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A Smac Mimetic Reduces TNF Related Apoptosis Inducing Ligand
(TRAIL)-Induced Invasion and Metastasis of Cholangiocarcinoma
Cells

Christian D. Flngas Boris R. A. Blechacz1 RoryL Smoot1 Maria E. Gwcmardl1 Justin
Mott1 Steve F. Bronk1 Nathan W. Werneburg Alphonse E. Slrlca2 and GregoryJ Gores'

1DiV|S|on of Gastroenterology and Hepatology, Mayo Clinic, Rochester, MN

2Division of Cellular and Molecular Pathogenesis, Department of Pathology, Virginia
Commonwealth University School of Medicine, Richmond, VA

Abstract

Cholangiocarcinoma (CCA) cells paradoxically express tumor necrosis factor—related apoptosis-
inducing ligand (TRAIL), a death ligand that, failing to kill CCA cells, instead promotes their
tumorigenicity and especially the metastatic behaviors of cell migration and invasion. Second
mitochondria-derived activator of caspase (smac) mimetics are promising cancer therapeutic agents
that enhance proapoptotic death receptor signaling by causing cellular degradation of inhibitor of
apoptosis (IAP) proteins. Our aim was to examine the in vitro and in vivo effects of the smac mimetic
JP1584 in CCA. Despite JP1584-mediated loss of cellular inhibitor of apoptosis-1 (cIAP-1) and
cIAP-2, TRAIL failed to induce apoptosis in KMCH-1, TFK-1, and BDEneu CCA cells; a finding
consistent with a downstream block in death signaling. Because cIAP-1 and cIAP-2 also promote
nuclear factor kappa B (NF-kB) activation by the canonical pathway, the effect of JP1584 on this
signaling pathway was examined. Treatment with JP1584 inhibited TRAIL-induced NF-xB
activation as well as TRAIL-mediated up-regulation of the NF-«xB target gene, matrix
metalloproteinase 7 (MMP7). JP1584 also reduced TRAIL-mediated CCA cell migration and
invasion in vitro. Finally, in a syngeneic rat orthotopic CCA model, JP1584 administration reduced
MMP7 messenger RNA levels and extrahepatic metastases.

Conclusion—Although the smac mimetic JP1584 does not sensitize cells to apoptosis, it reduces
TRAIL-induced CCA cell metastatic behavior. These data support the emerging concept that [APs
are prometastatic and represent targets for antimetastatic therapies.

Cholangiocarcinoma (CCA) is a highly malignant neoplasm originating from the bile duct
system with markers of cholangiocyte differentiation.!>2 It is the second most common primary
hepatic malignancy, and epidemiological studies have suggested that its incidence is increasing
in Western countries.3~8 Most patients present with advanced metastatic disease and are not
amenable to surgical extirpation or liver transplantation.®%10 Indeed, this tumor has an early
propensity to metastasize to regional lymph nodes, the peritoneum, and the omentum. Although
our understanding of the molecular pathogenesis of CCA has increased in recent years and
includes the recognition that it is a highly apoptosis-resistant neoplasm,? viable therapeutic
strategies for advanced CCA are limited.3>!!

Copyright © 2010 by the American Association for the Study of Liver Diseases.

Address reprint requests to: Gregory J. Gores, M.D., Mayo Clinic College of Medicine, 200 First Street Southwest, Rochester, MN 55905.
gores.gregory@mayo.edu; fax: 507-284-0762.

Potential conflict of interest: Nothing to report.

Additional Supporting Information may be found in the online version of this article.



yduosnuepy Joyiny vd-HIN yduosnuely Joyiny Yd-HIN

yduosnuep Joyiny vd-HIN

Fingas et al.

Page 2

Human CCA paradoxically expresses the death ligand tumor necrosis factor—related apoptosis-
inducing ligand (TRAIL) and its cognate death receptors.!? TRAIL actually promotes
tumorigenesis in CCA cells by facilitating metastatic cell behavior, especially cell migration
and invasion.12 TRAIL also promotes metastasis in an in vivo xenograft model of pancreatic
cancer.13 In both studies, the prometastatic behavior of TRAIL was, in part, due to nuclear
factor kappa B (NF-kB)—dependent pathways initiated by TRAIL signaling cascades. CCA
abundantly expresses matrix metalloproteinase 7 (MMP7), which likely contributes to the
invasive properties.14~16 MMP7 is an established NF-«B target gene providing a mechanism
by which TRAIL-mediated NF-kB activation promotes invasion of these cancers.17 Unlike
signaling by the death ligand tumor necrosis factor-o (TNF-a) after binding to its death
receptor, 18°19 inhibition of NF-kB does not convert TRAIL signaling from a prosurvival
stimulus to an apoptotic stimulus but rather reduces the effects of TRAIL on metastatic
behavior.12 Thus, approaches to sensitize cells to TRAIL cytotoxicity and/or inhibit its NF-
kB signaling pathways may be salutary in the treatment of CCA.

