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Abstract

Cholangiocarcinoma (CCA) cells paradoxically express the death ligand tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) and thus rely on potent survival signals to circumvent
cell death by TRAIL. Hedgehog (Hh) signaling is an important survival pathway in CCA. Herein,
we further examine the mechanisms whereby Hh signaling mediates apoptosis resistance in CCA,
revealing a pivotal role for the cell division regulating serine/threonine kinase polo-like kinase 2
(PLK2). We employed 50 human CCA samples (25 intrahepatic and 25 extrahepatic CCA) as well
as human KMCH-1, Mz-CHA-1, and HUCCT-1 CCA cells for these studies. /n vivo experiments
were conducted using a syngeneic rat orthotopic CCA model. In human samples, polo-like kinase
(PLK)1/2/3-immunoreactive cancer cells were present in the preponderance of intra- and
extrahepatic CCA specimens. Inhibition of Hh signaling by cyclopamine reduced PLK2, but not
PLK1 or PLK3, messenger RNA and protein expression in vehicle-treated and sonic Hh—treated
CCA cells, confirming our previous microarray study. PLK2 regulation by Hh signaling appears to
be direct, because the Hh transcription factors, glioma-associated oncogene 1 and 2, bind to the
PLK2 promotor. Moreover, inhibition of PLK2 by the PLK inhibitor, Bl 6727 (volasertib), or
PLK2 knockdown was proapoptotic in CCA cells. Bl 6727 administration or PLK2 knockdown
decreased cellular protein levels of antiapoptotic myeloid cell leukemia 1 (Mcl-1), an effect
reversed by the proteasome inhibitor, MG-132. Finally, Bl 6727 administration reduced Mcl-1
protein expression in CCA cells, resulting in CCA cell apoptosis and tumor suppression /n vivo.

Conclusion—PLK2 appears to be an important mediator of Hh survival signaling. These results
suggest PLK inhibitors to be of therapeutic value for treatment of human CCA.

Cholangiocarcinoma (CCA) is the most common biliary cancer and its incidence is
increasing in Western countries.! CCA is a highly lethal malignancy with limited
therapeutic options.2~* Human CCA /n vivo paradoxically express the death ligand tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) as well as its cognate receptors
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and are resistant to cell death by TRAIL.>~" Thus, CCA cells most likely are dependent on
potent survival signals. However, the mechanisms of CCA apoptosis resistance are complex,
and further insight is needed to help develop more effective therapies.

CCAs are highly desmoplastic neoplasms with a tumor microenvironment plentiful in
myofibroblasts (MFBs). We have recently reported that cross-talk between MFBs and CCA
cells coactivates Hedgehog (Hh) signaling—an important survival pathway in CCA.8-10 Hh
signaling is initiated by any of the following three ligands: indian; desert; or sonic Hh
(SHH). These ligands bind to the Hh receptor, patched, resulting in activation of the Hh
mediator, smoothened, and, subsequently, the transcription factors, glioma-associated
oncogene (GLI)1, 2, and 3.11 SHH is expressed in CCA cells,®12 and in a recent messenger
RNA (mRNA) expression analysis employing CCA cells, Hh signaling was also suggested
to positively regulate the cell-division-modulating enzyme, kinase polo-like kinase
(PLK)2.8

PLK2 (or SNK) is one of five mammalian PLK family members that orchestrate a wide
range of critical cell-cycle events.13-15 Besides PLK2, PLK1 (or STPK13), PLK3 (or CNK,
FNK, and PRK), PLK4 (or SAK and STK18), and PLK5 have been identified. 1415 All PLK
proteins share a similar structure, with a canonical serine/threonine kinase domain at the N-
terminus and a regulatory polo-box domain at the C-terminus?3; however, PLK4 has a
notably divergent structure, as compared to other PLK proteins and PLKS5, because it lacks
kinase activity.1415 Approximately 80% of human cancers express high levels of PLK
transcripts in tumor cells (these PLK transcripts are mostly absent in surrounding healthy
tissues), and PLK overexpression is often associated with poor prognosis and lower overall
survival.16 Though PLK1 has been extensively studied and has become an attractive
candidate for anticancer drug development, the roles of the other PLK proteins, including
PLK2, are less well understood.1®

PLK inhibition in esophageal squamous cell carcinoma and osteosarcoma was reported to
decrease protein levels of myeloid cell leukemia-1 (Mcl-1).17:18 This is of particular interest
because Mcl-1, a potent antiapoptotic member of the B-cell lymphoma (Bcl)-2 protein
family, has been identified as a survival factor in CCA.1%-21 Given the pivotal role of Mcl-1
in mediating CCA resistance to TRAIL-induced apoptosis,19-21 PLK inhibition is a potential
strategy for targeted treatment of this devastating disease.

The aim of this study was to examine the role for an Hh and PLK signaling coactivation
network in mediating CCA cell resistance to TRAIL cytotoxicity. The results suggest that
PLK2 mediates Hh survival signaling by inhibition of Mcl-1 proteasomal degradation,
representing an important link between the Hh pathway and robust Mcl-1 expression in
CCA cells. These observations have implications for treatment of human CCA.

