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4Stimulation of Fas-mediated apoptosis has been pro-
moted as a potential therapy for many cancers, includ-
ing cholangiocarcinoma. We have previously reported
that Fas-resistant, but not Fas-sensitive, cholangiocarci-
noma cells are tumorigenic in nude mice. The present
studies sought to identify molecular targets that pro-
mote Fas-mediated apoptosis in cholangiocarcinoma.
We found that Fas-resistant cholangiocarcinoma cells
exhibited increased constitutive phosphorylation of
AKT compared with Fas-sensitive cells. Increased phos-
phorylation of AKT was also demonstrated in human
cholangiocarcinoma tumors and was evident in a
mouse xenograft cholangiocarcinoma model. Further-
more, we found that 3,3’-diindolylmethane (DIM), a
vegetable autolysis product, promoted Fas-mediated ap-
optosis of cholangiocarcinoma cells. DIM inhibited
phosphorylation of AKT and activation of FLICE-
like-inhibitory-protein (FLIP). Inhibition of phos-
phatidylinositol 3-kinase/AKT decreased FLIP activation
and promoted Fas-mediated apoptosis. By contrast, ad-
enovirus-mediated constitutively activated AKT pro-
tected cholangiocarcinoma cells from Fas-mediated ap-
optosis. Decreased activation of extracellular signal-
regulated kinase and nuclear factor-«B and increased
activation of caspase-3, -8, and -9 were associated
with inhibition of AKT and FLIP. These results support
AKT and FLIP as potential molecular targets and DIM
as a potent compound for cholangiocarcinoma
intervention. (Am J Pathol 2006, 169:1833-1842; DOI:
10.2353/ajpath.2006.060234)

Cholangiocarcinoma is a highly malignant neoplasm
originating from cholangiocytes of the intra- and extrahe-
patic biliary system." It is a generally fatal cancer repre-
senting 20% of all hepatobiliary malignancies in the
United States, a number that is increasing every year.?
Stimulation of apoptosis has been promoted as a poten-
tial therapy for many cancers, including cholangiocarci-
noma. A number of molecules have been suggested to
regulate apoptosis in cholangiocarcinoma cells, includ-
ing Mcl-1,2 cyclooxygenase-2,% and the Fas death recep-
tor system.* Results from our group and others have
suggested that regulation of Fas-mediated apoptosis is a
promising therapeutic avenue for cholangiocarcino-
ma.*~% Down-regulation of Fas expression protects chol-
angiocarcinoma and other tumor cells from Fas-mediated
apoptosis.*® In human intrahepatic cholangiocarcinoma,
down-regulation of Fas is correlated with increased tumor
size and short survival of patients.® Consistent with these
observations, we have demonstrated that Fas-resistant,
but not Fas-sensitive, cholangiocarcinoma cells are tu-
morigenic in nude mice.* In the present studies, we
sought to identify molecular targets downstream of the
Fas death receptor that promote Fas-mediated apoptosis
in cholangiocarcinoma.

Suppression of apoptosis by intracellular survival fac-
tors is important in the development of chemoresis-
tance.” We have previously reported that the cleaved
active form of FLICE-like inhibitor protein (FLIP), a death
inhibitor in the Fas-stimulated apoptosis pathway, is in-
creased in Fas-resistant cells.® FLIP is an enzymatically
inactive homologue of caspase-8, a death mediator in the
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Fas-mediated apoptosis pathway. Recently, FLIP has
been shown to divert Fas-mediated death signals into
those for cell proliferation in lymphocytes.® In addition,
up-regulation of FLIP decreased B-cell apoptosis and
restored p-cell proliferation.® Accordingly, our observa-
tion that increased activation of FLIP in Fas-resistant chol-
angiocarcinoma cells supports a potential link between
FLIP and resistance of cells to Fas-mediated apoptosis.
Consistently, inhibition of FLIP by an antagonist of calci-
um/calmodulin-dependent protein kinase Il (CaMKIl) ren-
ders malignant glioma cells more sensitive to Fas-medi-
ated apoptosis.'©

The protein kinase B/AKT signaling pathways play
important roles in regulating apoptosis of cholangio-
carcinoma.'"'? Several studies have suggested that
increased constitutive phosphorylation of AKT is asso-
ciated with increased FLIP and decreased apopto-
sis.’>® However, whether CaMKIl and AKT signaling
affect FLIP or Fas-mediated apoptosis in cholangiocar-
cinoma has not been determined. Observations from
our group and others have implicated FLIP as a poten-
tial candidate target for sensitizing cells to Fas-
mediated apoptosis, and antagonists of CaMKII and/or
AKT signaling pathway may inhibit FLIP, thus promot-
ing Fas-mediated apoptosis in cholangiocarcinoma
cells.

