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Calmodulin (CaM) antagonists have been shown to
inhibit tumor cell invasion and metastasis and to in-
duce apoptosis in various tumor models, but the mo-
lecular mechanism of CaM antagonist-mediated apo-
ptosis is poorly understood. Here, we demonstrate
that interferon (IFN)-� induces susceptibility to CaM
antagonist-mediated apoptosis in human cholangio-
carcinoma cells weakly expressing Fas (Fas-low cells).
During CaM antagonist-mediated apoptosis in IFN-�-
pretreated Fas-low cells, cleavage of caspases-8, -9,
and -3 and Bid, release of cytochrome c from the
mitochondria and an increase in the free cytosolic
calcium concentration were observed. CaM antago-
nists also caused depolarization of the mitochondrial
membrane independent of caspase activation. Al-
though a broad-range caspase inhibitor partially
blocked CaM antagonist-mediated apoptosis, the neu-
tralizing Fas antibody had no effect, suggesting that
CaM antagonist-mediated apoptosis does not require
interaction between CaM antagonists and surface Fas.
CaM antagonists induce apoptosis via mechanisms
other than inhibition of CaM-dependent protein ki-
nase II and calcineurin, as their inhibitors, KN93 and
cyclosporine A, had no effect on apoptosis. Taken
together, these results indicate that CaM antagonists
induce apoptosis in both caspase-dependent and -in-
dependent manners, and that susceptibility to CaM
antagonists is modulated by IFN-�. The combination
of IFN-� and CaM antagonists, including tamoxifen,
may be a potential therapeutic modality for cholan-
giocarcinoma and possibly other malignancies. (Am
J Pathol 2003, 163:2053–2063)

Apoptosis, a form of programmed cell death, plays an
essential role in embryonic development and mainte-
nance of cellular and tissue homeostasis.1 Enhanced or
diminished apoptosis is associated with many human

diseases including neurodegenerative and autoimmune
disorders, AIDS, and cancers. Cells from a wide variety of
human malignancies show a decreased ability to un-
dergo apoptosis in response to various stimuli, which
may contribute to the clonal expansion of cancer cells.2

Decreased apoptosis of tumor cells results from either a
deficiency of proapoptotic molecules or expression of
inhibitors of apoptotic pathways. Therefore, understand-
ing and modulating apoptotic pathways in tumor cells
may provide a potential for therapeutic intervention.

Apoptosis is most commonly regulated by the
caspases, the cysteine proteases with specificity for as-
partic acid residues.3 The initiator caspases, such as
caspase-8 and caspase-10, are activated through in-
duced proximity on ligand binding to death receptors,
such as Fas (APO-1/CD95), which can then cleave and
activate the executioner caspases such as caspase-3
and caspase-74 that cleave a variety of proteins, thus,
killing the cells. In response to extracellular cues and/or
internal insults such as DNA damage, the mitochondrial
death pathway is also involved. At the mitochondria, pro-
and anti-apoptotic Bcl-2 family proteins regulate the re-
lease of cytochrome c that associates with Apaf-1 and
activates caspase-9. Crosstalk between death receptors
and the mitochondrial pathway is mediated by Bid, a
proapoptotic Bcl-2 family protein.4 Recently, there is in-
creasing evidence suggesting the existence of caspase-
independent programmed cell death.5,6 Despite lack of
caspase activation, dying cells present several charac-
teristics of apoptosis, ie, rounding, shrinkage, and de-
tachment of cells as well as DNA fragmentation.7 Over-
expression of c-myc, and treatment with some
pharmacological agents, such as dexamethasone, in-
duce cell death in the presence of caspase inhibitors.8,9

The release of endonuclease G from the mitochondria
and its translocation to the nucleus is also known to
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induce DNA fragmentation and cell death, independent
of caspases.10

Calmodulin (CaM) is an 18-kd multifunctional protein
and is the major intracellular Ca2�-binding protein. The
molecule consists of two globular lobes connected by a
long exposed �-helix. Two calcium ions bind to each lobe
through helix-loop-helix domains similar to those of other
calcium-binding proteins. The long helix between the
lobes is involved in the interactions of CaM with proteins
and drugs.11 Various aromatic molecules have been
found to act as CaM antagonists, including the phenothi-
azine drugs such as the anti-psychotic trifluoperazine
(TFP),12 the anti-estrogen tamoxifen (TMX),13,14 some
naphthalenesulfonamide derivatives such as N-(6-amin-
ohexyl)-5-chloro-1-naphthalene sulfonamide (W7),15 and
cationic derivatives of phenyl-substituted thiazole.16 CaM
not only mediates the effects of changes in cytoplasmic
Ca2� concentration ([Ca2�]c), but is also involved in the
control of [Ca2�]c by regulating the activity of Ca2�

pumps and channels, such as the plasma membrane
Ca2� pumps, ryanodine receptors,17 inositol 1,4,5-
triphosphate receptors,18 cyclic nucleotide-gated Ca2�

channels19 and Ca2� channels encoded by the trp
gene.20

Because of the importance of Ca2� in progression
through the cell cycle, CaM also plays a critical role in the
regulation of cell proliferation.21,22 It has been reported
that diseases characterized by pathological, unregulated
cell growth, such as cancer, are associated with elevated
levels of Ca2�-bound CaM.23,24 In addition, CaM antag-
onists have been shown to inhibit tumor cell invasion in
vitro25 and metastasis in vivo,26 suggesting that the CaM
antagonists are promising chemotherapeutic agents for
malignancies.