Materials and Methods

Materials

Recombinant human (rh)SHH, rhTRAIL, rhPDGF-BB (platelet-derived growth factor BB;
all from R&D Systems, Minneapolis, MN), MG-132 (Merck, Rockland, MA), cyclopamine
(LC Laboratories, Woburn, MA), and GDC-0449 (Selleck, Houston, TX) were prepared
according to the suppliers’ protocols. Bl 6727/volasertib, a potent selective PLK inhibitor,22
was purchased from Active Biochem (Maplewood, NJ), dissolved in dimethyl sulfoxide (1
mmol/L stock solution; Sigma-Aldrich, St. Louis, MO), and subsequently diluted in cell-
culture medium for use in /n vitro experiments. The SHH-neutralizing antibody (Ab), 5E1,
was obtained from the Developmental Studies Hybridoma Bank (Department of Biology,
University of lowa, lowa City, IA). The construct encoding for S peptide-tagged human
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Mcl-1 mutant resistant to proteasomal degradation as a result of sequential mutagenesis of
the established Mcl-1 ubiquitination sites (amino acids 5, 40, 136, 194, and 197) from lysine
to arginine was generated as previously described.23

Cell Lines/Culture and Human Samples

The human CCA cell lines, KMCH-1, Mz-CHA-1, and HUCCT-1, as well as the
erythroblastic leukemia viral oncogene homolog (ErbB-2)/neu transformed malignant rat
cholangiocyte cell line, BDEneu (/n vivo experiment), were cultured as previously
described.8:24-26 Intra-(n=25) and extrahepatic (n=25) human CCA samples were collected
with institutional review board approval according to the principles embodied in the
Declaration of Helsinki.

Generation of a Stable Transfectant Expressing PLK1, PLK2, or PLK3 Short Hairpin RNA

Short hairpin RNA (shRNA) lentiviral plasmids for PLK1 and PLK3 were obtained from
Thermo Fisher Scientific/ Open Biosystems (Oligo ID: V2LHS 241437, Gen-Bank
accession no.: NM_005030 and Oligo ID: V2LHS_ 172853, GenBank accession no.:
NM_004073, respectively; Huntsville, AL). PLK2 shRNA lentiviral plasmids were obtained
from Sigma-Aldrich (GenBank accession no.: NM_006622.2). KMCH-1 cells were
transfected using OptiMEM I (Gibco-Invitrogen, Carlsbad, CA) containing 6 pL/mL of
Lipofectamine (Invitrogen), 1 yg/mL of plasmid DNA, and 6 uL/mL of Plus reagent
(Invitrogen). Forty-eight hours after transfection, fresh Dulbecco’s modified Eagle’s
medium, containing 0.5 pg/mL of puromycin, was added. Surviving clones were separated
using cloning rings and individually cultured. A clone with a scrambled ShRNA was
employed as a control (stable scrambled KMCH-1 cells). Expression/knockdown of PLK1,
PLK2, or PLK3 in clones was assessed by immunoblotting analysis.

Real-Time Polymerase Chain Reaction

Total RNA was extracted from cells or tissue using the RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany) and was reverse-transcribed with Moloney leukemia virus reverse
transcriptase (RT) and random primers (Invitrogen, Camarillo, CA). Quantitation of the
complementary DNA template was performed with real-time polymerase chain reaction
(PCR,; LightCycler; Roche, Indianapolis, IN) using SYBR green (Roche) as a

fluorophore. 19 Oligonucleotide sequences and expected product sizes for primer pairs used
for quantitative RT-PCR analysis are depicted in Supporting Table 1. As an internal control,
primers for 18S ribosomal RNA (rRNA; Ambion, Austin, TX) were employed. Using gel-
purified amplicons, a standard curve was generated to calculate the copy number/pL. Target
MRNA expression of each sample was calculated as the copy ratio of target mMRNA to 18S
rRNA and then normalized to the target mMRNA expression of vehicle controls.

Immunoblotting Analysis

Whole cell lysates were obtained and processed as previously described.® Primary antisera
used were actin (1:2,000; C-11; Santa Cruz Biotechnology, Santa Cruz, CA), PLK1 (1 tg/
mL; catalog no.: 05-844; Merck Millipore, Darmstadt, Germany), PLK2 (1 tg/mL;
ab34811; Abcam, Cambridge, MA), PLK3 (1:1,000; catalog no.: D14F12; Cell Signaling
Technology, Danvers, MA), Mcl-1 (1:1,000; sc-819; Santa Cruz Biotechnology), and Bcl-2
(1:1,000; sc-492; Santa Cruz Biotechnology). The mouse anti-S peptide Ab was a generous
gift from S.H. Kaufmann (Oncology Research, Mayo Clinic, Rochester, MN). Horseradish-
peroxidase—conjugated secondary Abs for rabbit (sc-2004; Santa Cruz Biotechnology), goat
(sc-2020; Santa Cruz Biotechnology), and mouse (sc-2031; Santa Cruz Biotechnology) were
incubated at a dilution of 1:2,000 for 1 hour at room temperature. Proteins were visualized
using enhanced chemiluminescence reagents (ECL/ECL-Prime; Amersham Biosciences,
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Buckinghamshire, UK) and Kodak X-OMAT films (Eastman Kodak Company, Rochester,
NY).