Emerging evidence demonstrates effects of the in-
dole-derivative indole-3-carbinol (I3C) on apoptosis
and proliferation of a variety of human cancer cell lines
in vivo and in vitro, including breast, prostate, cervical,
and colon cancer.'" "8 |3C is a natural vegetable
autolysis product from cruciferous vegetables, such as
broccoli, Brussels sprouts, cabbage, and cauliflower.
The dimeric product 3,3’-diindolylmethane (DIM) is a
major component of I3C that has been suggested to be
responsible for its biological effects in vivo.'® In pros-
tate cancer cells, inactivation of AKT appears to be
responsible for the apoptotic effects of 13C."82° Ac-
cordingly, we investigated whether I3C and DIM can
enhance Fas-mediated apoptosis in cholangiocarci-
noma cells. Results from our studies suggest that AKT
and FLIP are potent molecular targets for cholangio-
carcinoma prevention and therapy and that DIM may
represent a novel nontoxic chemotherapeutic reagent
to target these molecules in cholangiocarcinoma.

Materials and Methods

Reagents and Antibodies

I3C and DIM were purchased from LKT Laboratories (St.
Paul, MN). All protease inhibitors including AKT inhibitor
IV (AKTI), LY 294002, Wortmannin, and calcium/calmod-
ulin-dependent kinase Il (CaMKIl) antagonist, KN-93,
were obtained from Calbiochem (La Jolla, CA). Fas-acti-
vating antibody (CH-11) was purchased from Upstate
Biotechnology (Lake Placid, NY). Anti-human FLIP anti-
body was purchased from Alexis Biochemicals (San Di-
ego, CA). Anti-human CaMK Il antibody was obtained
from BD Biosciences (San Jose, CA). All other antibodies

including AKT, phosphorylated-AKT (serine 473), ERK,
phosphorylated-ERK (T202/Y204), phosphorylated-1kB,
caspase-3, caspase-8, and caspase-9 were purchased
from Cell Signaling Technology (Beverly, MA).

Cell Culture

The cholangiocarcinoma cell line Sk-ChA-1 was kindly
provided by Dr. A. Knuth (Ludwig Institute for Cancer
Research, London, UK). Sk-ChA-1 subpopulations that
are sensitive or resistant to Fas-mediated apoptosis were
established and characterized as we previously de-
scribed.* Cells were grown in RPMI 1640 (Invitrogen,
Carlsbad, CA) supplemented with penicillin (50 U/ml),
streptomycin (50 ug/ml), and 10% heat-inactivated fetal
bovine serum. All experiments were performed in serum-
free Dulbecco’s modified Eagle’s medium (DMEM) with
Hams’ nutrient mixture F12 (DMEM/F12; Life Technolo-
gies, Inc., Grand Island, NY).

Immunohistochemistry Analysis

Immunohistochemistry analyses were performed to de-
termine the expression of phosphorylated AKT in human
cholangiocarcinoma sections and in mouse xenograft
tumors derived from human cholangiocarcinoma cells.

Patients

Formalin-fixed, paraffin-embedded tissue sections
(5 wm) from patients (six males and four females) with
extrahepatic biliary tract carcinoma (extrahepatic cholan-
giocarcinoma) were studied. Five adjacent nonneoplastic
large ducts of these resected cholangiocarcinoma and
five nonneoplastic large biliary duct sections obtained
during resection of tissues for carcinoma of the head of
the pancreas served as controls. Ten sections were an-
alyzed per tissue sample.

Mouse Xenograft Tumors

Experiments were performed as we previously de-
scribed.*® In brief, 8-week-old athymic (nu/nu) female
BALB/c mice (Charles River Laboratories, Wilmington,
MA) were used for tumor inoculation. The animal use
protocol was approved by the Institutional Animal Care
and Use Committee at the University of Alabama at Bir-
mingham. In brief, Fas-resistant cholangiocarcinoma
cells [5 x 10° cells in 200 wl of phosphate-buffered saline
(PBS)/site] were inoculated subcutaneously into the
flanks of seven mice. Tumors were examined and mea-
sured every week. After 4 weeks, tumors were removed.
After determination of the tumor size, these tumors were
placed in buffered formalin and embedded in paraffin.

Staining

Slides were deparaffinized, rehydrated, and then
heated in 10 mmol/L citrate buffer (pH 6.0) for 40 minutes



using a steamer. The slides were blocked with 10% nor-
mal rabbit serum for 30 minutes. After washing in PBS,
the slides were incubated with anti-phosphorylated
AKT-1 antibody (concentration 1:50; Santa Cruz Biotech-
nology, Santa Cruz, CA) for 1 hour at room temperature.
Then the secondary biotinylated anti-rabbit IgG was ap-
plied for 30 minutes followed by 30 minutes of incubation
with a polymer (Envision plus; DAKO, Carpinteria, CA).
Slides used as negative controls did not receive incuba-
tion with primary antibodies. After rinsing, slides were
visualized by diaminobenzidine chromogen solution and
counterstained with routine hematoxylin and eosin.
Brown staining in greater than 10% of the cells was
considered as a positive stain.

Adenovirus Transduction of Cells

Adenovirus-mediated altered expression of AKT was
used to determine the direct effect of phosphorylation of
AKT in cholangiocarcinoma cells on Fas-mediated apo-
ptosis. Adenovirus encoding constitutively active AKT
(Ad-AKT) and dominant-negative AKT (DN-AKT) were
kindly provided by Dr. Kenneth Walsh (Boston University
School of Medicine).?" Cholangiocarcinoma cells were
grown in six-well plates and infected for 2 hours in
DMEM/F12 and 16 hours in serum-containing media with
recombinant adenovirus stocks at a multiplicity of in-
fection of 100 pfu/cell and subsequently cultured in
growth medium for 48 hours before CH-11 exposure.
Apoptosis of cells transduced with Ad-AKT and DN-AKT
was determined and compared with cells transduced
with control adenovirus.