Several studies have implicated CaM in mediating ap-
optosis. Induction of CaM gene expression was observed
during glucocorticoid- and Fas-mediated apoptosis.27,28

In CD4� T cells from patients with AIDS, the CaM antag-
onist, TFP, protects cells from apoptosis.29 In contrast, it
induces apoptosis in cancer cell lines.30 Growth inhibi-
tion and induction of apoptosis by TMX, an anti-estrogen
that is also a potent CaM inhibitor, have been observed in
human cancers and cancer cell lines.30–32 However, the
molecular mechanisms of CaM antagonist-mediated ap-
optosis remain poorly understood.

Cholangiocarcinoma is a highly malignant, generally
fatal neoplasm originating from the bile duct epithelial
cells or cholangiocytes of the intra- and extrahepatic
biliary system.33 This tumor has an increasingly frequent
diagnosis worldwide, but information about the molecular
pathogenesis of cholangiocarcinoma is lacking. In this
regard, curative therapeutic intervention is limited by the
advanced disease stage of most patients at initial pre-
sentation and the lack of effective chemotherapy.34 The
overall survival after diagnosis of cholangiocarcinoma is
less than 12% at 5 years.35,36 Previously, we reported
that a human cholangiocarcinoma cell line, Sk-ChA-1,
expresses Fas heterogeneously resulting in two sub-
populations, Fas-high cells that strongly express Fas,
and Fas-low cells that weakly express Fas.30 Fas-high
cells are sensitive to Fas-mediated apoptosis and are

nontumorigenic in nude mice, whereas Fas-low cells are
completely resistant to Fas-mediated apoptosis and are
tumorigenic. Furthermore, the CaM antagonists, TMX and
TFP, induce apoptosis in Fas-high cells, but not in Fas-
low cells.30 We also reported that the cytokine, interferon
(IFN)-�, up-regulates a broad range of apoptosis-related
molecules and renders Fas-low cholangiocarcinoma
cells sensitive to Fas-mediated apoptosis.37

Here, we show that IFN-� sensitizes Fas-low cholan-
giocarcinoma cells to CaM antagonist-mediated apopto-
sis. Furthermore, we describe the molecular events that
occur during CaM antagonist-mediated apoptosis in IFN-
�-pretreated cells, which are in many aspects similar to
those of Fas-mediated apoptosis.

Materials and Methods

Cells and Cell Culture

The human cholangiocarcinoma cell line, Sk-ChA-1 was
provided by Dr. A. Knuth (Ludwig Institute for Cancer
Research, London, UK). This cell line was separated into
the two subpopulations, Fas-high and Fas-low cells as
described previously.

30
Cells were grown in RPMI 1640

(Life Technologies, Inc., Gaithersburg, MD) supple-
mented with 2 mmol/L of L-glutamine, penicillin (5 U/ml),
streptomycin (5 �g/ml), and 10% heat-inactivated fetal
bovine serum.

Antibodies and Reagents

Tamoxifen (TMX), TFP, and W7 were obtained from
Sigma (St. Louis, MO). Recombinant human IFN-� was
purchased from R&D Systems (Minneapolis, MN). Hu-
man activating Fas Ab (CH11) and neutralizing Fas Ab
(ZB4) were obtained from Upstate Biotechnology (Lake
Placid, NY). Antibodies to caspase-8, caspase-9,
caspase-3, and Bid were purchased from Cell Signaling
Technology (Beverly, MA), and the cytochrome c anti-
body was from PharMingen (San Diego, CA). The
caspase inhibitor, z-VAD-fmk [benzyloxycarbonyl-Val-
Ala-Asp(OMe)-fluoromethylketone], cyclosporine A, KN-93,
and valinomycin were obtained from Calbiochem (La Jolla,
CA). 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazol-
ylcarbocyanine iodide (JC-1) and Indo-1 acetoxymethyl es-
ter were from Molecular Probes (Eugene, OR).

Preparation of Whole Cell Lysates and Cytosolic
Extracts

For whole cell lysates, cells were washed with phos-
phate-buffered saline (PBS) and lysed in sodium dodecyl
sulfate lysis buffer (100 mmol/L Tris-HCl, pH 8.0, 150
mmol/L NaCl, 1% sodium dodecyl sulfate, 10% glycerol,
5 mmol/L EDTA, 5 mmol/L EGTA, 2 mmol/L phenylmeth-
ylsulfonyl fluoride, 1 �g/ml pepstatin and leupeptin). To
extract cytosolic proteins for detection of cytochrome c
release, cells (4 � 106) were harvested and washed
twice with ice-cold PBS and resuspended in 300 �l of
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ice-cold buffer (20 mmol/L HEPES-KOH, pH 7.0, 10
mmol/L KCl, 1.5 mmol/L MgCl2, 1 mmol/L EDTA, 1
mmol/L EGTA, 1 mmol/L dithiothreitol, 250 mmol/L su-
crose, 1 �g/ml of leupeptin and pepstatin, 2 �g/ml of
aprotinin). After incubation on ice for 15 minutes, cells
were homogenized with a Dounce homogenizer (B pes-
tle/25 strokes) and centrifuged at 1000 � g for 10 minutes
to separate nuclei and unbroken cells. The supernatants
were centrifuged at 14,000 � g for 15 minutes in a mi-
crocentrifuge to pellet membranes including mitochon-
dria. The resulting supernatants were used as cytosolic
extracts.

Western Blotting

Whole cell lysates or cytosolic extracts (20 �g) were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to Immobilon P mem-
branes (Millipore, Bedford, MA). Membranes were
blocked in 2% nonfat milk and incubated with primary
antibodies, followed by incubation with anti-mouse or
anti-rabbit horseradish peroxidase-conjugated antibod-
ies (Amersham Pharmacia Biotech, Piscataway, NJ).
Blots were developed using enhanced chemilumines-
cence Western blotting detection reagents (Amersham
Pharmacia Biotech).