Quantitation of Apoptosis

Apoptosis in CCA cells was quantified by assessing characteristic nuclear changes of
apoptosis after staining with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-
Aldrich) using fluorescence microscopy.?” Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assays (cell coculture and rat liver samples) were carried
out using the In Situ Cell Death Detection Kit (Roche), according to the supplier’s protocol
and as previously described.? Caspase-3/7 activity was quantitated using the ApoONE
Homogenous Caspase-3/-7 Assay (Promega, Madison, WI), according to manufacturer’s
recommendations.2’

Animal Experiments

All animal studies were performed in accord with and approved by the local institutional
animal care and use committee. /17 vivo intrahepatic cell implantation was carried out in
male adult Fischer 344 rats (Harlan, Indianapolis, IN) with initial body weights of 190-220
(cyclopamine study) and 227-251 g (BI 6727 study), as previously described.8:24-26
Animals were treated with vehicle (cyclopamine), as previously described,8 or Bl 6727 (3
injections of 10 mg/kg body weight [b.w.; 0.5 mL] intraperitoneally [IP] every other day; the
first injection was given on postoperative day 7, and the third injection was given on
postoperative day 11) formulated in hydrochloric acid (0.1 N) diluted with 0.9% NaCl.22
Twenty-four (cyclopamine study) and forty-eight hours (Bl 6727 study) after receiving the
last injection, rats were euthanized and livers were removed for further analysis. To assess
the number of metastases-free and metastases-bearing rats, abdominal cavities,
retroperitoneal spaces, and thoracic cavities were thoroughly examined as previously
described.8:24.25

Statistical Analysis

Data are expressed as the meanzstandard error of the mean (SEM) and represent at least
three independent experiments. Differences in experiments with two groups were compared
using the two-tailed Student #test or the chi-square test (analysis of metastasis) as well as
Mann Whitney’s test (analysis of PLK1/2/3 expression in human CCA samples).
Differences in experiments with more than two groups were compared using analysis of
variance with Bonferroni’s post-hoc correction. Differences were considered as significant
at levels of A<0.05.

Supplemental Methods

Chromatin immunoprecipitation (ChIP), immunohistochemistry (IHC) for PLK1, PLK2, and
PLKS, as well as immunofluorescence (IF) microscopy for PLK2, Mcl-1, and cytokeratin 7
(CK-7) are described in the Supporting Materials.

Results

PLK1, PLK2, and PLK3 Are Prominently Expressed in Human CCA

Initially, we examined the expression of PLK1, PLK2, and PLK3 (because of their structural
and functional divergences from other PLK family members, PLK4 and PLK5 were
excluded from this study2415) in 50 CCA samples (25 intrahepatic and 25 extrahepatic
CCA) by IHC (Fig. 1). PLK1, PLK2, and PLK3 immunoreactive cells were present in the
preponderance of the intrahepatic and extrahepatic CCA specimens (Fig. 1A). Histological
grading revealed that in extrahepatic and intrahepatic CCA samples, PLK2 was slightly less
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expressed than PLK1, whereas more cells stained positive for PLK2 than for PLK3 (Fig. 1B
and Supporting Fig. 1). PLK1, PLK2, and PLK3 expression was more pronounced in
intrahepatic, as compared to extrahepatic, CCA, and for PLK2 expression, this difference
was statistically significant (Fig. 1B). In intrahepatic and extrahepatic CCA, predominantly
cancer cells/glands stained positive for PLK proteins; however, some stromal cells within
the tumor microenvironment also displayed PLK1, PLK2, and PLK3 immunoreactivity.
Moreover, PLK2 mRNA was overexpressed in CCA, as compared to paired normal liver
tissue from the same patients (Supporting Fig. 2). Thus, PLK1, PLK2, and PLK3 are
abundantly expressed in the majority of human CCA specimens.