Assessment of Apoptosis

Fas-mediated apoptosis was induced with Fas-activating
antibody (CH-11; Upstate Biotechnology) at concentra-
tions of 250 to 500 ng/ml. The effects of I3C, DIM, CaMK
Il antagonist KN-93, and pharmacological inhibitors of
phosphatidylinositol 3-kinase/AKT signaling, including
LY294002, Wortmannin, and AKTI, on Fas-mediated ap-
optosis were determined by preincubating cells in serum-
free DMEM/F12 with selected concentrations of these
inhibitors for 30 minutes and subsequentially exposing
cells to CH-11 (500 ng/ml) in DMEM/F12 for 24 hours.
Annexin V and propidium iodide (PI) staining was per-
formed to assess apoptosis with the use of the Annexin
V-fluorescein isothiocyanate apoptosis detection kit (BD
Biosciences, Palo Alto, CA) and analyzed by flow cytom-
etry. The percentage of cells that were Annexin V-positive
and Pl-negative was considered as apoptotic.

Western Blot Analysis

Western blot analysis was performed to determine the
intracellular expression of proteins. Cells were washed
inice-cold PBS, and protein extracts were isolated with
lysis buffer containing 100 mmol/L Tris-HCI, pH 8.0,
150 mmol/L NaCl, 1% sodium dodecy! sulfate, 10% glyc-
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erol, 1% Triton X, 5 mmol/L ethylenediaminetetraacetic acid,
1 mmol/L phenylmethy! sulfonyl fluoride, 10 mmol/L sodium
fluoride, 1 mmol/L sodium orthovanadate, 1 mmol/L B-glyc-
erophosphate, and protease inhibitor cocktail tablets
(Roche, Indianapolis, IN).

Concentrations of protein were determined with the
Bicinchoninic acid kit (Sigma, St. Louis, MO). Extracted
proteins were separated by sodium dodecy! sulfate-
polyacrylamide gel electrophoresis and transferred to
Immobilon P membranes (Millipore, Bedford, MA).
Membranes were blocked in Tris-buffered saline con-
taining 5% nonfat milk and 0.1% Tween 20 and incu-
bated with primary antibodies. Anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) monoclonal
antibody (Research Diagnostics, Inc., Flanders, NJ)
was used to confirm equal protein loading. The primary
antibodies were detected with horseradish peroxidase-
conjugated secondary antibodies (Amersham Phar-
macia Biotech, Piscataway, NJ) and enhanced
chemiluminescence detection reagents (Amersham
Biosciences, Piscataway, NJ). The density of bands
was analyzed with the use of densitometry and Kodak
software (Eastman-Kodak, Rochester, NY).

Determination of Surface Fas Expression

Surface Fas expression was determined to test whether
up-regulation of surface Fas expression mediated the
apoptotic effect of AKT inhibition. After treatment, cells
were washed twice with ice-cold PBS, detached with
trypsin and resuspended in 1% bovine serum albumin in
PBS. Cells were then stained with phycoerythrin-conju-
gated anti-Fas antibody (BD Pharmingen, San Diego,
CA) or phycoerythrin-conjugated isotope control IgG1
(mouse phycoerythrin-lgG1). After washing twice in PBS
plus 1% bovine serum albumin, cells were fixed in 3%
paraformaldehyde, washed, and resuspended in PBS
plus 1% bovine serum albumin. The expression of sur-
face Fas was analyzed by flow cytometry.

Statistical Analysis

Results are expressed as means = SD. Differences be-
tween two groups were identified with Student's t-test. For
multiple groups, one-way analysis of variance and Stu-
dent-Newman-Keuls tests were used to identify differ-
ences. Significance was defined as P < 0.05.

Results

Increased Expression of CaMKIl and
Phosphorylation of AKT in Fas-Resistant Cells

We have previously isolated subpopulations of cholan-
giocarcinoma cells, SK-ChA-1, and determined that
two subpopulations of cholangiocarcinoma cells are
sensitive (Fas-S) or resistant (Fas-R) to Fas-mediated
apoptosis based in part on their surface expression of
Fas.* In the present studies, we sought to identify
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Figure 1. Expression and/or activation of CaMKII, AKT, and FLIP in Fas-
resistant and Fas-sensitive cholangiocarcinoma cells. A: Western blot analysis
of the expression of CaMKII, AKT, pAKT, and FLIP in Fas-resistant (Fas-R)
and Fas-sensitive (Fas-S) cells. Representative blot of six independent exper-
iments is shown. B: The density of each band was normalized to the density
of GAPDH, and comparison of the mean densities of each protein in Fas-
resistant cells compared with that in Fas-sensitive cells was calculated as fold
changes. Increased expression of CaMKII and increased constitutive phos-
phorylation of AKT (pAKT) and FLIP (cleaved FLIPp43) were demonstrated
in Fas-resistant cells (12 = 6, *P < 0.05).