Small-molecule second mitochondria-derived activator of caspase (smac) mimetics are
promising anticancer therapeutics that have been reported to induce apoptosis as single agents
or act as sensitizers to TRAIL-induced apoptosis in various cancer cell lines.20724 These
therapeutic agents are designed to resemble the smac N-terminal alanine-valine-proline-
isoleucine sequence and mimic the proapoptotic function of smac by binding to inhibitor of
apoptosis (IAP) proteins.21-23 Interestingly, the two IAP proteins involved in death receptor
signaling, cellular inhibitor of apoptosis-1 (cIAP-1) and cIAP-2, undergo rapid cellular
elimination after binding to smac mimetics via autoubiquitination and subsequent proteasome-
mediated degradation.25:26 These smac mimetics promote apoptosis by TNF-023-25728 and
TRAIL29-24 and also inhibit canonical NF-kB activation upon death ligand signaling.22-2%~
31 In addition, IAPs have been implicated as potential prometastatic genes, especially by
promoting cell motility.32 Thus, targeting IAPs such as cIAP-1 and cIAP-2 by a smac mimetic
may potentially limit the tumorigenicity of TRAIL in CAA.

The objective of this study was to examine the in vitro and in vivo effects of the smac mimetic
JP1584 in CCA cells and especially their effect on TRAIL-potentiated metastatic behavior.
The results of this study suggest that in vitro JP1584 reduces TRAIL-induced migration,
invasion, and matrix degradation. Furthermore, in a syngeneic rat orthotopic CCA model,
JP1584 achieved significant metastasis suppression as a single agent. These results have
implications for the employment of JP1584 and other smac mimetics in the treatment of human
CCA.

Materials and Methods

Materials

JP1584 was supplied by Joyant Pharmaceuticals (Dallas, TX). For in vitro use, JP1584 was
dissolved at 500 uM in dimethyl sulfoxide and aliquoted. Aliquots were further diluted in a
cell culture medium prior to each experiment. The maximal dimethyl sulfoxide concentration
was 0.1% (vol/vol), and this was also used as a vehicle for all in vitro control experiments. For
in vivo experiments, JP1584 was prepared according to the supplier’s protocol. Recombinant
human TRAIL (rhTRAIL) and recombinant mouse TRAIL (rmTRAIL) were obtained from
R&D Systems (Minneapolis, MN) and dissolved according to the manufacturer’s
recommendations. rmTRAIL has a higher amino acid identity with rat TRAIL than thTRAIL
(85% versus 70%) and was therefore used for the treatment of rat BDEneu cells. BDEneu cells
also displayed the highest TRAIL resistance and were therefore treated with higher TRAIL
dosages than the other CCA cell lines employed in this study (20 versus 2.5 ng/mL).

Hepatology. Author manuscript; available in PMC 2010 October 19.
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Cell Lines and Culture

The ErbB-2/neu transformed malignant rat cholangiocyte cell line BDEneu, normal rat
cholangiocytes, the human CCA cell lines KMCH-1 and TFK-1, the nonmalignant human
cholangiocyte cell line H69, isolated human hepatocytes, and the human hepatocellular
carcinoma (HCC) cell line Huh-7 were cultured as previously described.33~38 Written,
informed consent was obtained from all patients before the hepatocytes were obtained.

Quantitation of Apoptosis

Apoptosis in cell culture was quantified by the assessment of the characteristic nuclear changes
of apoptosis after staining with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma,
St. Louis, MO) with fluorescence microscopy.3? Caspase-3/caspase-7 activity was quantitated
with the Apo-ONE homogeneous caspase-3/caspase-7 assay (Promega, Madison, WI)
according to the manufacturer’s recommendations.39

MMP?7 Silencing

Rat MMP7 was knocked down with commercially available small interfering RNA [siRNA;
sc-108053 (MMP7) and sc-37007 (Scramble), Santa Cruz Biotechnology, Santa Cruz, CA].
Reverse transfection of BDEneu cells was performed with the siPORT NeoFX transfection
agent (Ambion, Austin, TX). Cells were transfected in Opti-MEM with 30 nM siRNA with
the siPORT NeoFX transfection agent for 24 hours according to the manufacturer’s
instructions. Knockdown of MMP7 was confirmed by immunoblot analysis.