PLK2 Is Regulated by Hedgehog Signaling in Human CCA Cells

Having confirmed an abundant expression of PLK1, 2, and 3 proteins in human CCA, we
next examined whether PLK signaling can be regulated by the Hh survival pathway, as
implicated by a microarray expression analysis in CCA cell lines.® Consistent with this
previous study,? inhibition of Hh signaling with cyclopamine (an inhibitor of the Hh
mediator, smoothened) reduced PLK2, but not PLK1 or PLK3, mRNA expression, as
compared to SHH-only—treated CCA cells (Fig. 2A [KMCH-1 cells], 2B [Mz-ChA-1 cells],
and 2C [HUCCT-1 cells]). This observation was confirmed, on the protein level, by
immunoblotting analysis for PLK1, 2, and 3 protein expression in similarly treated CCA
cells (Fig. 2D [KMCH-1 cells], 2E [Mz-ChA-1 cells], and 2F [HUCCT-1 cells]) for PLK2
protein expression; PLK1 and PLKS3 protein expression of all three CCA cell lines are
depicted in Supporting Fig. 3A. Consistent with these findings, more specific Hh signaling
inhibition with SHH-neutralizing Ab 5E1 or the small molecule, smoothened, inhibitor,
GDC-0449, also reduced PLK2 protein expression, as compared to SHH-only—treated
KMCH-1, MzChA-1, and HUCCT-1 cells (Supporting Fig. 3B). Given the positive
regulation of Hh signaling by PDGF-BB in CCA 8 we also assessed the effect of PDGF-BB
on PLK2 protein expression. Indeed, PLK2 protein levels increased in the presence of
PDGF-BB (Supporting Fig. 3C). Thus, PLK2, but not PLK1 or PLK3, appears to be
positively regulated by Hh signaling.

To further investigate how Hh signaling promotes PLK2 expression, we examined whether
the hedgehog transcription factors, GLI1, GLI2, and/or GLI3, bind to the PLK2 promoter.
After identification of two putative GLI-binding sites (sites | and Il) within the PLK2
promoter region containing two mismatches, compared to the consensus sequence,
GACCACCCAZ (Fig. 3A), we performed a ChIP assay in SHH-stimulated KMCH-1 cells
(with or without cyclopamine) employing Abs to GLI1, GLI2, and GLI3. Indeed, binding of
GLI1 and GLI2 was exclusively observed in SHH-only—treated cells using primers that
amplify site | (277 base pairs [bp]; Fig. 3B, first and second panels), but not site Il (297 bp;
Fig. 3B, third panel). A control immunoglobulin G (IgG) did not yield a product,
additionally demonstrating specificity of the antisera used. As a positive control, we
employed the Bcl-2 promoter, which contains well-recognized GLI1/2-binding sites,2° and
the GLI1 promotor, which contains well-recognized GLI3 binding sites.3% These studies
identified the expected occupation by GLI1 and GLI2 (Bcl-2 promoter: 147 bp) as well as
GLI3 (GLI1 promoter: 211 bp; Fig. 3B, forth panel). Taken together, these data suggest that
Hh signaling may directly regulate PLK2 expression by binding of the GLI1 and GLI2
transcription factors to the PLK2 promoter.

PLK2 Inhibition Is Proapoptotic in CCA Cells

Next, we examined whether inhibition of Hh target gene PLK2 with the potent PLK
inhibitor, Bl 6727 (volasertib), promotes (TRAIL-induced) apoptosis in CCA cells. As
measured by either cell morphology (Fig. 4AC, left) or biochemically (Fig. 4A-C, right), Bl
6727 and, especially, Bl 6727 plus TRAIL significantly induced apoptosis in KMCH-1 (Fig.
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4A), Mz-ChA-1 (Fig. 4B), as well as HUCCT-1 (Fig. 4C) cells. Because Bl 6727 not only
inhibits PLK2, but also PLK1 and PLK3,22 we selectively silenced PLK1, PLK2, or PLK3
in KMCH-1 cells by an shRNA technique to more specifically investigate the effect of PLK
inhibition on CCA cell apoptosis (Fig. 4D; knockdown of PLKs was confirmed by
immunoblotting analysis [Fig. 4E]). Stable knockdown of PLK2 sensitized KMCH-1 to
TRAIL-induced apoptosis, as compared to control KMCH-1 cells (Fig. 4D). Knocking down
PLK1 and PLK3 as well was also proapoptotic; however, this effect was significantly less
pronounced (Fig. 4D). Thus, PLK2 can mediate Hh cytoprotection against TRAIL-induced
apoptosis in CCA cells.