Detection of Apoptotic Cell Death

Apoptosis was determined using annexin V and pro-
pidium iodide (PI) staining using an annexin V-fluorescein
isothiocyanate apoptosis detection kit (Medical & Biolog-
ical Laboratories, Nagoya, Japan). After incubations as
indicated in legends, 1 � 105 cells were harvested and
resuspended in 200 �l of binding buffer (Medical & Bio-
logical Laboratories). Annexin V-fluorescein isothiocya-
nate and PI were added, followed by incubation at room
temperature for 5 minutes. Annexin V binding and PI
staining were analyzed by flow cytometry (FACSCalibur;
Becton Dickinson, Mountain View, CA).

Measurement of the Mitochondrial Membrane
Potential

Cells (1 to 2 � 105) were trypsinized and resuspended in
Hanks’ balanced salt solution (Life Technologies, Inc.,
Grand Island, NY). Then, cells were loaded with 10 �g/ml
of JC-1 at 37°C for 15 minutes and washed twice with
Hanks’ balanced salt solution. Samples were analyzed by
flow cytometry (FACScalibur). JC-1 monomers and ag-
gregates were assessed by excitation at 488 nm and
measurement of emission at 525 nm and 590 nm, respec-
tively.

Measurement of the Free Cytosolic Calcium
Concentration

Cells were pelleted and resuspended in Hanks’ balanced
salt solution containing 0.1% bovine serum albumin, then

loaded with 2 �mol/L of Indo-1 acetoxymethyl ester (Mo-
lecular Probes, Eugene, OR) for 30 minutes at room
temperature. After washing twice, cells were analyzed in
a spectrofluorometer (Photon Technology International,
Lawrenceville, NJ) at 338 nm excitation and alternating
emission wavelengths of 405 and 485 nm. Free cytosolic
Ca2� concentrations were calculated according to the
equation of Grynkiewicz and colleagues;38 [Ca2�]c �
Kd � (R � Rmin)/(Rmax � R) � Sf2/Sb2, where Kd is the
Indo-1 dissociation constant for Ca2� (250 nmol/L), R is
the ratio of the intensities at 405 nm and 485 nm, and Rmin

and Rmax are the R values at 0 and saturating levels of
Ca2�, respectively. Sf2/Sb2 is the ratio of the intensities at
485-nm emission under Rmin and Rmax conditions.

Statistical Analysis

Results are expressed as mean � SE. All statistical anal-
ysis was performed using Microsoft Excel software (Mi-
crosoft). Statistical significance was determined using
the two-tailed unpaired t-test. P � 0.05 was considered
significant.

Results

IFN-� Enhances CaM Antagonist-Mediated
Apoptosis in Cholangiocarcinoma Cells

Our previous study demonstrated that subpopulations of
the Sk-ChA-1 human cholangiocarcinoma cell line show
different sensitivities to Fas- and CaM antagonist-medi-
ated apoptosis; Fas-high cells (cells expressing high lev-
els of Fas) are sensitive to both Fas- and CaM antagonist-
mediated apoptosis, but Fas-low cells (cells expressing
low levels of Fas) are resistant.30 We also showed that
IFN-� up-regulates Fas and other apoptosis-related mol-
ecules and enhances Fas-mediated apoptosis in both
Fas-high and Fas-low cells.37 We were thus interested in
investigating the effect of IFN-� on CaM antagonist-me-
diated apoptosis. Three CaM antagonists, TMX, TFP, and
W7, were used. One of these, TMX, has been shown to be
anti-tumorigenic for cholangiocarcinoma.31 Although
TMX is known as an anti-estrogen, it is also a CaM an-
tagonist.13 Additionally, our cholangiocarcinoma cell line
is estrogen receptor-negative,31 and the pure anti-estro-
gen, ICI 182780, does not induce apoptosis in this cell
line,30 suggesting that TMX induces apoptosis by its
anti-CaM action. We first pretreated both Fas-high and
Fas-low cholangiocarcinoma cells with 250 U/ml of IFN-�
or medium alone for 18 hours, IFN-� was removed, and
then TMX (10 �mol/L), TFP (15 �mol/L), or W7 (50
�mol/L) were added. In 20 hours, apoptotic cells were
detected by flow cytometry after annexin V/PI staining.
Activating Fas antibody (Ab) (CH11)-treated cells were
also analyzed for comparison. Figure 1A is representative
data from flow cytometric analysis after annexin V/PI
staining, and the results of six separate experiments are
summarized in Figure 1B. The results show that Fas-low
cells are resistant or only slightly sensitive to apoptosis,
whereas Fas-high cells undergo apoptosis when chal-
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lenged with either CaM antagonists or activating Fas Ab.
However, when pretreated with IFN-�, Fas-low cells also
showed susceptibility to CaM antagonists and activating
Fas Ab. IFN-� also enhanced the sensitivities to CaM
antagonists and Fas Ab in Fas-high cells. Induction of
apoptosis by CaM antagonists in IFN-�-pretreated cells is
more effective in Fas-high cells than in Fas-low cells
(Figure 1, A and B), suggesting that there are defects in
apoptotic signaling pathways in Fas-low cells, as we
discussed in our previous report.37 Because Fas-high
cells respond to CaM antagonists and Fas Ab, even in the
absence of IFN-�,30 we were more interested in apopto-
sis induced by combined treatment with IFN-� and CaM
antagonists in Fas-low cells, which are completely resis-
tant to apoptosis if not pretreated with IFN-�. Therefore,
the remainder of these studies was focused on the effects

of combined treatment with IFN-� and CaM antagonists in
Fas-low cells.