Animal Experiments

All animal studies were performed in accordance with and were approved by the institutional
animal care and use committee. /n vivo intrahepatic cell implantation was carried out in adult
male Fischer 344 rats (Harlan, Indianapolis, IN) with initial body weights between 180 and
200 g as previously described (the syngeneic rat orthotopic CCA model).3%37 In the nonhepatic
studies, 4 x 10° BDEneu cells, suspended in 0.05 mL of sterile phosphate-buffered saline, were
injected directly into the greater omentum in order to mimic abdominal tumor growth derived
from metastatic cells (the abdominal CCA cell implantation model). JP1584 (2 mg/kg, 0.1 mL)
or vehicle was given intravenously every other day six times (first injection on postoperative
day 7 and sixth injection on postoperative day 17). Twenty-four hours after the last injection,
the rats were euthanized. In the CCA studies, the livers were removed for further analysis,
which included histopathology, messenger RNA (mRNA), and protein extraction, as
previously described.3* To assess the numbers of metastasis-free and metastasis-bearing rats,
the abdominal cavities, the retroperitoneal spaces, and the thoracic cavities were thoroughly
examined by visual inspection and palpation for the presence of extrahepatic tumors. In all
experiments, metastatic tumors were completely removed, and the malignant nature of the
lesions was confirmed by histopathology.

Supporting Methods

The immunoblot analysis, quantitative real-time polymerase chain reaction (RT-PCR),
immunocytochemistry for (phospho-)NF-«kB (p65), electrophoretic mobility shift assay
(EMSA), quantitation of interleukin-6 (IL-6) secretion, migration/invasion/fluorescent gelatin
degradation/cell proliferation assays, immunohistochemistry for cytokeratin 7/TRAIL, and
statistical analysis are described in the online supporting information.

Hepatology. Author manuscript; available in PMC 2010 October 19.
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Results

JP1584 Does Not Sensitize CCA Cells to TRAIL-Induced Apoptosis

Initially, we explored the potential proapoptotic effect of JP1584 treatment or JP1584 and
TRAIL treatment on rat (BDEneu) and human (KMCH-1 and TFK-1) CCA cell lines and on
a human nonmalignant cholangiocyte cell line (H69) and primary human hepatocytes (Fig.
1A,B). Unexpectedly, the administration of JP1584, TRAIL, and JP1584 plus TRAIL did not
induce significant apoptosis in any of the CCA cell lines. In contrast, treatment with TRAIL
(P <0.05) and especially JP1584 plus TRAIL (P < 0.01) induced significant apoptosis in the
human HCC cell line (Huh-7 cells; Fig. 1A,B). The failure of JP1584 to promote apoptosis in
CCA cells was not due to a lack of pharmacological efficacy because JP1584 induced cellular
elimination of both cIAP-1 and cIAP-2 in these cell lines (Fig. 1C). Thus, despite cIAP-1 and
cIAP-2 cellular elimination by JP1584, CCA cell lines remained resistant to TRAIL-mediated
apoptosis.

JP1584 Inhibits TRAIL-Mediated NF-kB Activation

Because cellular elimination of cIAP-1 and cIAP-2 reduces NF-kB activation via the canonical
pathway after death receptor stimulation, 293! we examined the effect of JP1584 on NF-kB
activation. Canonical NF-kB activation was assessed by immunocytochemistry, phospho-
immunoblot analysis, and EMSA (Fig. 2A—C). Immunocytochemistry for phospho-p65
(BDEneu) or p65 (KMCH-1) demonstrated phosphorylation and/or nuclear accumulation of
(phospho-)p65 only in TRAIL-treated cells; this effect was reduced in cells treated with TRAIL
plus JP1584 (Fig. 2A). Immunoblot analysis for phospho-p65 revealed increased
phosphorylation of p65 in both BDEneu and KMCH-1 cells upon TRAIL treatment. Again,
JP1584 prevented the TRAIL-mediated increase of p65 phosphorylation (Fig. 2B). Consistent
with these results, EMSA analysis identified a protein/oligonucleotide complex when nuclear
protein extracts were employed from TRAIL-treated KMCH-1 cells (Fig. 2C); this complex
was reduced when nuclear protein extracts were obtained from cells treated with JP1584 plus
TRAIL (Fig. 2C). The specificity of the complex for NF-kB binding to a consensus
oligonucleotide binding motif was confirmed by competition with an excess of an unlabeled
probe and characteristic supershifts with anti-p50 and p65 antisera (Fig. 2C). Thus, cellular
elimination of cIAP-1 and cIAP-2 by JP1584 inhibits TRAIL-mediated NF-kB activation by
the canonical pathway in CCA cells.