downstream molecular targets that sensitized cholan-
giocarcinoma cells to Fas-mediated apoptosis. An in-
creased cleaved active form of FLIP (FLIPp43) has
been identified in Fas-resistant cells.® Recently,
CaMKIl and AKT signaling have been demonstrated to
affect FLIP, thus regulating Fas-mediated apopto-
sis.'97'2 Accordingly, we determined the expression
and/or activation of CaMKIl and AKT in these sub-
clones of cholangiocarcinoma cells. As depicted in
Figure 1, A .and B, increased expression of CaMKIl was
evident in Fas-resistant cells (fold increase = 1.6 =
0.2, n = 6; P < 0.05 for Fas-R versus Fas-S). Further,
increased phosphorylation of AKT and FLIP, as deter-
mined by phosphorylated AKT and cleaved FLIPp43,
were demonstrated in Fas-resistant cells (fold increas-
es: pAKT = 1.6 = 0.2 and FLIPp43 = 2.4 = 0.2, n = 6;
P < 0.05 for Fas-R versus Fas-S). No changes in total
AKT and p55FLIP were observed. These results sug-
gested that increased CaMKII and phosphorylation of
AKT might be associated with the increase in active
FLIPp43 and resistance of cholangiocarcinoma cells to
Fas-mediated apoptosis. We therefore investigated
whether antagonists of CaMKII and inhibitors of AKT
signaling pathway could affect FLIP and sensitize chol-
angiocarcinoma cells to Fas-mediated apoptosis.

CaMKIl Antagonist Does Not Increase Fas-
Mediated Apoptosis of Cholangiocarcinoma
Cells

A pharmacological antagonist of CaMKII, KN-93, was
used. Preincubation of cells with KN-93 (10 wmol/L) did
not induce apoptosis of Fas-resistant cells or Fas-sen-
sitive cells (Figure 2A, controls). Furthermore, preincu-
bation of cells with KN-93 did not affect Fas-mediated
apoptosis in Fas-resistant or Fas-sensitive cells (Figure
2A, CH-11). To determine the effect of KN-93 on AKT
and FLIP, Western blot analysis was performed with
protein extracts from Fas-resistant cholangiocarci-
noma cells. Preincubation with KN-93 did not affect the
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Figure 2. Inhibition of CaMKII on Fas-mediated apoptosis in cholangiocar-
cinoma cells. A: Cholangiocarcinoma cells were preincubated with or with-
out KN-93 (10 umol/L) for 30 minutes and subsequently exposed to Fas-
activating antibody (CH-11, 500 ng/ml) for 24 hours at 37°C. Results shown
are from four independent experiments performed in duplicate. B: Fas-
resistant cells were preincubated without (C) or with KN-93 (10 wmol/L) for
30 minutes and subsequently exposed to Fas-activating antibody (CH-11) for
24 hours. Representative blots for CaMKII, pAKT, and FLIP of four indepen-
dent experiments are shown.

expression of CaMKII. Furthermore, no effects of
KN-93 on the phosphorylation of AKT and activation of
FLIP were demonstrated (Figure 2B). These results
suggest that inhibition of CaMKII is not responsible for
sensitizing cholangiocarcinoma cells to Fas-mediated
apoptosis.

Increased Phosphorylation in Tumors from
Patients with Cholangiocarcinoma

Having demonstrated increased constitutive phos-
phorylation of AKT in Fas-resistant cholangiocar-
cinoma cells (Figure 1), we determined the phos-
phorylation of AKT in tumors from patients with chol-
angiocarcinoma by immunohistochemical analysis and
compared that to adjacent nonneoplastic tissues. In-
creased phosphorylation of AKT was observed in 5
of 10 cholangiocarcinoma tumors. By contrast, phos-
phorylation of AKT was not identified in any of the 10
nonneoplastic epithelium samples (Figure 3). As de-
picted in Figure 3, the nonneoplastic epithelium (A and
C) were negative for pAKT, whereas the middle panels
(B and D) show a representative cholangiocarcinoma
that is positive for pAKT staining. Thus, in this small
series, activated AKT is associated with cholangiocar-
cinoma but not adjacent nonneoplastic bile duct
epithelium.

Increased Phosphorylation of AKT in Mouse
Xenograft Cholangiocarcinoma Tumors

The expression of pAKT was further determined in mouse
xenograft cholangiocarcinoma tumors. Fas-resistant
cholangiocarcinoma cells were injected into nude mice
and tumor growth was monitored weekly for 4 weeks.
Seven tumors with an average diameter of 11.0 = 1.6 mm
(n = 7) were examined for pAKT expression. The expres-
sion of pAKT was identified in all sections from all seven
tumors with mean percentage of positive tumor cells of
27.1 £ 11.1%. No adjacent stromal cells were positive for
pPAKT staining (Figure 3, E and F).
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Figure 3. Immunohistochemistry of phosphorylated AKT in human biliary
ducts and cholangiocarcinoma and mouse xenograft. Immunohistochemical
staining was performed with tissues from human cholangiocarcinoma and
mouse xenografts. A: H&E staining of a nonneoplastic duct. B: H&E staining of
section from a cholangiocarcinoma demonstrating extrahepatic biliary tract car-
cinoma with enlarged pleomorphic nuclei showing nuclear membrane irregu-
larity. C: Immunohistochemical staining of the benign biliary tract mucosa
showing no immunohistochemical expression of pAKT. D: Immunohistochem-
ical staining of the extrahepatic biliary tract carcinoma demonstrating expression
of pAKT in the cytoplasm. E: H&E staining of section from a cholangiocarcinoma
mouse xenograft showing tumor cells. F: Immunohistochemical staining of the
tumor cells and adjacent stromal cells demonstrating expression of pAKT in the
tumor cells but not the stromal cells. The table below the figures summarizes the
number of samples in each category. Original magnifications, X400.