The effect of IFN-� pretreatment was then tested at
different concentrations of TFP. Nonpretreated Fas-low
cholangiocarcinoma cells undergo apoptosis only
slightly at 20 �mol/L TFP, but none at 10 or 15 �mol/L
TFP. In contrast, IFN-�-pretreated Fas-low cells have a
slight increase in apoptosis in the absence of TFP, and
show a dose-dependent enhancement of apoptosis at all
concentrations of TFP tested (10, 15, and 20 �mol/L)
(Figure 1C).

The synergism of IFN-� and CaM antagonists in the
induction of apoptosis was also observed in the pancre-
atic carcinoma cell lines, HPAC and HPAF-II. Although
IFN-�, TMX, or TFP alone did not induce apoptosis, com-
bined treatment with IFN-� and TMX increased apoptosis
by 80 � 10% (data not shown). The combination of IFN-�
and TFP also effectively induced apoptosis in these pan-
creatic carcinoma cell lines (data not shown).

CaM Antagonists Induce Cleavage of Caspases
and Bid, and Release of Cytochrome c in
IFN-�-Pretreated Cells

We previously showed that enhanced Fas-mediated ap-
optosis in IFN-�-pretreated cells results from an increase
in apoptosis-related molecules such as Fas, caspases,
and Bak, which facilitate caspase cleavage and cyto-
chrome c release from the mitochondria to the cytosol.37

Because IFN-� renders Fas-low cholangiocarcinoma
cells sensitive to both activating Fas Ab and CaM antag-
onists, the downstream mechanisms of CaM antagonist-
mediated apoptosis were investigated. Caspase-8, one
of the key initiator caspases, is cleaved by a two-step
mechanism. Initial cleavage generates a p43 and a p12
fragment. Subsequent cleavage of the p43 generates a
prodomain, p26, and an active fragment, p18.39 To de-
termine caspase-8 activation, Fas-low cells were pre-
treated with IFN-� or medium alone for 18 hours, then
stimulated with activating Fas Ab, TMX, or TFP for 12
hours. Western blot analysis of cell lysates reveals cleav-
age of caspase-8 producing the intermediate products
p41/43 and the active fragment p18 only when cells were
pretreated with IFN-� and challenged with Fas Ab, TMX,
or TFP (Figure 2). In nonpretreated cells, only weak
p41/43 bands were detected and p18 fragments were
undetectable.

We were also interested in the involvement of the mi-
tochondria in CaM antagonist-mediated apoptosis.
Among the proapoptotic Bcl-2 family, Bid, a BH3-only
member, connects the death receptor pathway and the
mitochondrial pathway. Bid is a direct substrate of
caspase-8 and is activated by the Fas/TNFR-1 pathway.
Cleaved C-terminal Bid translocates to the mitochondria
and potently induces cytochrome c release.40,41 We
found that the CaM antagonists, TMX and TFP, induce
cleavage of Bid, producing truncated fragments (p15),
and cause release of cytochrome c from the mitochondria
to the cytosol (Figure 2). Without IFN-� pretreatment,
CaM antagonists, as well as activating Fas Ab alone, did

Figure 1. IFN-� enhances CaM antagonist-mediated apoptosis in cholangio-
carcinoma cells. A: Fas-high and Fas-low Sk-ChA-1 cholangiocarcinoma cells
were incubated with IFN-� (250 U/ml) or medium alone for 18 hours
followed by an additional 20 hours of incubation with activating Fas antibody
(Fas Ab, CH11, 250 ng/ml) or the three CaM antagonists, TMX (10 �mol/L),
TFP (15 �mol/L), and W7 (50 �mol/L). Apoptotic cell death was analyzed by
flow cytometry after staining with fluorescein isothiocyanate-conjugated an-
nexin V and PI. Cells in the different quadrants represent: a, viable cells; b,
early apoptotic cells; c, late apoptotic/necrotic cells. B: Mean percentage of
apoptotic cells � SE (n � 6). Annexin V-positive cells (cells in area b and c)
were counted as apoptotic cells. C: Different concentrations of TFP were
added to Fas-low Sk-ChA-1 cholangiocarcinoma cells (Fas-low cells), with or
without IFN-�-pretreatment. Apoptotic cells were counted and graphed as
described in B (n � 4).
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not induce Bid cleavage or cytochrome c release, con-
sistent with the resistance to apoptosis of these Fas-low
cells.

Because released cytochrome c leads to the formation
of an Apaf-1/caspase-9 complex, in the presence of ATP,
and subsequent activation of caspase-9,42 we next as-
sessed caspase-9 activation. Western blot analysis
shows the generation of cleaved caspase-9 fragments by
treatment with the CaM antagonists, TMX and TFP, in
IFN-�-pretreated cells (Figure 2). In addition, parallel ef-
fects on caspase-3 activation were shown by an increase
in the 19/17-kd cleaved form of caspase-3 (Figure 2).
These observations demonstrate that combined treat-
ment with IFN-� and CaM antagonists induces apoptosis
by mechanisms similar to those involved in Fas-mediated
apoptosis, involving caspase activation and cytochrome
c release.