JP1584 Reduces TRAIL-Induced Tumor Cell Migration, Invasion, and Matrix Degradation

Because TRAIL promotes NF-kB—-mediated cell invasion and migration in apoptosis-resistant
CCA cells and pancreatic ductal adenocarcinoma cells,!213 we examined tumor cell migration,
invasion, and matrix degradation in response to the administration of TRAIL, JP1584, and
TRAIL plus JP1584. TRAIL significantly increased in vitro BDEneu tumor cell migration
through a porous filter (Fig. 3A). This effect was efficiently blocked by JP1584. In addition,
tumor cell invasion through an artificial extracellular matrix was enhanced by TRAIL and
blocked by JP1584 (Fig. 3B). Finally, TRAIL also induced degradation of the extracellular
matrix, as measured with fluorescent gelatin as a substrate (Fig. 3C). Similarly to its effect on
TRAIL-induced NF-«B activation, cell migration, and invasion, JP1584 also decreased
TRAIL-induced matrix degradation (Fig. 3C). Because TRAIL administration or cotreatment
with TRAIL plus JP1584 could potentially alter cell proliferation and confound the
interpretation of these cellular migration and invasion assays, we ascertained whether cellular
proliferation was altered in any of these paradigms. However, exposure to neither TRAIL nor
TRAIL plus JP1584 had an effect on cell proliferation in CCA cells (Fig. 3D) or nonmalignant
cholangiocytes (Supporting Fig. 1).

Hepatology. Author manuscript; available in PMC 2010 October 19.
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To further investigate if the administration of TRAIL or TRAIL plus JP1584 has an effect on
selected markers of the epithelial-mesenchymal transition (EMT), which plays an emerging
role in cancer invasion and metastasis,40~42 we measured by quantitative RT-PCR the mRNA
expression of the following four EMT markers: S100 calcium binding protein A4 (S100A4),
SRY (sex determining region Y)-box 9 (SOX9), Snaill, and Twistl. No significant effect of
the TRAIL or TRAIL plus JP1584 treatment on mRNA expression of S100A4, SOX9, Snaill,
and Twistl was observed (Supporting Fig. 2A—D). Taken together, these observations suggest
that disturbances in clAP-1 and cIAP-2 cellular levels by a smac mimetic are sufficient to alter
TRAIL-mediated prometastatic behavior in CCA cells but not proliferation or an EMT.

TRAIL-Induced Tumor Cell Invasion Is Mediated by Up-Regulation of the NF-kB Target Gene

MMP7

Because MMP2, MMP7, and MMP?9 as well as vascular endothelial growth factor (VEGF)
and IL-6 are among the group of relevant cancer-related NF-kB target genes,!7>43747 we
measured mRNA expression of MMP2, MMP7, MMP9, and VEGF after administration of
TRAIL or TRAIL plus JP1584. The effect of TRAIL or TRAIL plus JP1584 on IL-6 secretion
was examined by enzyme-linked immunosorbent assay. Administration of TRAIL
significantly increased MMP7 mRNA expression in both BDEneu and KMCH-1 cells, and
cotreatment with JP1584 reduced this TRAIL-mediated up-regulation of MMP7 (Fig. 4A). In
contrast, no significant effect of treatment with TRAIL or TRAIL plus JP1584 on MMP2,
MMP9 (Fig. 4A), VEGF, or secreted IL-6 (Supporting Fig. 2E,F) was observed. To determine
if JP1584-mediated inhibition of TRAIL-induced tumor cell invasion acts by blocking TRAIL-
mediated MMP7 expression, the effect of MMP7 silencing on tumor cell invasion was
examined. Similarly to JP1584 cotreatment, validated siRNA knockdown of MMP7
significantly inhibited TRAIL-induced tumor cell invasion (Fig. 4B). Taken together, these
data suggest that regulation of MMP7 expression modulates the invasive properties of CCA
cells.

JP1584 Displays Antimetastatic Single-Agent Activity In Vivo

To determine if the anti-invasive effects of JP1584 on CCA observed in vitro are translatable
to an in vivo model, we employed a syngeneic rat orthotopic CCA model (BDEneu cells and
male Fischer 344 rats).3437 First, we sought to further validate this model by determining if
these CCAs in vivo express TRAIL analogously to human tumors.!'2 CCA and normal liver
specimens of tumor-bearing rats (18 days after tumor cell implantation into the left lateral liver
lobe) were examined for expression of TRAIL and its receptors by quantitative RT-PCR and
by immunoblotting (Fig. 5A,B). Indeed, TRAIL mRNA (Fig. 5A) and protein (Fig. 5B) were
expressed in this rodent model of CCA. In addition, TRAIL protein expression by
immunohistochemistry colocalized to glands also expressing cytokeratin 7, a biliary epithelial
cell marker expressed by CCA cells (Fig. 5C); thus, tumor-infiltrating cells were excluded as
the source of TRAIL. Although TRAIL is expressed in tumor tissues, TRAIL expression is not
an inherent characteristic of cultured CCA cells but can be stimulated by administration of
exogenous interferon-y (IFN-y) in vitro.!2 To investigate if TRAIL expression in vivo is
associated with endogenous IFN-y expression by inflammatory cells within the tumor stroma,
quantitative RT-PCR for IFN-y mRNA was performed in CCA and normal liver specimens of
tumor-bearing rats. IFN-y mRNA levels were significantly increased in CCA in comparison
with normal liver tissue (Fig. 5D). These elevated in vivo IFN-y mRNA levels are not likely
to result from cancer cell secretion because IFN-y mRNA was not detectable in CCA cells
(BDEneu) or normal rat cholangiocytes when it was measured by RT-PCR in vitro (data not
shown). Thus, analogous to human CCA, this rodent model of CCA expresses TRAIL in
vivo, likely in response to IFN-y—secreting cells within the tumor stroma.

