY, and the control and bcl-xL transfectants. DEVD or VAD restored
carbachol signal transduction to varying levels. Cells were equilibrated in Ca2+

containing media. Columns represent the mean+S.D. of separate experi-
ments (n=5). +P50.05; ||P50.02; #P50.01; *P50.001 compared to cultures
with either carbachol (A) or EGF (B) alone

Figure 4 Ceramide-mediated inhibition of carbachol signal transduction in
HSY transfectants. C2-ceramide (100 mM) was added to cultures for 6 h.
Fluorometric analysis was used to measure [Ca2+]i in Fura-2AM-loaded HSY
cell transfectants stimulated with carbachol. DEVD (100 mM) or VAD (100 mM)
was added to cultures to inhibit caspase activation. Controls are cells
incubated with (OH)2-C2-ceramide. The presence of C2-ceramide inhibited
the rise in [Ca2+]i in all three transfectants. Neither DEVD nor VAD restored
carbachol signal transduction. Columns represent the mean+S.D. of separate
experiments (n=5). Cells were equibrated in Ca2+ containing media

Figure 5 Fas-mediated inhibition of carbachol Ca2+ influx in HSY
transfectants. Anti-Fas antibody, CH11 (1 mg/ml), was added to cultures for
24 h. Fluorometric analysis was used to measure Ca2+ influx in Fura-2AM-
loaded HSY cell transfectants stimulated with carbachol. Studies were done in
Ca2+ free media. Columns represent the mean+S.D. of separate experiments
(n=5)
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assessed for intracellular [Ca2+]i response to carbachol and
EGF (Figure 3). The presence of DEVD partially restored
intracellular signaling in the control transfectant and wild-type
HSY. Whereas, DEVD countered the inhibitory effect of CH-
11 and restored responsiveness to carbachol and EGF in the
bcl-xL transfectants. The presence of VAD was much more
effective in restoring carbachol and EGF responsiveness in all
of the cell lines. Indeed, the presence of DEVD and VAD
heightened the carbachol and EGF response.

DEVD and VAD were used to counter the inhibitory
effect of ceramide (Figure 4). The presence of these two
caspase inhibitors had no effect. This suggest that Fas-
mediated inhibition of cell activation was not initiated by the
generation of ceramide.

Immunohistochemical and enzymatic analysis was
performed (Figures 6 and 7, respectively) to further
demonstrate caspase activation in the absence of
apoptosis. After 24 h with anti-Fas antibody, all three
transfectants stained positive for activated caspase 3.
Furthermore, caspase activity was quantified in cell
lysates from transfectants (Figure 7). Transfectants were
treated with anti-Fas antibody (CH11) or C2-ceramide,
and lysates were assessed for cleavage of DEVD-AMC
by fluorometry. After 24 h, CH11 and C2-ceramide
induced 8 ± 12 times as much caspase activity in the
control transfectant compared to untreated cells. Similar
levels of caspase activation was seen in the bcl-2 and
bcl-xL transfectants.

Discussion

These experiments were undertaken to study the role of
salivary gland epithelial cell apoptosis and its inhibition in the
pathogenesis of SS. Based on our previous studies in SS

patients we show that anti-Fas antibody induces apoptosis in
a human salivary gland cell line (HSY). We found that
enforced expression of the suppressor protooncogene bcl-2
and bcl-xL largely prevented HSY epithelial cells from
undergoing Fas-mediated apoptosis, although caspase
enzymes were activated. The rescued cells showed
decreased [Ca2+]i release and/or Ca2+ influx in response to
carbachol and EGF following the activation of the Fas
pathway. Signal transduction suppression by Fas has been
reported in T lymphocytes prior to the onset of apoptosis (i.e.
decreased nuclear content).29 Thus bcl-2 and bcl-xL can abort
Fas-mediated apoptosis but leave these damaged cells
functionally abnormal. This system may provide an in vitro
model for SS, where the severe dryness cannot be totally
explained by actual number of apoptotic acinar cells found in
the gland.16,30 It is interesting to note that nonapoptotic
mechanisms may also explain the salivary dysfunction in
irradiated rat salivary glands.31

Bcl-2 and bcl-xL represent a family of homologous
proteins that regulate several apoptotic pathways.20 These
proteins act at the site of the mitochondria to maintain
membrane potential. The partial restoration of [Ca2+]i cell
signaling in the bcl-2 and bcl-xL transfectants can be
attributed to the control the mitochondria exert over
endoplasmic reticulum [Ca2+]i.