CaM Antagonists Cause the Loss of
Mitochondrial Membrane Potential in
IFN-�-Pretreated Cells

Although the mechanism by which cytochrome c is re-
leased is still controversial, an associated event is the
collapse of the mitochondrial inner membrane potential,
indicating the opening of a large conductance channel,
known as the mitochondrial permeability transition
pore.43 To investigate whether a mitochondrial mem-
brane potential change is involved in apoptosis induced
by CaM antagonists after IFN-� treatment, Fas-low cells
were pretreated with IFN-� or medium alone, stimulated
with Fas Ab, TMX, TFP, or W7, and then loaded with JC-1.
JC-1 is a cationic dye that is commonly used to detect the
mitochondrial membrane potential. JC-1 displays two
major emission peaks (590 nm and 525 nm, with excita-

tion at 488 nm) that correspond to red-fluorescent J-
aggregates and green fluorescent monomers, respec-
tively. Because, this dye forms aggregates in polarized
mitochondria and exists as monomers in depolarized
mitochondria, a decreased ratio of red/green fluores-
cence intensity indicates mitochondrial depolarization.
Therefore, the detection of the fluorescence ratio allows
us to determine the percentage of depolarized mitochon-
dria within the population.44 In the flow cytometric data
shown in Figure 3, the upper left quadrant represents
polarized mitochondria, the lower right represents depo-
larized mitochondria, and the upper right represents an
intermediate stage. Treatment with the potassium iono-
phore, valinomycin, serves as a positive control causing
depolarization of the mitochondrial membrane. Figure 3A
is representative of three different experiments and the
numbers represent the mean percentage of cells in each
quadrant. The three CaM antagonists, TMX, TFP, and W7,

Figure 2. CaM antagonists induce cleavage of caspases-8, -9, and -3; cleav-
age of Bid; and release of cytochrome c in IFN-�-pretreated cells. Fas-low
cells were incubated with IFN-� (250 U/ml) or medium alone for 18 hours
followed by an additional 12 hours of incubation with activating Fas Ab
(CH11, 250 ng/ml), TMX (10 �mol/L), or TFP (15 �mol/L). To detect caspase
and Bid cleavage, whole cell lysates were prepared and immunoblotted for
caspases or Bid. For the detection of cytochrome c release, cytosolic extracts
were prepared and immunoblotted for cytochrome c.

Figure 3. CaM antagonists induce depolarization of the mitochondrial mem-
brane in IFN-�-pretreated cells. A: Fas-low cells were incubated with IFN-�
(250 U/ml) or medium alone (no pretreatment) for 18 hours, followed by an
additional 12 hours of incubation with activating Fas Ab (CH11, 250 ng/ml),
TMX (10 �mol/L), TFP (15 �mol/L), or W7 (50 �mol/L). Exposure of cells to
valinomycin (500 nmol/L) served as a positive control. B: IFN-�-pretreated
(for 18 hours) Fas-low cells were treated with z-VAD-fmk (100 �mol/L) or
medium alone for 1 hour, and then stimulated with Fas Ab (CH11), TFP, or
W7 for 15 hours. Mitochondrial membrane potential was measured with JC-1
dye as described in Materials and Methods. Cells in the top left quadrant
exhibit high mitochondrial membrane potential, while cells in the bottom
right quadrant exhibit low mitochondrial membrane potential and top right
quadrant represent an intermediate stage. Shown is a representative result of
three independent experiments and the numbers in each quadrant represent
the average percentage of cells in that quadrant.
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as well as activating Fas Ab, induced mitochondrial de-
polarization when cells were pretreated with IFN-�, while
valinomycin produces the same effect in both nonpre-
treated and IFN-�-pretreated cells (Figure 3A). IFN-�
treatment alone does not induce depolarization of the
mitochondrial membrane; the majority of cells (75.6%)
maintains a high mitochondrial membrane potential sim-
ilar to a nontreated control group (77.5%). These results
indicate that induction of susceptibility to CaM antago-
nists in IFN-�-pretreated cells is accompanied by the loss
of the mitochondrial membrane potential, possibly result-
ing in cytochrome c release.

To investigate whether depolarization of the mitochon-
drial membrane is a caspase-dependent event, we pre-
treated IFN-�-primed cells with or without 100 �mol/L
z-VAD-fmk, a broad-range caspase inhibitor, before ad-
ditions of activating Fas Ab, TFP, or W7. JC-1 staining of
the cells showed that z-VAD-fmk did not block CaM an-
tagonist-mediated depolarization of the mitochondria,
while Fas-mediated depolarization was partially inhibited
(Figure 3B).

CaM Antagonists Cause an Increase in the Free
Cytosolic Calcium Concentration in
IFN-�-Pretreated Cells

Alteration of intracellular Ca2� homeostasis has been
implicated in apoptosis. Specific Ca2�-channel blockers
abrogate apoptosis in prostate cells45 and Ca2�-mobiliz-
ing agents (eg, Ca2� ionophores or the endoplasmic/
sarcoplasmic reticulum Ca2�-ATPase pump inhibitor,
thapsigargin) can induce apoptosis in many cell
types.46–48 Moreover, the CaM antagonists, TMX, TFP,
and W7, have been shown to increase free cytosolic
Ca2� concentration ([Ca2�]c),32,49–51 suggesting a pos-
sible involvement of increased [Ca2�]c during CaM an-
tagonist-mediated apoptosis. To investigate whether
IFN-� pretreatment affects CaM antagonist-mediated
[Ca2�]c change, we measured [Ca2�]c after the addition
of CaM antagonists to IFN-�-pretreated or nonpretreated
Fas-low cells. In the unstimulated state, the basal [Ca2�]c
of IFN-�-pretreated cells (177 � 4 nmol/L) is slightly, but
significantly, higher than that of nonpretreated cells
(150 � 7 nmol/L, Figure 4, at time point 0 in all panels).
When cells were not pretreated with IFN-�, [Ca2�]c was
not changed by CaM antagonists or activating Fas Ab
treatment (Figure 4, open circles), which is consistent
with resistance to apoptosis. In contrast, in IFN-�-pre-
treated cells, the three CaM antagonists, TMX, TFP, W7
and activating Fas Ab increased [Ca2�]c by 70%, 54%,
78%, and 100%, respectively, at 8 hours. At 4 hours, only
activating Fas Ab increased [Ca2�]c significantly (Figure
4) and neither CaM antagonists nor activating Fas Ab
triggered immediate [Ca2�]c change (data not shown).
These data indicate that IFN-� treatment results in cells
that respond to CaM antagonists, as well as activating
Fas Ab, with a slow, prolonged increase in [Ca2�]c.