Hepatology. Author manuscript; available in PMC 2010 October 19.
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Having demonstrated TRAIL expression by this rodent model of CCA, we next examined the
potential antimetastatic effect of JP1584 administration. In JP1584-treated rats and vehicle-
treated rats, tumor/liver/body weights and metastases were assessed 18 days after tumor cell
implantation into the left lateral liver lobe (11 days after treatment initiation). No significant
decreases in tumor weights or tumor/liver or tumor/body weight ratios were observed in
JP1584-treated rats (Fig. 6A). However, animals treated with JP1584 had minimal extrahepatic
metastases in comparison with vehicle-treated animals (11% of the rats had metastases in the
JP1584-treated group versus 67% in the vehicle-treated group, P <0.05; Fig. 6B). Extrahepatic
metastases predominantly occurred in the greater omentum and peritoneum.

To further assess if the suppression of metastasis observed in the syngeneic rat orthotopic CCA
model was related to the blocking of a metastatic pathway or rather the suppression of
metastatic tumor growth, we additionally employed a new abdominal CCA cell implantation
model (BDEneu cells and Fischer 344 rats). In this model, tumor cells were injected directly
into the greater omentum without affecting the liver in order to mimic abdominal tumor growth
derived from metastatic cells. Similarly to the previous in vivo study, the abdominal/
retroperitoneal tumor burden and animal body weight were assessed 18 days after tumor cell
implantation into the greater omentum (11 days after treatment initiation) in JP1584-treated
rats and vehicle-treated rats. No significant decreases in the abdominal/retroperitoneal tumor
weight or tumor/body weight ratio were observed in rats treated with JP1584 (Supporting Fig.
3). Thus, JP1584 as a single agent reduces metastasis but not intrahepatic or extrahepatic tumor
growth in this rodent model of CCA. To ascertain if JP1584 inhibits TRAIL-mediated up-
regulation of the NF-«kB target gene MMP?7 in vivo, quantitative RT-PCR for MMP7, MMP2,
and MMP9 mRNA was performed in CCA and normal liver specimens of JP1584-treated and
vehicle-treated tumor-bearing rats (the syngeneic rat orthotopic CCA model). In agreement
with the in vitro studies, MMP7 mRNA levels, but not MMP2 or MMP9 mRNA levels
(normalized to the mRNA expression in the normal liver), were up-regulated in tumor
specimens; this up-regulation of MMP7 was significantly reduced in CCA samples of rats
treated with JP1584 in comparison with vehicle-treated animals (Fig. 6C). In aggregate, these
data suggest that a smac mimetic is capable of reducing MMP7 expression and the metastatic
behavior in an in vivo rodent model of CCA.

Discussion

The results of this study provide new mechanistic insights regarding the use of the smac
mimetic JP1584 for the treatment of CCA. These data indicate that JP1584 does not promote
TRAIL cytotoxicity but rather (1) attenuates TRAIL-induced migration, invasion, and matrix
degradation in vitro, (2) reduces TRAIL-induced NF-kB activation and thereby inhibits the
up-regulation of the NF-kB target gene MMP7, and (3) displays significant antimetastatic
single-agent activity in an in vivo rodent model of CCA. Each of these findings is discussed in
greater detail next.

The death ligand TRAIL has attracted considerable attention for its potential use as an
anticancer agent.*8:49 However, many cancer cells are resistant to TRAIL cytotoxicity.
Expression of cIAP-1 and cIAP-2 has been linked to TRAIL resistance, and enhanced
degradation of these proteins by smac mimetics sensitizes numerous cancer cells to TRAIL
cytotoxicity.2024 Despite causing cellular loss of cIAP-1 and cIAP-2, the smac mimetic
JP1584 did not sensitize CCA cells to TRAIL cytotoxicity. This observation, albeit
disappointing from a therapeutic perspective, agrees with previous studies suggesting that
TRAIL must activate the mitochondrial pathway of apoptosis in these cells for efficient killing;
this pathway is blocked in CCA cells because of abundant expression of myeloid cell
leukemia-1, a potent antiapoptotic B cell lymphoma 2 family protein whose expression is
unaffected by smac mimetics.>->! Thus, although more robust death receptor signaling due to

Hepatology. Author manuscript; available in PMC 2010 October 19.
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cIAP-1 and cIAP-2 elimination is sufficient to bypass or overcome apoptosis resistance in other
cancer cell types, it is not in CCA.