32 At the mitochondrial level
bcl-2 and bcl-xL can regulate the activation of caspases.33

The regulation of caspase activity by bcl-2 or bcl-xL is cell
type-dependent.7 In the B cell line, SKW6, overexpression
of bcl-2 or bcl-xL inhibited Fas-mediated cell death but not
caspase 3 activation, similar to what we find with HSY cells
where caspase 3-like activation occurs in the absence of
apoptosis. The lymphoblastoid T cell line JURKAT
transfected with bcl-xL was resistant to Fas-mediated
apoptosis.34 Nevertheless, PARP was cleaved in these

Figure 6 Fas-mediated caspase 3 cleavage in transfected HSY cells. Anti-Fas antibody, CH11 (1 mg/ml), was added to cultures for 24 h. HSY transfectants were
assessed by immunohistochemistry for activated caspase 3 (magnification=2506)
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cells. Moreover, caspase 3 or 8 activation in the absence of
apoptosis has been observed in activated cells.35 ± 37

Increase in [Ca2+]i is related to fluid secretion from
salivary glands epithelial cells.38 In salivary acinar cells,
stimulation of the muscarinic receptor results in activation of
phospholipase C and the subsequent hydrolysis of
phosphatidylinositol 4,5-bisphosphate to diacylglycerol and
inositol 1,4,5-triphosphate. The former is an endogenous
activator of protein kinase C which results in a rapid release
of Ca2+ from intracellular stores.39 EGF receptor is a
transmembrane protein tyrosine kinase. Binding of EGF
lead to receptor dimerization, autophosphorylation, and

recruitment of kinase substrates. Subsequent events
include Ras (GTP-binding protein) phosphorylation and
activation of the Ras/Raf/MAP kinase pathway.40 Like the
muscarinic receptor, the EGF receptor can activate the
phosphatidylinositol pathway resulting in the activation of
protein kinase C and a rise in [Ca2+]i and Ca2+ influx.41 Fas
signaling may affect both common and distinct pathways in
these two receptor systems.

The Fas-mediated signaling abnormalities in HSY
transfectants were partly or completely restored by
caspase inhibitors, suggesting the involvement of proteo-
lysis in this abnormality. Certain transcription factors which
arise during cell activation are susceptible to proteolysis by
caspases.42,43 Apoptotic enterocytes downregulate mole-
cules involved in Ras signaling.44 These include the
disappearance of the EGF receptor and the guanine
nucleotide exchangers, Sos-1 and Sos-2. In that work the
addition of a caspase inhibitor prevented the disappearance
of these signal transduction molecules. Similar mechanisms
may be operating in HSY cells.

There may also be caspase-independent mechanisms
present in HSY cells, even in the bcl-2 and bcl-xL
transfectants. For example, ceramide generation may play
a role. This lipid second messager for Fas can disrupt
electron transport and ATP synthesis without perturbing
mitochondrial membrane potential.45,46 Fas stimulation can
also lead to c-Jun kinase activity, perhaps through the Daxx
adapter molecule,47 which may send a negative regulatory
signal that interferes with carbachol and EGF signaling. Loss
of glucose transport is another early event in Fas-mediated
apoptosis that can disrupt normal signal transduction.48

The current study suggests that Fas can also disrupt
normal cell signaling without inducing apoptosis. The
disassociation between apoptosis and abnormal cell
signaling provides a new model for disease pathogenesis.
Based on our work in NOD mice and patients, Fas/FasL
interaction occurs abnormally in the salivary gland.16,27 This
model in which inappropriate expression of Fas or FasL of
target cells may also apply to other organ-specific
autoimmune diseases such as Hashimoto's thyroiditis13

and insulin-dependent diabetes mellitus.49

Materials and Methods

Cell preparation

HSY is an adenocarcinoma cell line derived from an acinar-
intercalated duct region of a human parotid gland.50 The HSY cell
line was developed by Dr. Patton (NIH) and kindly provided by Dr. JT
Turner (NIDCR, NIH). Cells were cultured in Dulbecco's Modified
Eagle's medium (Gibco BRL, Gaithersburg, MD, USA), 10% FCS
(Gibco BRL), 10% L-glutamine (Gibco BRL) and penicillin-streptomy-
cin (Gibco BRL), 6% CO2. Transfected cells were cultured in medium
as described but containing 500 mg/ml Geneticin (Gibco BRL).