Neutralizing Fas Antibody Can Not Block CaM
Antagonist-Mediated Apoptosis

Previous data suggest that CaM antagonist-mediated ap-
optosis correlates with the presence or amount of Fas.
Fas-high cells are more sensitive to CaM antagonists
than Fas-low cells,30 and IFN-� treatment induces Fas
expression37 and the concomitant susceptibility to CaM
antagonists (Figure 1). We were thus interested in deter-
mining whether the interaction of CaM antagonists with
surface Fas is required for CaM antagonists to stimulate
apoptosis. In addition, it has been reported that cytotoxic
drugs commonly used in cancer therapy can induce
apoptosis through enhanced expression of Fas52 and
FasL,53 resulting in Fas-FasL interaction. Because up-
regulated Fas in IFN-�-treated cells might interact with
FasL that is expressed in Fas-low cells (unpublished
observation), it is important to determine whether the
Fas-FasL interaction is necessary to initiate apoptosis. To
investigate this possibility, Fas-low cells were grown in
the presence of IFN-� for 18 hours, and pretreated with
neutralizing Fas Ab (ZB4) for 2 hours before the addition
of activating Fas Ab, TMX, or TFP. Neutralizing Fas Ab
almost completely blocked apoptosis induced by activat-
ing Fas Ab (CH11), but had no effect on TMX- or TFP-
mediated apoptosis (Figure 5). These results indicate
that apoptosis induced by CaM antagonists, after IFN-�
treatment, does not involve either the interaction between

Figure 4. CaM antagonists increase the free cytosolic calcium concentration
in IFN-�-pretreated cells. Fas-low cells were pretreated with IFN-� (250 U/ml,
filled circles) or medium alone (open circles) for 18 hours and activating
Fas Ab (CH11, 250 ng/ml), TMX (10 �mol/L), TFP (15 �mol/L), or W7 (50
�mol/L) were added. After 4 and 8 hours, cells were loaded with Indo-1-
Indo-1 acetoxymethyl ester and the free cytosolic calcium concentration was
measured and calculated as described in Materials and Methods. Error bars
represent SE. *, P � 0.01 (n � 8). **, P � 0.05 compared with time point 0
(n � 4).
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surface Fas and the CaM antagonist or between surface
Fas and FasL.

Caspase Inhibitor Partially Blocks CaM
Antagonist-Mediated Apoptosis

Because caspases-8, -9, and -3 are cleaved during IFN-
�/CaM antagonist-mediated apoptosis (Figure 2), we in-
vestigated the effect of a caspase inhibitor on apoptosis.
Fas-low cells were first treated with IFN-� for 18 hours,
and incubated with 100 �mol/L of z-VAD-fmk, a broad-
range caspase inhibitor, for 2 hours before the addition of
activating Fas Ab, TMX, or TFP. Analysis of apoptotic
cells revealed that z-VAD-fmk partially inhibits activating
Fas Ab-, TMX-, and TFP-mediated apoptosis (Figure 6).
Because IFN-� up-regulates several caspases,37 it is
possible that 100 �mol/L of z-VAD-fmk is not sufficient for
complete inhibition, resulting in partial inhibition. To in-
vestigate this possibility, we used 200 �mol/L of zVAD-
fmk and found that it still inhibits apoptosis only partially
(data not shown). We also used Fas-high Sk-ChA-1 chol-
angiocarcinoma cells that are sensitive to both activating
Fas Ab and CaM antagonists, even without IFN-� pre-
treatment.30 In nonpretreated Fas-high cells, 100 �mol/L
of zVAD-fmk inhibits Fas-mediated apoptosis completely,
while it only partially inhibits TMX- and TFP-mediated
apoptosis (data not shown), suggesting that CaM antag-
onists induce cell death through both caspase-depen-
dent and -independent pathways.

CaM Antagonists Induce Apoptosis in
IFN-�-Pretreated Cells Independent of
CaMKII and Calcineurin

CaM-dependent protein kinase II (CaMKII) is a major
mediator of cellular Ca2� effects, and has been impli-
cated in both apoptosis54,55 and survival.56 Calcineurin,
a serine/threonine protein phosphatase, has also been
demonstrated to induce apoptosis or inhibit apoptosis
through NF-AT activation57 and dephosphorylation of
Bad.58 Because both CaMKII and calcineurin are CaM-
dependent enzymes, it is possible that CaM antagonists
induce apoptosis through inhibition of CaMKII or cal-
cineurin activation. To determine whether inhibition of
CaMKII or calcineurin induces apoptosis, we treated IFN-
�-primed cells with KN93, a CaMKII inhibitor, or cyclo-
sporine A (CysA), a calcineurin inhibitor. Results show
that neither KN93 (10 �mol/L) nor CysA (1 �mol/L) in-
duced apoptosis, while TFP (15 �mol/L) did (Figure 7),
suggesting that the CaM antagonists induce apoptosis,
in IFN-�-pretreated cells, by mechanisms other than in-
hibition of CaMKII or calcineurin.