13C and DIM Affect Fas-Mediated Apoptosis in
Cholangiocarcinoma Cells

Inhibition of AKT in prostate cancer has been postu-
lated to mediate the effect of I3C on Fas-mediated
apoptosis.'®2° |3C and DIM are anti-cancer reagents
that have been demonstrated to affect the growth and
apoptosis of a variety of tumor cells.’®~822 However,
the role of I3C and DIM in Fas-mediated apoptosis in
cholangiocarcinoma cells has not been determined.
Thus, we examined whether I3C and DIM affect Fas-
mediated apoptosis in cholangiocarcinoma cells and
whether AKT signaling mediates the effect of these
indole derivatives. We found that preincubation of chol-
angiocarcinoma cells with DIM enhanced Fas-medi-
ated apoptosis in both Fas-sensitive (Figure 4A, DIM +
CH-11 = 51.8 £ 1.5%; CH-11 = 32.6 £ 2.5%, n = §3;
P < 0.001) and Fas-resistant cells (Figure 4A, DIM +
CH-11 = 431 £ 0.8%; CH-11 = 18.3 £ 2.9%,n = 3;
P < 0.001) as determined by flow cytometry after An-
nexin V and Pl staining. The effect of DIM on Fas-
mediated apoptosis was dose-dependent, whereas
I3C, at the concentrations of 12.5 to 150 nmol/L, had no
effect on Fas-mediated apoptosis (Figure 4B, n = 3).
We further determined the involvement of CaMKIl and
AKT signaling in Fas-mediated apoptosis enhanced
by DIM. The expression of CaMKIl was not affected by
DIM and I3C (Figure 4C), whereas inhibition of pAKT
by DIM (30 umol/L), but not I3C (100 wmol/L), was
demonstrated by Western blot analysis (Figure 4C,
n = 3).
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Figure 4. Effect of I3C and DIM on Fas-mediated apoptosis in cholangiocar-
cinoma cells. A: DIM enhanced Fas-mediated apoptosis in both Fas-resistant
cells and Fas-sensitive cells. Cholangiocarcinoma cells were incubated with
13C (100 wmol/L) and its dimeric product DIM (25 umol/L) for 30 minutes
and subsequently exposed to Fas-activating antibody (CH-11, 500 ng/ml) for
24 hours. Results shown are of three independent experiments performed in
duplicate (*P < 0.001, CH-11 versus DIM + CH-11). B: Cells were exposed
to various concentrations of DIM and I3C for 30 minutes and subsequently
exposed to CH-11 for 24 hours (n = 3, *P < 0.05 compared with control). C:
Inhibition of pAKT by DIM (30 wmol/L), but not I3C (100 wmol/L), was
demonstrated by Western blotting. A representative blot of three indepen-
dent experiments each performed in duplicate is shown.

Inhibitors of Phosphatidylinositol 3-Kinase/Akt
Signaling Enhance Fas-Mediated Apoptosis in
Cholangiocarcinoma Cells

Having identified that inhibition of pAKT by DIM was
associated with DIM-enhanced Fas-mediated apoptosis
in cholangiocarcinoma cells (Figure 4, A and B), we
determined whether direct inhibition of AKT signaling via
its inhibitors promoted Fas-mediated apoptosis. Pharma-
cological inhibitors of phosphatidylinositol 3-kinase (PI3-
K)/Akt signaling, including AKTI (500 nmol/L), LY294002
(50 wmol/L), and Wortmannin (25 umol/L), were used. We
found that preincubation of AKTI, LY294, and Wortman-
nin did not induce apoptosis in Fas-sensitive cells (Figure
5A, n = 6) or Fas-resistant cells (Figure 5B, n = 3) but
sensitized both Fas-sensitive (Figure 5A) and Fas-resis-
tant cells (Figure 5B) to Fas-mediated apoptosis. The
effects of these inhibitors on Fas-mediated apoptosis
were concentration-dependent (Figure 5, C and D).
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Figure 5. Effect of phosphatidylinositol 3-kinase/Akt signaling on Fas-mediated apoptosis in cholangiocarcinoma cells. Fas-sensitive (A, 7 = 6) and Fas-resistant
(B, n = 3) cells were preincubated with inhibitors of PI 3-kinase/Akt signaling: AKTI (500 nmol/L), LY294002 (50 wmol/L), and Wortmannin (25 wmol/L) for 30
minutes and subsequently exposed to CH-11 (500 ng/ml) for 24 hours (*P < 0.05 for each inhibitor compared with CH-11 alone). C: Fas-sensitive cells were
exposed to AKTI, Wortmannin, and LY294002 at the concentrations indicated for 30 minutes and subsequently exposed to CH-11 (500 ng/ml) for 24 hours (1 =
3, *P < 0.05 compared with control). D: Fas-resistant cells were exposed to AKTI at 0 (control), 10, 40, 200, and 1000 nmol/L for 30 minutes and subsequently
exposed to CH-11 (500 ng/ml) for 24 hours (n = 4, *P < 0.05 for AKTI + CH-11 compared with CH-11 only).