After receptor binding by their cognate death ligands, cIAP-1 and cIAP-2 are recruited to the
death receptor complex.5? Via their E3 ligase activities, cIAP-1 and IAP-2 promote the
nondegradative Lys-63—linked polyubiquitination of receptor interacting protein 1 (RIP1),
which in turn induces NF-kB activation.2 31 Cellular elimination of cIAP-1 and cIAP-2 by
smac mimetics such as JP1584 prevents this ubiquitination-dependent function of RIP1 and
inhibits death receptor activation of NF-kB by the canonical pathway.22-31 Although NF«xB
inhibition by a smac mimetic has been reported to sensitize prostate cancer cells to TRAIL
cytotoxicity,?2 this did not occur with CCA cells. Instead, NF-kB inhibition reduced the
prometastatic activity of TRAIL in these malignant cells.

Inhibition of cell invasion by suppressing NF-«kB activation is consistent with other studies
linking NF-kB signaling to prometastatic activity.53 Although NF-«kB activation has been
associated with EMT, a phenotypic cellular alteration thought to favor metastatic behavior,
4072 we did not observe TRAIL induction of key genes responsible for EMT. Instead, the
NF-«kB target gene MMP7 (or matrilysin) was determined to be up-regulated by TRAIL. This
MMP has previously been reported to play a predominant role in CCA progression.'4~16
JP1584 inhibited TRAIL-mediated MMP7 up-regulation and additionally attenuated TRAIL-
induced cell invasion, with the latter effect also being achieved by siRNA knockdown of
MMP7. Similar to these findings, a TRAIL/NF-kB/MMP7 pathway promoting invasive
behavior of pancreatic cancer cells has been reported.17 Our current studies are also consistent
with the emerging concept that [APs are prometastatic and represent antimetastatic therapeutic
targets.32 Finally, we note that smac mimetics also have been reported to activate the
noncanonical NF-kB pathway by inhibiting cIAP-1/cIAP-2—mediated degradative Lys-48—
linked polyubiquitination of NF-kB—inducing kinase?3-28; if this pathway occurs in CCA, it
does not affect TRAIL-mediated metastatic behavior in these cancer cells.

In accordance with our in vitro observations, JP1584 in vivo reduced MMP7 mRNA levels in
tumors and achieved significant CCA metastasis suppression without decreasing primary
tumor growth. This effect of JP1584 likely represents TRAIL/NF-kB antagonism as
exogenously administered TRAIL has been reported to increase metastasis but not primary
tumor growth in another orthotopic rodent in vivo model employing pancreatic cancer cells.
13 As a potential metastasis suppressor, JP1584 in a clinical setting could be a promising
therapeutic agent when administered perioperatively or in an adjuvant fashion in patients
undergoing surgery for CCA or in combination with targeted local regional CCA therapy (e.g.,
radiotherapy). Its use in CCA patients awaiting liver transplantation (possibly in addition to
established bridging techniques) is also conceivable. However, smac mimetics should be used
with caution in CCA patients who additionally have primary sclerosing cholangitis because
there is evidence of up-regulation of TRAIL expression in these cholestatic liver diseases.!%
54 If a smac mimetic potentiates TRAIL-mediated cytotoxicity of normal cholangiocytes in
vitro, it could potentiate these disease processes. However, we did not observe significant
JP1584-mediated sensitization of nonmalignant cholangiocytes to TRAIL-induced apoptosis
in vitro.

In conclusion, the smac mimetic JP1584 potently reduces TRAIL-induced CCA cell invasion
in vitro and shows significant metastasis suppression as a single agent in an in vivo rodent
model of CCA that recapitulates key features of the human cancer. These effects are, at least
in part, mediated by inhibition of TRAIL-induced NF-«kB activation resulting in reduced
MMP7 expression. Thus, in CCA, the smac mimetic JP1584 does not sensitize cells to TRAIL-
induced cytotoxicity but rather antagonizes prometastatic signaling cascades.

Hepatology. Author manuscript; available in PMC 2010 October 19.
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Abbreviations

CCA
cIAP
DAPI
EMSA
EMT
HCC
IAP
IFN-y
IL-6
MMP
mRNA
NF-«kB
RAU
RFU
rhTRAIL
rmTRAIL
RIP1
RT-PCR
S100A4
siRNA
SMAC
SOX9
TRAIL
TNF-a
VEGF
XIAP
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cholangiocarcinoma

cellular inhibitor of apoptosis
4',6-diamidino-2-phenylindole dihydrochloride
electrophoretic mobility shift assay
epithelial-mesenchymal transition
hepatocellular carcinoma