Because both CaMKII and calcineurin are fully acti-
vated on binding to the Ca2�-bound form of CaM, it is
also possible that CaMKII and calcineurin are activated
by the increased [Ca2�]c during TFP-mediated apoptosis
(Figure 4). To determine whether CaMKII or calcineurin
activity are required during TFP-mediated apoptosis, we
treated IFN-�-primed cells with TFP in the presence of
KN93 or CysA and observed no effect of KN93 or CysA
on TFP-mediated apoptosis (Figure 7). We also observed
no effect of KN93 or CysA on apoptosis mediated by
other CaM antagonists, TMX and W7 (data not shown).

Figure 5. Neutralizing Fas antibody does not block CaM antagonist-mediated
apoptosis. IFN-�-pretreated (250 U/ml, 18 hours) Fas-low cells were incu-
bated without (control) or with neutralizing Fas antibody (ZB4, 2 �g/ml) for
2 hours before the addition of activating Fas Ab (CH11, 250 ng/ml), TMX (10
�mol/L), or TFP (15 �mol/L). After 20 hours, apoptotic cell death was
determined as described in Figure 1. Shown are means � SE (n � 4).

Figure 6. Caspase inhibitor partially blocks CaM antagonist-mediated apo-
ptosis. IFN-�-pretreated (250 U/ml, 18 hours) Fas-low cells were incubated
without (control) or with z-VAD-fmk (100 �mol/L) for 2 hours before the
addition of activating Fas Ab (CH11, 250 ng/ml), TMX (10 �mol/L), or TFP
(15 �mol/L). In 20 hours, apoptotic cell death was determined as described
in Figure 1. Shown are means � SE (n � 5). *, P � 0.008.

Apoptosis by IFN-� and CaM Antagonists 2059
AJP November 2003, Vol. 163, No. 5



These results suggest that neither CaMKII nor calcineurin
activity are required during CaM antagonist-mediated
apoptosis.

Discussion

CaM has been recognized as a primary transducer of
Ca2�-dependent signals and a regulator of many essen-
tial cellular functions. Because Ca2� is important in cell-
cycle regulation, CaM antagonists have been recognized
as anti-proliferative agents.21 CaM antagonists have also
been reported to inhibit tumor cell invasion in vitro25 and
inhibit metastasis in vivo.26 Although CaM has been re-
ported to regulate apoptosis,27,28,30 the underlying mo-
lecular mechanisms are unknown. In addition, some can-
cer cells are resistant to apoptosis when treated with
anti-CaM drugs.30 In this study, CaM antagonists were
used, in combination with IFN-� pretreatment, to induce
cell death in Fas-low cholangiocarcinoma cells, which
are otherwise resistant to apoptosis. IFN-� is a pleiotropic
cytokine that plays a central role in promoting innate and
adaptive mechanisms of host defense.59 The ability of
IFN-� to enhance Fas-mediated apoptosis has been ex-
tensively studied. The up-regulation of Fas by IFN-� in
HT29 human colon adenocarcinoma cells,60 melanoma
cells,61 squamous cell carcinoma,62 and cholangiocarci-
noma cells37 has been reported, and enhanced Fas-
mediated apoptosis was observed in many cases.

In this report, we first demonstrate that the combination
of IFN-� and CaM antagonists induces apoptosis in ap-
optosis-resistant cholangiocarcinoma cells. Previously,
we reported that the human cholangiocarcinoma cell line,
Sk-ChA-1, expresses Fas heterogeneously, and the Fas
expression level correlates with sensitivity to Fas- and
CaM antagonist-mediated apoptosis.30 Because the ef-
fect of IFN-� on up-regulation of Fas has been shown in
many cell types, we treated Fas-low cholangiocarcinoma
cells, which are resistant to Fas-mediated apoptosis, with
IFN-� and found increases in Fas and other apoptosis-

related molecules and induction of susceptibility to Fas-
mediated apoptosis.37 Interestingly, IFN-� also renders
Fas-low cholangiocarcinoma cells sensitive to CaM an-
tagonist-mediated cell death through apoptosis as dem-
onstrated in this report. After combined treatment with
IFN-� and CaM antagonists, we observed morphological
changes typical of apoptosis, eg, rounding, formation of
apoptotic bodies, and cell shrinkage (data not shown).
Moreover, we show that, in IFN-�-pretreated cells, CaM
antagonists induce caspase cleavage, a hallmark of ap-
optosis; cleavage of caspases-8, -9, and -3 was detected
(Figure 2). In addition, cleavage of Bid, one of the direct
substrates of caspase-8, was clearly detected (Figure 2).
We also demonstrate that CaM antagonists induce cyto-
chrome c release from the mitochondria (Figure 2) and
the collapse of the mitochondrial membrane potential in
IFN-�-pretreated cells (Figure 3A).

One of the molecular events we identified during CaM
antagonist-mediated apoptosis is the elevation of the free
cytosolic Ca2� concentration ([Ca2�]c) (Figure 4) that
has been implicated in both caspase-dependent and
-independent cell death. The role of Ca2� in cell death
involving caspase activation has been extensively exam-
ined.63,64 After a variety of cellular insults, Ca2� has also
been shown to be necessary for apoptotic endonuclease
activation, causing DNA cleavage.65,66 Growing evi-
dence suggests that the Ca2�-dependent protease, cal-
pain, is frequently activated in apoptosis associated with
elevated [Ca2�]c.67,68 Sustained increases in [Ca2�]c
leads to Ca2� overload in the mitochondria, causing the
collapse of the mitochondrial membrane potential.69 In
this regard, the increase in [Ca2�]c associated with CaM
antagonist treatment is likely to be involved in diverse
processes that induce apoptosis in both caspase-depen-
dent and -independent manners. The source of the in-
creased [Ca2�]c and its exact role in CaM antagonist-
mediated apoptosis merits further investigation.