Adenovirus Encoding Dominant-Negative and
Constitutively Activated AKT Regulates
Fas-Mediated Apoptosis

The direct effects of AKT inhibition or activation on Fas-
mediated apoptosis were further characterized with con-
stitutively activated and dominant-negative AKT viruses.
Transduction of the dominant-negative AKT (DN-AKT)
and constitutively activated AKT (Ac-AKT) viruses did not
affect apoptosis of cells compared with controls (Figure
6A, —CH-11 group). Consistent with the results from the
use of AKT pharmacological inhibitors, Fas-sensitive
cholangiocarcinoma cells infected with DN-AKT adeno-
virus were more sensitive to Fas-mediated apoptosis
(Figure 6A, +CH-11 group). By contrast, Ac-AKT adeno-
virus partially protected Fas-mediated apoptosis (Figure
6A). Inhibition of pAKT, p55FLIP, p43FLIP, and plkB was
exhibited in cells infected with DN-AKT adenovirus,
whereas induction of pAKT, p43FLIP, pERK, and pl«B

was exhibited in cells infected with Ac-AKT (Figure 6, B

and C; n = 3, *P < 0.05).

AKT Inhibition Does Not Affect Cell Surface
Expression of Fas

We have previously demonstrated that the sensitivity to
Fas-mediated apoptosis of the subpopulations of cholan-
giocarcinoma cells was correlated with the cell surface
expression of Fas. Induction of cell surface expression of
Fas appears to sensitize Fas-resistant cells to Fas-mediated
apoptosis. Accordingly, one apparent mechanism by which
DIM and AKT inhibitors could enhance Fas-mediated apo-
ptosis would be by increasing cell surface expression of
Fas. We determined the effects of CaMKII antagonist and
inhibitors of PI-3K/AKT signaling pathways on cell surface
Fas expression. Cell surface expression of Fas was ana-
lyzed after the cells were preincubated with control condi-
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Figure 6. Effect of adenovirus encoding dominant-negative (DN-AKT) and
constitutively activated AKT (Ac-AKT) on Fas-mediated apoptosis. A: Chol-
angiocarcinoma cells at 50% confluence were exposed to control adenovirus
or DN-AKT or Ac-AKT at 100 pfu/cell in serum-free DMEM/F12 media for 2
hours, and then DMEM containing 20% FBS was added to cells. Viral sus-
pension was removed 16 hours after infection, and cells were grown in fresh
growth media for 24 hours and subsequentially exposed to CH-11 (500
ng/mb) for 24 hours. DN-Akt adenovirus promoted, whereas constitutively
activated Akt adenovirus protected, Fas-mediated apoptosis (7 = 3, *P <
0.05). B: Western blot analyses of the expression of pAKT, p55FLIP, p43FLIP,
and pIkB in cells with adenovirus-mediated altered expression of AKT.
Representative blots of three independent experiments are shown. C: The
density of each band was normalized to the density of GAPDH, and com-
parison of the mean densities of each protein in Ac-AKT or DN-Akt cells
compared with the control cells was calculated as fold changes (7 = 3, *P <
0.05).

tion (DMEM/F12) or DMEM/F12 with KN-93 (10 pmol/L),
AKTI (500 nmol/L), LY294002 (50 umol/L), Wortmannin (25
pmol/L), DIM (30 pwmol/L), and I3C (100 umol/L) for 30
minutes. No significant effect of these inhibitors on cell
surface expression of Fas was observed in either Fas-sen-
sitive or Fas-resistant cholangiocarcinoma cells (n = 3, data
not shown).