Proapoptotic Effects of PLK2 Inhibition Are Mediated by Mcl-1 Degradation

We next sought to investigate the mechanism whereby PLK2 inhibition exerts its
proapoptotic effects. Because cell-cycle enzymes can regulate Mcl-1 expression3! and
Mcl-1 as well as Bcl-2 are down-regulated by PLK inhibition in osteosarcoma and
esophageal carcinoma cells,1”-18 we explored the effect of PLK inhibition on cellular Mcl-1
and Bcl-2 protein levels. Indeed, Bl 6727 administration rapidly decreased Mcl-1 (but not
Bcl-2) protein levels in KMCH-1 cells (Supporting Fig. 4A). To assess whether decreased
Mcl-1 protein levels are the result of proteasomal degradation, we employed the potent
proteasome inhibitor, MG-132, or transfected KMCH-1 cells with a proteasome-resistant
Mcl-1 mutant. Mcl-1 down-regulation by Bl 6727 is likely mediated by proteasomal
degradation, because MG-132 (Fig. 5A [KMCH-1 cells], 5B [Mz-ChA-1 cells], and 5C
[HUCCT-1 cells]) or transfection with the proteasome-resistant Mcl-1 mutant (Supporting
Fig. 4B) completely abrogated this effect. Moreover, inhibition of proteasomal degradation
in the presence of Bl 6727 increased Mcl-1 protein levels, as compared to vehicle controls
(Fig. 5A,B and Supporting Fig. 4B), suggesting that Mcl-1 up-regulation is an initial
protective cell response to BI 6727 (which, in Bl 6727-only—treated cells, is overwhelmed
by proteasomal Mcl-1 degradation). Accordingly, Bl 6727-treated KMCH-1 cells display a
compensatory up-regulation of Mcl-1 mRNA levels (Supporting Fig. 5A). Consistent with
these observations, MG-132 also blocked Bl 6727-induced apoptosis in KMCH-1 (Fig. 5D),
Mz-ChA-1 (Fig. 5E), and HUCCT-1 (Fig. 5F) cells, as assessed morphologically (Fig. 5D-
F, left) or biochemically (Fig. 5D-F, right). Moreover, stable knockdown of PLK2 by the
shRNA technique also reduced Mcl-1 protein levels, as displayed by immunoblotting
analysis (Supporting Fig. 4C). These data suggest that PLK2 inhibition reduces Mcl-1
protein levels in a posttranslational manner by proteasomal degradation, thereby promoting
apoptosis.

PLK Inhibition Promotes CCA Cell Apoptosis and Is Tumor Suppressive In Vivo

To determine whether the proapoptotic /n vitro effect of PLK-signaling inhibition by BI
6727 is translatable to an /n vivo model, we employed a syngeneic rat orthotopic CCA
model (BDEneu malignant cells injected into liver of male Fischer 344 rats).3:8:24.26 Thjs
preclinical rodent model of CCA recapitulates many characteristic features of human CCA,
including the paradoxical expression of TRAIL.24 First, we sought to further validate this
model by assessing mMRNA expression of PLK1-3 in CCA specimens, as compared to
normal rat liver tissue, by quantitative RT-PCR. PLK2 mRNA levels in CCA were
significantly higher, as compared to normal rat livers (Fig. 6A). On the protein level, PLK2,
similar to the human disease (Fig. 1), was abundantly expressed in tumorous glands
(identified by CK-7 costaining; CK-7 is a biliary epithelial cell marker expressed by CCA
cells) and also by occasional stromal cells within the tumor microenvironment (Fig. 6B).
Administration of Hh inhibitor cyclopamine significantly decreased PLK2 expression in
tumorous glands (dotted lines), but not stromal cells, in this /n vivo CCA model (Fig. 6B,
middle photomicrographs and bar graph). Also consistent with our /in7 vitro observations,
treatment with PLK inhibitor Bl 6727 in vivoreduced Mcl-1 protein expression in CCA
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cells (Fig. 6C, middle photomicrographs and bar graph). PLK2 mRNA levels were also
increased in CCA specimens of Bl 6727-treated rats, as compared to controls (Supporting
Fig. 5B). Finally, CCA cell apoptosis was increased in animals treated with Bl 6727, as
compared to vehicle-treated rats (Fig. 6D; CCA cell apoptosis was confirmed by
demonstrating colocalization of TUNEL-positive cell nests with tumorous glands displaying
CK-7). Thus, this preclinical rodent model of CCA recapitulates characteristic features
observed in human CCA tissue and /n vitro studies, including the proapoptotic effect of PLK
inhibition on CCA cells.

Consistent with the proapoptotic effects of PLK2 observed in the CCA /n vivo model, PLK2
was also effective in reducing tumor size and metastasis (Fig. 7A-F). Indeed, tumor weight
and tumor/liver weight ratios were significantly decreased in Bl 6727-treated rats (Fig. 7A-
E). Additionally, 100% of rats treated with Bl 6727 displayed no extrahepatic metastases,
whereas only 56% of vehicle-treated animals were free of metastases (4 of 9 animals in this
group showed tumors predominantly occurring in the greater omentum and peritoneum; Fig.
7A [lower right photomicrograph] and F). Taken together, these data suggest that Bl 6727
decreases tumor growth as well as metastasis in an /7 vivo rodent model of CCA.

Discussion

This study provides new mechanistic insights regarding an Hh-signaling and PLK-signaling
coactivation network in CCA. These data indicate that (1) Hh signaling directly regulates
PLK2 mRNA and protein expression, (2) PLK2 promotes Mcl-1 stabilization, providing
resistance to cell death by TRAIL, and (3) PLK inhibition is tumor suppressive in an
orthotopic syngeneic rodent /77 vivo CCA model. These findings are illustrated in Fig. 8 and
discussed in greater detail below.