Antibodies and reagents

Mouse monoclonal anti-Fas antibody, CH11, was purchased from
Upstate Biotechnology Inc. (Lake Placid, NY, USA). Mouse

Figure 7 Fas- and ceramide-mediated DEVD-AMC cleavage in transfected
HSY cells. Anti-Fas antibody, CH11 (A, 1 mg/ml), or C2-ceramide (B, 100 mM)
was added to cultures for 24 h. Cell lysates were incubated with DEVD-AMC.
Fluorometric analysis was used to measure free AMC. DEVD (100 mM) was
added to cultures to inhibit caspase activation. Data are expressed as fold
increase of AMC release compared to untreated (A) or (OH)2-C2-ceramide
treated (B) cells represented by (- - - -). S.D. was 53%
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monoclonal antibodies to bax, bcl-2 and bcl-xL were purchased from
Trevigen Inc (Gaithersburg, MD, USA). Alkaline phosphatase-
conjugated streptavidin and 7-amino-4-methylcoumarin (AMC) were
from Sigma Chemical Co. (St Louis, MO, USA). Ac-DEVD-AMC, a
caspase-3 (cpp 32) fluorogenic substrate, rabbit antibody to activated
caspase 3, and APO-BRDUTM kit were purchased from PharMingen
(San Diego, CA, USA). LipofecTAMINETM reagent was purchased
from Gibco BRL Life Technologies, Inc (Gaithersburg, MD, USA). Z-
Asp-Glu-Val-Asp-CH2F (DEVD) and Z-Val-Ala-Asp-CH2F (VAD) was
from Enzyme System Products Inc (Dublin, CA, USA). C2-ceramide
and (OH)2-C2-ceramide, a biologically inert form of C2-ceramide, was
purchased from CalBiochem (La Jolla, CA, USA).

Stable cell transfection

Plasmids pSFFV-neo (the empty vector), pSFFV.neo-Bcl-2 and
pSFFV.neo-Bcl-xL were kind gifts from Dr. C Thompson10 (University
of Chicago Medical Center). HSY cells were grown to 80% confluency
and rinsed with serum-free medium followed by the addition of a
mixture of plasmid (1 mg) and lipofecTAMINETM (10 ml) in serum-free
medium. After 18 h at 378C, FCS was added to a final concentration of
10% for 6 h. Transfectants were selected for drug resistance with
Geneticin (500 mg/ml). Resistant colonies were transferred to tissue
culture plates. Western blot analysis was used to assess over-
expression of bcl-2 or bcl-xL of isolated clones.

Propidium iodide staining

Cells (16106) were resuspended in hypotonic buffer containing
propidium iodide (50 mg/ml, 0.1% sodium citrate, 0.1% Triton X-100)
overnight at 48C in the dark as described by Nicoletti et al.51 DNA
content was quantified by flow cytometry. Cells in the hypodiploid
region were defined as apoptotic.

DNA fragmentation

DNA was extracted from ten million cells using the Trevigen DNA
laddering kit (Gaithersburg, MD, USA). DNA was separated by gel
electrophoresis in 3% agarose and visualized by ethidium bromide
staining.

Immunohistochemical assessment

Transfectants were fixed with 4% paraformaldehyde and washed in
Tris buffered saline (pH 7.6). Rabbit antibody specific for the activated
form of caspase 3 (1 : 40 v/v) as added to the fixed cells for 30 min at
room temperature. A peroxidase immunoconjugate was subsequently
added (1 : 100 v/v) followed by biotinyl tyramide (1 : 50 v/v) and
alkaline phosphatase-conjugated streptavidin. Color development
was achieved with Vector Red (Vector Laboratories, Burlingame,
CA, USA) and counterstained with hematoxylin.

Detection of caspase activation

Cells were incubated with anti-Fas antibody or C2-ceramide for 24 h
and resuspended in lysis buffer (10 mM Tris, pH 7.5, 130 mM NaCl,
1% Triton X-100) on ice for 5 min. One hundred mg of cell lysates was
incubated with 20 mM of Ac-DEVD-AMC in 1 ml of 20 mM HEPES
(pH 7.5, 10% glycerol, 2 mM DTT) for 2 h at 378C. A spectro-
fluorometer was used to measure liberated AMC from Ac-DEVD-AMC
using an excitation wavelength of 380 nm and an emission wavelength
of 445 nm. A standard curve using AMC was used to quantify caspase
activity.

Intracellular [Ca2+]i and Ca2+ in¯ux

[Ca2+]i and Ca2+ influx was quantified by spectrofluorometry using
Fura-2AM (Molecular Probes, Eugene, OR, USA) as the fluorescent
dye. Cells were loaded with 2 mM of Fura-2Am for 45 min at 308C.52

Fluorescent wavelength measurements were set at 340 and 380 nm
excitation, and 510 nm emission. Readings were done on a PTI
Systems Delta Scan spectrofluorometer (Photo Technology Interna-
tional Inc., South Brunswick, NJ, USA). Cytosolic free [Ca2+]i was
calculated according to Vandenberghe et al.53 After a basal level of
free [Ca2+]i was established, cells were stimulated by the addition of
carbachol (10 mM final concentration) or EGF (50 ng/ml final
concentration). Readings were done in either media containing Ca2+

(100 mM) or were Ca2+-free. The latter was required to measure Ca2+

influx.

Statistical analysis

Nonparametric Student's t-test was used. P50.05 was considered
statistically significant.
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