inhibitor of apoptosis

interferon-y

interleukin-6

matrix metalloproteinase
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CCA cells are not sensitized to TRAIL-induced apoptosis by JP1584 despite cellular loss of
cIAP-1 and cIAP-2. (A,B) Cells were treated for 6 hours with vehicle, TRAIL [BDEneu: 20
ng/mL rmTRAIL; KMCH-1, TFK-1, H69, isolated human hepatocytes, and Huh-7 (positive
control): 2.5 ng/mL thTRAIL], JP1584 (500 nM), or TRAIL plus JP1584. Cell treatment was
followed by (A) fluorescent analysis of caspase-3/caspase-7 activity or (B) DAPI staining with
quantitation of apoptotic nuclei by fluorescence microscopy. Note the significant increases in
caspase-3/caspase-7 activity as well as apoptotic cell nuclei upon the treatment of Huh-7 HCC
cells with TRAIL alone and especially with the combination of TRAIL and JP1584. In contrast,
BDEneu, KMCH-1, H69, isolated human hepatocytes, and TFK-1 cells displayed no
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significant response to any treatment. Means and standard errors of the mean are shown (n =
3). (C) Immunoblot analysis for cIAP-1, c-IAP-2, and XIAP in BDEneu and KMCH-1 cells
treated with JP1584 for 6 hours at the indicated concentrations. Abbreviations: JP, JP1584;
RFU, relative fluorescence unit; T, TRAIL; T/JP, TRAIL plus JP1584; V, vehicle; XIAP, X-
linked inhibitor of apoptosis.
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JP1584 inhibits TRAIL-mediated NF-xB activation. Tumor cells were treated with vehicle,
TRAIL (BDEneu: 20 ng/mL rmTRAIL; KMCH-1: 2.5 ng/mL rhTRAIL; 40 minutes), JP1584
(500 nM and 2-hour pretreatment), or TRAIL plus JP1584, and this was followed by analysis
via immunocytochemistry, phospho-immunoblotting, and EMSA. (A) Tumor cells were
subjected to immunocytochemistry for phospho-p65 (BDEneu) or p65 (KMCH-1) and
analyzed with confocal microscopy. The phospho-p65/DAPI overlay demonstrates
phosphorylation and nuclear accumulation of p65 only in TRAIL-treated rat BDEneu cells.
Similarly, in human KMCH-1 cells, TRAIL induced nuclear accumulation of p65. This effect
was inhibited by cotreatment with JP1584. (B) Immunoblot analysis for phospho-p65 and p65

Hepatology. Author manuscript; available in PMC 2010 October 19.



yduosnuepy Joyiny vd-HIN yduosnuely Joyiny Yd-HIN

yduosnuep Joyiny vd-HIN

Fingas et al.

Page 15

protein expression. Consistent with immunocytochemistry, increased phosphorylation of p65
in BDEneu and KMCH-1 cells occurred solely upon treatment with TRAIL. JP1584 inhibited
the TRAIL-mediated increase in p65 phosphorylation. (C) EMSA analysis identified a protein/
target oligonucleotide complex when nuclear protein extracts were employed from TRAIL-
treated KMCH-1 cells (left); this complex was reduced in the presence of JP1584 (left). This
TRAIL-associated protein/oligonucleotide complex was inhibited by an excess of unlabeled
NF-xB consensus oligonucleotide (middle) and was supershifted with anti-p50 and p65
antisera (right). Abbreviations: JP, JP1584; T, TRAIL; T/Co, TRAIL plus consensus
oligonucleotide; T/JP, TRAIL plus JP1584; T/p50, TRAIL plus p50; T/p60, TRAIL plus p60;
V, vehicle.
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JP1584 blocks TRAIL-induced tumor cell migration, invasion, and matrix degradation.
BDEneu cells were (A,B) cultured for 48 hours onto the upper compartments of migration/
invasion assay inserts or (C) plated onto fluorescent gelatin matrix-coated cover slips in the
presence of vehicle, TRAIL (20 ng/mL rmTRAIL), JP1584 (500 nM and 2-hour pretreatment),
or TRAIL plus JP1584. (A) The number of cells that had migrated to the lower surface of the
8-um-pore filter membrane was counted in six random fields under a light microscope (x200).
Means and standard errors of the mean are shown. (B) Shown are invasive cells that had reached
the lower surface of an 8-um-pore filter membrane additionally equipped with an extracellular
matrix coat. Means and standard errors of the mean are shown. (C) Areas of degraded gelatin

Hepatology. Author manuscript; available in PMC 2010 October 19.



yduosnuepy Joyiny vd-HIN yduosnuely Joyiny Yd-HIN

yduosnuep Joyiny vd-HIN

Fingas et al.