We recently reported that MFB-to-cancer cell paracrine signaling imparts survival signals
for CCA by coactivation of the Hh-signaling pathway.8 Indeed, Hh signaling inhibition by
cyclopamine increased susceptibility of CCA cells to apoptotic stimuli.8 In the same study, a
microarray mRNA expression analysis also suggested that Hh signaling positively regulates
cell-cycle enzyme PLK2 in CCA cells.® Therefore, we further examined PLK2 regulation by
Hh signaling and explored whether targeting of PLK2 signaling would be similarly effective
in restoring CCA cell susceptibility to TRAIL-induced apoptosis. Because cancer cells
frequently develop resistance to smoothened inhibitors, 3233 blocking PLK2 may be a
promising new therapeutic approach for targeting this cancer survival pathway downstream
of smoothened. /n vitro, PLK2 was found to be directly regulated by the Hh pathway. PLK2
cytoprotection against TRAIL-induced apoptosis was abrogated in the presence of PLK
inhibitor BI 6727 or when PLK2 was selectively knocked down in KMCH-1 cells.
Moreover, PLK2-mediated cytoprotection was, at least in part, a result of stabilization of
Mcl-1, a crucial survival factor for CCA.19-21 These observations suggest that PLK2
represents an important link between Hh survival signaling and Mcl-1 protein expression in
CCA cells. Thus, PLK inhibition might be a promising strategy for treatment of CCA.

The effect of PLK inhibition on CCA cell viability has also been investigated in a single
earlier study.3* In their /n vitro study, Thrum et al. reported that PLK inhibition reduces
CCA cell proliferation. Herein, we expand the effects of PLK inhibition by demonstrating
that it also is proapoptotic /n vitro and in vivo. Moreover, we demonstrate that selective
PLK2 inhibition has a more pronounced proapoptotic effect than selective PLK1 or PLK3
inhibition in CCA cells. Other than PLK2 or PLK3, PLK1 has been intensively studied and
is also a potential target for anticancer therapy in other cell types.® The roles of PLK2 and
PLK3 are less well understood, and studies in hematologic diseases assume that PLK2 and
PLK3 act as tumor suppressors through their interactions with p53 signaling.135 Consistent

Hepatology. Author manuscript; available in PMC 2013 October 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fingas et al.

Page 8

with these observations, PLK2 and PLK3 are minimally expressed in various human
tumors.36 However, in CCA cells, PLK2 (and, to a lesser extent, PLK3) appears to have a
cytoprotective function, which likely explain their abundant expression in human and rodent
CCA specimens (Figs. 1 and 6B). As with MET, nuclear factor kappa B, fcantenin, c-Jun
N-terminal kinase, src homology 2 domain-containing tyrosine phosphatase 2, and signal
transducer and activator of transcription 3, PLK2 (and PLK3) thus might belong to the
emerging group of molecules that seem to have conflicting tumor-suppressive and
oncogenic roles in carcinogenesis, depending on tumor type and state of tumor
development.3’

The orthotopic, syngeneic rodent CCA model used in the present study recapitulates the
molecular signature and TRAIL expression of human CCA.2426 |t also provides a syngeneic
tumor microenvironment, avoiding problems of immunocompromise and tumor stromal
incompatibilities problematic in human xenograft models and mimics the cellular expression
patterns of PLK2 found in the human disease. Moreover, BDEneu CCA cells injected into
rat livers express all relevant Hh-signaling pathway factors.® In an earlier study employing
this /n vivo model, Hh-signaling inhibition with smoothened inhibitor cyclopamine was
reported to induce CCA cell death and inhibit tumor growth. In the present study, we extend
these earlier observations by demonstrating that Hh inhibition also reduces PLK2 protein
expression /1 vivo. In addition, we show that PLK inhibition leads to a decrease in Mcl-1
protein expression in CCA cells, also resulting in CCA cell apoptosis and reduced tumor
growth /in vivo. Our in vitro observations are most consistent with the proapoptotic and
tumor-suppressive /n vivo effects of Bl 6727 mainly being mediated by PLK2 inhibition;
however, we cannot exclude a contribution of PLK1 and PLK3 inhibition to the effects
noted in Bl 6727-treated animals.

In conclusion, targeting the Hh-signaling and PLK-signaling coactivation network appears
to sensitize CCA cells to TRAIL-induced apoptosis. In addition to Hh inhibitors, these
observations suggest PLK inhibitors to be of therapeutic value for treatment of human CCA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DAPI 4’ 6-diamidino-2-phenylindole dihydrochloride

ErbB-2 erythroblastic leukemia viral oncogene homolog

GLI glioma-associated oncogene

Hh hedgehog

IF immunofluorescence

1gG immunoglobulin G

IHC immunohistochemistry

IP intraperitoneally

MBF myofibroblast

Mcl-1 myeloid cell leukemia-1

MRNA messenger RNA

PCR polymerase chain reaction

PDGF platelet-derived growth factor

PLK polo-like kinases

rh recombinant human

rRNA ribosomal RNA

RT reverse transcriptase

SEM standard error of the mean

SHH sonic hedgehog

shRNA short hairpin RNA

TRAIL tumor necrosis factor-related apoptosis-inducing ligand

TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
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Fig. 1.