DIM and AKT Inhibitors Decrease Activation of
FLIP, ERK, and NF-«kB

Previous studies have suggested that AKT signaling reg-
ulates apoptosis through FLIP. We have demonstrated
that Fas-resistant cholangiocarcinoma cells exhibit in-
creased levels of the cleaved active form of FLIPp43.
Accordingly, the effects of DIM and AKT inhibitors on
FLIP were determined. Inhibition of pAKT, but not total
AKT expression, by DIM, LY294002, and Wortmannin
was confirmed in cholangiocarcinoma cells pretreated
with these inhibitors (Figure 7, A and C). Furthermore,
inhibition of FLIP, particularly the cleaved active FLIPp43
was evident in cells pretreated with AKTI, LY294002,
Wortmannin, and DIM (Figure 7, A and C).
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Figure 7. Signaling pathways affected by inhibitors of PI 3-k/Akt signaling
and DIM. A: Effects of inhibitors of PI 3-k/Akt signaling and DIM on the
expression and/or activation of ERK and NF-«B signaling pathways. Chol-
angiocarcinoma cells (Fas-resistant) were exposed to PI 3-k/Akt signaling
inhibitors: AKTI (500 nmol/L), LY294002 (50 pmol/L), Wortmannin (25
umol/L), and DIM (25 wmol/L) for 30 minutes and then CH-11, 500 ng/ml for
24 hours. Representative blot of four independent analyses determining AKT,
PAKT, FLIP, pIkB, ERK, and pERK is shown (n = 4). The expression of
GAPDH was used as control for equivalent loading. B: Effects of AKT
inhibition on activation of caspase-3, -8, and -9. Western blot analysis was
performed to determine the expression of full-length and cleaved forms of
caspase-3, -8, and -9 in cells with or without preincubation with AKTI (500
nmol/L) before exposure to CH-11. Enhanced cleavage/activation of
caspase-3, -8, and -9 was demonstrated in cells exposed to AKTI + CH-11
compared with those in cells exposed to CH-11 alone (# depicts the cleaved/
activated forms of each caspases). Representative blot of four independent
experiments is shown. C: The density of each band was normalized to the
density of GAPDH, and comparison of the mean densities of each protein in
AKTI-, LY294-, Wortmannin-, or DIM-treated cells compared with the control
cells was calculated as fold changes (12 = 4, P < 0.05). D: Comparison of the
density of the total cleaved forms of each caspases (#) to the intact form
(caspase-3 = p32, caspase-8 = p55/53, and caspase-9 = p46) was calculated
as fold changes.
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FLIP has been demonstrated to divert death signaling
to cell proliferation via activation of extracellular signal-
regulated kinase (ERK) and nuclear factor (NF)-kB sig-
naling pathways in lymphocytes.®?® We further deter-
mined whether FLIP signals through NF-«B and ERK. The
expression of total ERK was not affected by AKT inhibi-
tion (Figure 7, A and C). However, AKTI, LY294002, Wort-
mannin, and DIM significantly decreased the phosphor-
ylated form of AKT (pAKT). In addition, inhibition of the
phosphorylated form of IkB, a mediator in the NF-kB
pathway, was demonstrated, indicating inhibition of
NF-«B signaling by these inhibitors (Figure 7, A and C).
Similar results were observed in cholangiocarcinoma
cells infected with adenoviruses with Ac-AKT or DN-AKT
(Figure 6, B and C). Taken together, these results dem-
onstrate that inhibition of activation of FLIP, ERK, and
NF-kB signaling pathways is associated with increased
apoptosis induced by AKT inhibition.

AKT Inhibition Increases Activation of
Caspase-3, -8, and -9

Activation of caspase-3 and -8 mediates Fas-induced
apoptosis in cholangiocarcinoma cells.*® Further, AKT
has been demonstrated to modulate caspase-9 activa-
tion.?* Accordingly, Western blot analyses were per-
formed to determine the cleavage/activation of
caspase-3, -8, and -9. As depicted in Figure 7, B and D,
increased activation of caspase-3, -8, and -9 was dem-
onstrated in cells preincubated with AKTI, as evident by
increased presence of the cleaved form of these
caspases. These results suggest that increased activa-
tion of caspase-3, -8, and -9 after AKT inhibition en-
hanced Fas-mediated apoptosis.

Discussion

Suppression of apoptosis by intracellular survival factors
is important in the development of chemoresistance. In
the present studies, we determined the expression of
several prosurvival molecules in cholangiocarcinoma
cells so as to identify potential molecular targets that may
sensitize these cells to Fas-mediated apoptosis. We
demonstrated that increased phosphorylation of AKT was
associated with resistance of cholangiocarcinoma cells
to Fas-mediated apoptosis. Phosphorylation of AKT was
also identified in cholangiocarcinoma xenografts in
mouse and cholangiocarcinoma in patients. These re-
sults are consistent with previous reports that AKT sig-
naling plays an important role in regulating cholangiocar-
cinoma proliferation and apoptosis.”™'? In addition,
these results are in agreement with several previous ob-
servations that activation of AKT is an important regulator
of Fas sensitivity in tumor cells®*?% and that inhibition of
AKT sensitizes cells to Fas-mediated apoptosis in cancer
cells.?”® Interestingly, inhibition of CaMKII did not sen-
sitize cholangiocarcinoma cells to Fas-mediated apopto-
sis, which disagrees with previous studies that inhibition
of CaMKII inhibits the expression of FLIP and sensitizes

glioma cells to Fas-mediated apoptosis.'® Such a dis-
crepancy may be explained by higher concentrations of
the CaMKII inhibitor KN-93 (100 versus 10 umol/L in our
studies) and longer exposure time (24 hours versus 30
minutes) used in the latter studies.