Page 17

matrix were measured after digital image inversion with iVision software (BioVision, Exton,
PA). Similarly to cell migration and invasion, TRAIL significantly increased matrix
degradation by tumor cells; this effect was blocked by cotreatment with JP1584. Means and
standard errors of the mean are shown. (D) BDEneu cells were treated as indicated, and cell
proliferation was assessed with the 3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium assay (n = 3). Exposure to TRAIL
(20 ng/mL rmTRAIL) with and without JP1584 (500 nM and 2-hour pretreatment) did not
significantly alter cell proliferation in comparison with the vehicle treatment. Means and
standard errors of the mean are shown. Abbreviations: JP, JP1584; RAU, relative absorbance
unit; RFU, relative fluorescence unit; T, TRAIL; T/JP, TRAIL plus JP1584; V, vehicle.
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TRAIL-induced tumor cell invasion is mediated by up-regulation of NF-kB target gene MMP7.
(A) BDEneu cells (top) and KMCH-1 cells (bottom) were treated for 3 hours with vehicle or
TRAIL (BDEneu: 20 ng/mL rmTRAIL; KMCH-1: 2.5 ng/mL rhTRAIL) with and without
JP1584 (500 nM and 2-hour pretreatment), and this was followed by quantitative RT-PCR
analysis for mRNA of MMP2, MMP7, and MMP9 (n = 3). MMP7 mRNA expression was
significantly increased upon TRAIL treatment in BDEneu and KMCH-1 cells. Cotreatment
with JP1584 reduced TRAIL-mediated up-regulation of MMP7. Means and standard errors of
the mean are shown. (B) BDEneu cells transfected with MMP7 siRNA or scrambled siRNA
were cultured for 48 hours onto the upper compartments of invasion assay inserts in the
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presence of vehicle, TRAIL (20 ng/mL rmTRAIL), JP1584 (500 nM and 2-hour pretreatment),
or TRAIL plus JP1584. Invasive cells were extracted and analyzed photometrically (n = 3).
MMP7 silencing (confirmed by immunoblot analysis) inhibited TRAIL-induced tumor cell
invasion. Means and standard errors of the mean are shown. Abbreviations: RAU, relative
absorbance unit; T, TRAIL; T/JP, TRAIL plus JP1584; V, vehicle.
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Orthotopic BDEneu cells express TRAIL in vivo similarly to human cancers. A syngeneic rat
orthotopic model of CCA (BDEneu cells and Fischer 344 rats) was employed for this
examination. CCA and normal liver specimens of untreated tumor-bearing rats (18 days after
tumor cell implantation into the left lateral liver lobe) were analyzed for mRNA and protein
expression of TRAIL and its cognate receptors DR4 and DR5 by quantitative RT-PCR and
immunoblot analysis. (A,B) TRAIL mRNA and protein levels in tumors were expressed
similarly to those in human cancers in this rodent model of CCA. No differences with respect
to mRNA or protein expression of DR4 and DRS were observable (n = 4 livers). Means and
standard errors of the mean are shown. (C) TRAIL protein expression by
immunohistochemistry (right) colocalized to glands also expressing cytokeratin 7 as a marker
of CCA (left). Selectively, the tumorous gland was positive for TRAIL and cytokeratin 7
staining. (D) IFN-y, a known stimulator of TRAIL, showed significantly up-regulated mRNA

levels in CCA in vivo in comparison with normal liver tissue (n =4 livers). Means and standard
errors of the mean are shown.
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JP1584 has no significant effect on intrahepatic tumor growth but shows antimetastatic single-
agent activity in vivo. A syngeneic rat orthotopic model of CCA (BDEneu cells and Fischer
344 rats) was employed for this examination. In JP1584-treated (2 mg/kg intravenously every
other day for six times starting on day 7 after surgery) and vehicle-treated tumor-bearing rats
(n =09 rats per group), the tumor/liver/body weights and extrahepatic metastases were assessed
18 days after tumor cell implantation into the left lateral liver lobe. (A) Representative
explanted livers of JP1584-treated and vehicle-treated tumor-bearing rats are depicted. No
significant decreases in tumor weights or tumor/liver or tumor/body weight ratios were
observed in JP1584-treated rats. Box and whisker plots show the minimum, 25th percentile,

Hepatology. Author manuscript; available in PMC 2010 October 19.



yduosnuepy Joyiny vd-HIN yduosnuely Joyiny Yd-HIN

yduosnuep Joyiny vd-HIN

Fingas et al.

Page 22

median, 75th percentile, and maximum. (B) Representative abdominal cavities of JP1584-
treated and vehicle-treated tumor-bearing rats are depicted. JP1584 treatment significantly
reduced the number of rats with extrahepatic metastases. Extrahepatic metastases
predominantly occurred in the greater omentum and peritoneum. The stacked column plot
indicates the numbers of animals with and without metastases. P < 0.05 by the ¥ test. (C)
MMP7 mRNA levels but not MMP2 or MMP9 mRNA levels (quantitative RT-PCR) were
significantly up-regulated in CCA in comparison with nonmalignant liver tissue. This up-
regulation of MMP7 was reduced in CCA samples of JP1584-treated rats versus vehicle-treated
rats (mMRNA expression in CCA samples was normalized to mRNA expression in normal liver
tissue). Means and standard errors of the mean are shown. Abbreviations: JP, JP1584; V,
vehicle.
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