PLK proteins are abundantly expressed in human CCA. (A) PLK1 (left), PLK2 (middle),
and PLK3 (right) expression in 25 intrahepatic (upper) and 25 extrahepatic (lower) human
CCA samples was examined by IHC. Photomicrographs were taken in 200x magnification.
Asterisks indicate similar positions within tumors because PLK IHC was performed on
neighboring slides. Note that, predominantly, tumorous glands, but also some stromal cells,
exhibit PLK immunoreactivity (brown). Counterstaining was performed with hematoxylin
(blue). (B) PLK1/2/3 protein expression quantitation of intra-c and extrahepatic CCA
samples by histological grading (grade 0=no protein expression; grade 4=high protein
expression; examples of representative grade 0—4 CCA samples are given in Supporting Fig.
1).
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Fig. 2.

Hh-signaling inhibition reduces PLK2 expression in CCA cells. Cells were treated as
indicated in serum-free medium with vehicle or rhSHH (500 ng/mL, 4 hours) in the presence
or absence of Hh-signaling inhibitor cyclopamine (10 ¢M, 4 hours). (A-C) Quantitative RT-
PCR analysis for PLK1/2/3 mRNA expression was performed in the human CCA cell lines,
KMCH-1 (A), Mz-ChA-1 (B), and HUCCT-1 (C). Mean=SEM; n=3. (D and E) Treatment
of KMCH-1 (D), Mz-ChA-1 (E), and HUCCT-1 (F) cells was followed by immunoblotting
analysis for PLK2 protein expression (actin=loading control).
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Fig. 3.

GLI1 and GLI2 bind to a predicted GLI-binding site in the PLK2 promoter region. (A) Two
putative GLI-binding sites that contain two mismatches, compared to the consensus
sequence, were identified in the PLK2 promoter region. Nucleotide positions were counted
from the transcription start site (TSS). Positions and directions of both potential binding
sites are illustrated by arrows (I and I1). (B) KMCH-1 cells treated with rhSHH (500 ng/mL,
5 hours)zcyclopamine (10uM, 5 hours) were employed for this study. ChlP using antiserum
to GLI1, GLI2, and GLI3 or a sheep negative control IgG was performed, followed by PCR
using primer flanking site | (277 bp) or 11 (297 bp) within the PLK2 promoter region. As
positive controls, ChlP was performed using primers flanking the Bcl-2 promoter GLI-
binding sites (GLI1 and GLI12; 147 bp) or primers flanking the GLI3-binding site within the
GLI1 promoter (211 bp).

Hepatology. Author manuscript; available in PMC 2013 October 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 15

=10 P<001  p<005 228 p <0.001
A - o . S E
T 75 B o6
S 3o
~
; 50 L, P<005 > §4 o P00t |
g 3 3 =S
a 25 8 S 24 T
: n B
< o - . . 8% ob—— : .
Vehicle Bl 6727 _ BIB72T = \Vehicle BI6727 Bl 6727
TRAIL TRAIL
B KMCH-1 KMCH-1
<100 z2Z8 0.001
s p <0.001 p<0.05 =< .
° 75 S
S T ®
E p<0.05 ~ 8
5 50 B. 4 p<0.05
s " 8L
3 25 ©So —
o Q=
a @ o
< ol - - . i . .82y . ;
Vehicle Bl 6727 Bl 6727 = Vehicle BI 6727 Bl 6727
TRAIL TRAIL
C Mz-ChA-1 Mz-ChA-1
=100 >28 0.001
% p<0.01 p<0.05 = g .
27 p<0.05 850 _P<0001
= N o
8 % ! o o a4
= % (] p<001
3 25 © S2
: = S m
< ot mm 820
Vehicle BI 6727 Bl 6727 = Vehlcle Bl 6727 BI 6727
TRAIL TRAIL
HUCCT-1 HUCCT-1
D E s
T6 a1 SRl Fr £r o> &>
a2 L &L oY L 7T T
=cg 70 90 L£90 &9
IS S 5 FY &S
ES4 & °F °F °§
g
T o [ — e
N= :
£5 f . PLK2 ‘ |
Sz
z
g0 ? : T e — |
scrambled shPLK1- shPLK2- shPLK3- )
KMCH-1  KMCH-1 KMCH-1 KMCH-1 Actin [—— — — — |

Fig. 4.

PLK2 inhibition is proapoptotic in CCA cells. (A—-C) KMCH-1 (A), Mz-ChA-1 (B), and
HUCCT-1 (C) cells were treated as indicated with vehicle, PLK inhibitor Bl 6727 (200 nM,
24 hours), rhTRAIL (2.5 ng/mL, 8 hours), or Bl 6727 (200 nM, 24 hours) plus rhTRAIL
(2.5 ng/mL, 8 hours). Apoptosis was measured by DAPI staining with quantitation of
apoptotic nuclei by fluorescence microscopy (left; mean+SEM; n=3) or fluorescent analysis
of caspase-3/-7 activity (right; mean+SEM; n=>5). (D) Stable scrambled, shPLK1-, shPLK2-,
and shPLK3-KMCH-1 cells were treated with vehicle or rhnTRAIL (2.5 ng/mL, 8 hours), and
apoptosis was measured by DAPI staining with quantitation of apoptotic nuclei by
fluorescence microscopy. Sensitivity to TRAIL (apoptosis ratio TRAIL-treated versus
vehicle-treated cells) was normalized to stable scrambled KMCH cells (A; mean+SEM;
n=3). (E) PLK1/2/3 expression/knockdown in stable scrambled, shPLK1-, shPLK2-, and
ShPLK3-KMCH-1 cells was assessed by immunoblotting analysis (actin=loading control).
Note that stable PLK3 knockdown also affects PLK2 expression.
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Fig. 5.