We further explored the effect of two dietary indole
derivatives, I13C and DIM, on phosphorylation of AKT and
Fas-mediated apoptosis. Similar to the observation in
breast cancer cells,'® we found that DIM enhanced Fas-
mediated apoptosis in cholangiocarcinoma cells and in-
hibition of AKT activation appeared to contribute to the
proapoptotic effects of DIM in cholangiocarcinoma cells.
However, we found no effect of I3C on Fas-mediated
apoptosis. 13C has been shown to sensitize TRAIL-in-
duced apoptosis in LNCaP prostate cancer cells®® and
induce apoptosis in a variety of hormone-related cancer
cells, including breast cancer cells,'®3° prostate can-
cers,'®3" and other reproductive cancers such as endo-
metrial cancer.®? Cholangiocarcinoma is a nonhormone-
related cancer; the effect of I3C on these cells may be
different from those on hormone-related cancer
cells.®:18:30-32 Fyrthermore, in the present studies, cells
were exposed to I13C for a short period of time (30 min-
utes) before exposure to Fas-activating antibody (CH-
11), whereas in the studies of Howells and colleagues,®°
breast cancer cells were exposed to 13C at 250 umol/L
for 72 hours or several days. In addition, in vivo studies
with rodents have suggested that DIM, the major acid
condensation product of 13C, may mediate the physio-
logical effects of dietary 13C."3" This is in agreement
with our results demonstrating that DIM, but not 13C,
enhanced Fas-mediated apoptosis in cholangiocarci-
noma cells.

We found that AKT inhibition did not affect surface
expression of Fas, indicating that AKT inhibition renders
the cells more sensitive to Fas-mediated apoptosis
through mechanisms other than up-regulation of cell sur-
face expression of Fas, a mechanism that has been
shown previously to increase Fas-mediated apoptosis in
cholangiocarcinoma cells.® PI3-K inhibitors have been
shown to enhance the susceptibility to Fas-mediated
apoptosis in HL-60 cells through down-regulation of FLIP,
a Fas-signaling inhibitor.®® Inhibition of FLIP in cholangio-
carcinoma increases Fas-mediated apoptosis.® In the
present studies, we demonstrated that the expression of
p43FLIP (the cleaved active form of FLIP) was increased
in the Fas-resistant cholangiocarcinoma cells (Figure 1, A
and B), which is consistent with emerging evidence that
the expression of FLIP is increased in cancer cells.?*36
Up-regulation of FLIP presumably protects cancer cells
from Fas-mediated apoptosis as determined in glioma
cells™ and Hel a cells.®” By contrast, down-regulation of
FLIP in a variety of cancer cells presumably sensitizes
these cancer cells to Fas-mediated apoptosis.’©-38-40
Results from all these studies point to FLIP as an impor-
tant regulator of Fas-mediated apoptosis. Accordingly,
increased activation of FLIP in Fas-resistance cholangio-
carcinoma cells appears to contribute, at least in part, to
the resistance of these cells to Fas-mediated apoptosis
via diverting death signaling to those for cell survival.



FLIP has also been demonstrated to promote activa-
tion of NF-kB and ERK that promote proliferation of lym-
phocytes.®2® Activation of AKT has been reported to
increase NF-kB-mediated cell survival.*'=*3 Activation of
NF-kB involves phosphorylation of an inhibitory protein of
NF-kB, kB, the phosphorylation of which induces its
ubiquitination and degradation and allows the transloca-
tion of NF-«B into the nucleus to activate gene transcrip-
tion.** Increased phosphorylation of IkB and NF-«kB ac-
tivation is induced by AKT activation in breast cancer
cells.’®43 By contrast, inhibition of IkBa phosphorylation
and activation of NF-kB and AKT has been observed in
DIM-treated breast and prostate cancer cells.’®3' Con-
sistent with these reports in hormone-related cancers, we
found that inhibition of AKT by DIM and AKTI inhibited the
activation of NF-kB, as determined by decreased expres-
sion of phosphorylated-«B in cholangiocarcinoma cells.

Another signaling pathway that mediates the effect of
FLIP activation is activation of ERK signaling.83* We
demonstrated that decreased activation of ERK, as de-
termined by the expression of phosphorylated ERK, was
present in cells pretreated with the inhibitors of AKT or
DIM. Such results are consistent with previous observa-
tions that DIM inhibits ERK in breast cancer cells*® and
that activation of ERK, associated with activation of AKT,
protects cells from Fas-mediated apoptosis.®® In addi-
tion, we found increased activation of caspase-3, -8, and
-9 in cells pretreated with the AKT inhibitor. We have
previously identified that activation of caspase-3 and -8
are responsible for Fas-mediated apoptosis in cholangio-
carcinoma cells.® AKT has been reported to phosphory-
late and inactivate caspase-9.2* Activation of caspase-9
and caspase-3 has been associated with DIM/I3C-in-
duced apoptosis in human breast cancer cells and os-
teosarcoma cells.*” Accordingly, increased activation of
these proapoptosis proteases in cholangiocarcinoma
cells increased sensitivity of these cells to Fas-mediated
apoptosis.

In summary, we have found that inhibition of phosphor-
ylation of AKT enhanced Fas-mediated apoptosis, which
appeared to be mediated through a mechanism involving
inhibition of the activation of FLIP and its downstream
signaling pathways including ERK and NF-kB. DIM, a
natural digestive product of vegetable component I3C,
was an effective sensitizer to Fas-mediated apoptosis in
cholangiocarcinoma cells via inhibition of AKT and FLIP
activation. Results from the present studies may provide
important insights into the development of novel thera-
peutic strategies for cholangiocarcinoma.
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