Although many events during Fas- and CaM antago-
nist-mediated apoptosis are similar, there are important
differences. First, the generation of p18 fragments of
caspase-8 and release of cytochrome c by the CaM
antagonists are less extensive than seen during Fas-
mediated apoptosis (Figure 2), whereas apoptotic cell
death mediated by CaM antagonists and activating Fas
Ab are comparable (Figure 1B). Therefore, it is possible
that CaM antagonists initiate multiple pathways to induce
apoptosis. Cleavage of initiator caspases, such as
caspase-8, and induction of cytochrome c release may
be a part of those multiple pathways. Secondly, we show
that a broad-range caspase inhibitor does not block CaM
antagonist-induced mitochondrial membrane potential
change, but partially blocks Fas Ab-mediated mitochon-
drial membrane potential change, in IFN-�-pretreated
cells (Figure 3B). This result suggests that CaM antago-
nists are able to affect mitochondrial function indepen-
dent of caspase activation. Consistent with this, the
broad-range caspase inhibitor only partially blocks CaM
antagonist-mediated apoptosis (Figure 6), indicating that
CaM antagonists trigger both caspase-dependent and
-independent pathways, and the depolarization of the
mitochondrial membrane potential by CaM antagonists

Figure 7. KN93 and cyclosporine A do not either induce apoptosis or affect
TFP-mediated apoptosis. IFN-�-pretreated (250 U/ml, 18 hours) Fas-low cells
were incubated with KN93 (10 �mol/L), cyclosporine A (CysA, 1 �mol/L), or
TFP (15 �mol/L). For the combined treatment, cells were pretreated with
KN93 or CysA for 1 hour, and then TFP was added. After 20 hours, apoptotic
cell death was determined as described in Figure 1. Shown are means � SE
(n � 3).
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represents one possible caspase-independent mecha-
nism. Third, neutralizing Fas Ab has no effect on CaM
antagonist-mediated apoptosis whereas it blocks Fas-
mediated apoptosis completely (Figure 5). Both Fas- and
CaM antagonist-mediated apoptosis are partially inhib-
ited by the broad-range caspase inhibitor, z-VAD-fmk
(Figure 6). These results suggest that even though Fas-
and CaM antagonist-mediated apoptosis share some
common molecular events, the interaction of CaM antag-
onists with surface Fas is not required for CaM antago-
nists to stimulate apoptosis.

In this report, we have focused on the induction of
apoptosis in Fas-low cholangiocarcinoma cells because
they are resistant to Fas- and CaM antagonist-mediated
apoptosis, if not treated with IFN-�, and are tumorigenic
in nude mice. Although IFN-� renders Fas-low cells sus-
ceptible to CaM antagonist-mediated apoptosis as
shown in this report, IFN-�-pretreated Fas-low cells are
still less sensitive than IFN-�-pretreated Fas-high cells
(Figure 1, A and B). Previously, we compared the expres-
sion levels of many apoptosis-related molecules in Fas-
high and Fas-low cells, showing there is no difference in
levels of caspases and Bcl-2 family members in these
two subpopulations.37 The in vitro proliferation rates of
Fas-high and Fas-low cells were also the same (data not
shown). It is possible that other inhibitors of apoptotic
pathways, such as c-FLIP, may be involved in resistance
to apoptosis in Fas-low cells, as we speculated in our
previous report.37

To investigate the effect of CaM antagonists, we used
three compounds, TMX, TFP, and W7. TMX is commonly
used as a chemotherapeutic and chemopreventive agent
for breast cancer. Although, it has been primarily used for
the treatment of hormone-dependent cancers, several
studies have shown that TMX also inhibits the growth of
hormone-independent tumors.31,70,71 Animal studies and
clinical trials have shown that TMX may be useful in the
treatment of a much wider range of diseases, including
atherosclerosis, autoimmune diseases, and osteoporo-
sis.72 The effect of TMX on this wide range of diseases
results from its multiple functions. Its interaction with the
estrogen receptor was initially believed to be its sole
action. It is now clear that TMX has mixed properties,
being both an agonist and an antagonist of the estrogen
receptor. In addition, it has many effects independent of
estrogen receptor-related pathways. These include mod-
ulation of signaling proteins such as protein kinase C,
CaM, transforming growth factor-�, and the proto-onco-
gene, c-myc.14,72 Recent studies also demonstrate that
TMX increases the spatial expansion of calcium waves71

and mitochondrial depolarization73 in an estrogen recep-
tor-independent manner. We speculate that TMX induces
apoptosis via its CaM antagonism, because the molecu-
lar events after TMX treatment were identical with those
induced by other classical CaM antagonists (TFP and
W7). The morphological changes in cells treated with
TMX and other CaM antagonists were also identical, ie,
rounding, shrinkage, and detachment (data not shown).

The effective induction of apoptosis by combined
treatment with IFN-� and CaM antagonists was also con-
firmed in some pancreatic carcinoma cell lines, HPAC

and HPAF-II, suggesting the dual treatment may be use-
ful for inducing apoptosis in several types of cancer cells.
However, we found that the combined treatment did not
enhance apoptosis in other cell lines (pancreatic carci-
noma cell lines MIaPaCa-2 and PANC-1 and the breast
cancer cell line MCF-7). The underlying mechanism of
differing sensitivity to combined treatment with IFN-� and
CaM antagonists in different cell lines requires further
investigation. The in vivo effects of combined treatment
with IFN-� and TMX are also under investigation in our
laboratory. Because both IFN-� and TMX have been ap-
proved for clinical use, combined treatment with this dual
therapeutic modality may be a useful strategy against
cholangiocarcinoma and potentially other malignancies.
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