Proapoptotic effects of PLK2 inhibition are mediated by Mcl-1 degradation. (A-C)

KMCH-1 (A), Mz-ChA-1 (B), an

d HUCCT-1 (C) cells were treated as indicated with

vehicle or Bl 6727 (200 nM, 24 hours) in the absence or presence of the potent proteasome
inhibitor, MG-132 (1 ¢M, 24 hours), followed by immunoblotting analysis for Mcl-1 protein
expression (actin=loading control). (D-F) KMCH-1 (D), Mz-ChA-1 (E), and HUCCT-1 (F)
cells were treated as indicated with vehicle or Bl 6727 (200 nM, 24 hours) in the absence or
presence of MG-132 (1 1M, 24 hours). Apoptosis was measured by DAPI staining with
quantitation of apoptotic nuclei by fluorescence microscopy (left; mean+SEM; n=3) or
fluorescent analysis of caspase-3/-7 activity (right; mean+SEM; n=>5).
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Fig. 6.

Effects of Hh and PLK inhibition are recapitulated /n vivo. A syngeneic rat orthotopic CCA
model (BDEneu cells; Fischer 344 rats) was employed for this study. (A) CCA and normal
liver specimens of untreated rats were analyzed for mRNA expression of PLK1 (left), PLK2
(middle), and PLK3 (right) by quantitative RT-PCR. MeantSEM; n=3. (B) CCA specimens
of cyclopamine-treated (2.5 mg/kg b.w. IP daily for 1 week; first injection: postoperative
day 7; seventh injection: postoperative day 13) or vehicle-treated rats were analyzed for
PLK2 (green) expression of tumor cells (identified by costaining for CCA cell marker CK-7;
red) by IF microscopy. Merged images depict colocalized CK-7/PLK2 protein expression in
yellow (green-red overlay). PLK2 immunoreactivity in CCA cells was quantitated using the
software, ImageJ 1.440 (B lower; mean+SEM, n=7). (C) CCA specimens of Bl 6727-treated
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(3 injections of 10 mg/kg b.w. IP every other day; first injection: postoperative day 7; third
injection: postoperative day 11) or vehicle-treated rats were analyzed for Mcl-1 (green)
expression of CCA cells (similar CK-7 costaining and quantitation [mean+SEM; n=9] as in
B). (D) Apoptotic nuclei were assessed in CCA samples of vehicle-treated (left
photomicrograph) and Bl 6727-treated (right photomicrograph) rats by TUNEL staining
(green), and the identity of TUNEL-positive cells was confirmed by CK-7 costaining (red).
Quantitation of TUNEL-positive cells (expressed as number per high power field [HPF], D
left) demonstrates that in Bl 6727-treated animals, CCA cell apoptosis was increased, as
compared to controls (mean+SEM; n=9). In all photomicrographs, nuclei are counterstained
with DAPI (blue) and CCA glands within the tumor stroma are illustrated by white dotted
lines.
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Fig. 7.

PLK inhibition is tumor suppressive in vivo. A syngeneic rat orthotopic model of CCA
(BDEneu cells; Fischer 344 rats) was employed for this study. In Bl 6727-treated (3
injections of 10 mg/kg b.w. IPy every other day; first injection: postoperative day 7; third
injection: postoperative day 11) or vehicle-treated rats tumor/liver/body weight and
extrahepatic metastasis were assessed 13 days after tumor cell implantation into the left
lateral liver lobe. (A and B) Representative photomicrographs display explanted livers (left
upper), gross pathological tumor appearance within livers (right upper), extirpated tumors
with scale (left lower), and abdominal cavity (right lower) of vehicle-treated (A) or Bl 6727-
treated (B) rats (arrows indicate liver tumors and arrowheads extrahepatic metastases). (C—
E) Changes in tumor weight (C), tumor/liver weight ratios (D), and tumor/body weight
ratios (E) are depicted as bar graphs. Mean+SEM; n=9. (F) Stacked column plot indicates
numbers of animals with and without extrahepatic metastases for vehicle-treated and Bl
6727-treated groups (A<0.05 by chi-square test).
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Schematic diagram illustrating the role of Hh and PLK2 signaling in promoting CCA cell
resistance to endogenous TRAIL cytotoxicity. Hh or PLK inhibitors, such as cyclopamine or
Bl 6727, block Hh/ PLK2 survival signaling and thus promote apoptosis in CCA cells.
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