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Abstract
Epithelial-to-Mesenchymal Transition (EMT) is relevant in malignant growth and frequently

correlates with worsening disease progression due to its implications in metastases and re-

sistance to therapeutic interventions. Although EMT is known to occur in several types of

solid tumors, the information concerning tumors arising from the epithelia of the bile tract is

still limited. In order to approach the problem of EMT in cholangiocarcinoma, we decided to

investigate the changes in protein expression occurring in two cell lines under conditions

leading to growth as adherent monolayers or to formation of multicellular tumor spheroids

(MCTS), which are considered culture models that better mimic the growth characteristics

of in-vivo solid tumors. In our system, changes in phenotypes occur with only a decrease in

transmembrane E-cadherin and vimentin expression, minor changes in the transglutami-

nase protein/activity but with significant differences in the proteome profiles, with declining

and increasing expression in 6 and in 16 proteins identified by mass spectrometry. The aris-

ing protein patterns were analyzed based on canonical pathways and network analysis.

These results suggest that significant metabolic rearrangements occur during the conver-

sion of cholangiocarcinomas cells to the MCTS phenotype, which most likely affect the car-

bohydrate metabolism, protein folding, cytoskeletal activity, and tissue sensitivity to oxygen.
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Introduction
In the late 1980s researchers discovered that epithelial cells may differentiate to assume fibro-
blast-like appearance and behavior [1]. This process is termed Epithelial to Mesenchymal
Transition (EMT) and occurs under physiological and pathological conditions (developmental
growth, tissue repair and cancer invasion) with the reprogramming of protein expression in re-
lation to cell differentiation [2, 3]. Epithelial cells thus convert into fibroblast-like mesenchymal
cells that gain motility from cytoskeletal rearrangement, the disruption of intercellular con-
tacts, the down-regulation of cell adhesive molecules and the increased activity of proteinases
to favor the movement of the cells to new locations, where they may reverse the EMT process.
Cytokines, primarily TGFβ, control the occurrence of EMT by involving bone marrow-derived
cells, although local and mechanical stimuli may also be relevant [4].

Three forms of EMT have been described [2]: type-1 is involved in embryonic growth, type-
2 is involved in wound repair and type-3 is involved in tumor growth. In type-3 EMT, undiffer-
entiated mesenchymal-like cancer cells gain easier access to blood vessels for tumor spreading.
This mechanism can account for major differences in the biological and clinical behavior of
primary vs. secondary tumor growth, which are respectively promoted in epithelial and fibro-
blast-like cancer cells, as proven in the Head-Neck Squamous Cell Carcinoma (HNSCC) [5].
Thus, the typical morphologic heterogeneity of aggressive tumors due to cellular de-
differentiation depends either on EMT or on the intrinsic properties of tumors that contain
well and poorly differentiated cells. The latter should be considered cancer stem cells that are
definitely more capable of invading and metastasizing. In this context, differences in the regula-
tion of protein expression in primary and metastatic lesions are easily understandable. Some is-
sues, such as the spread of ovarian tumors within the peritoneal cavity as ascites tumors and
the acquisition of resistance to classic chemo- or radiotherapy, are associated with EMT [6–8].
EMT has been described in several types of solid tumors, including HNSCC, prostate, pancre-
atic and lung cancer ([9, 10] and references therein).

Multicellular Tumor Spheroids (MCTS), which are generated by the in-vitro conversion of
adherent cells growing in 2D into spheroid cell aggregates [11, 12], are used as a model in stud-
ies of tumor biology since they better mimic the growth characteristics of in-vivo solid tumors,
locally characterized by hypoxia, acidosis, and nutrient deprivation, which collectively lead to
tumor genetic and adaptive changes [13]. Although the changes in the patterns of cellular ag-
gregation can be triggered also by adding up cytokines to culture media, even the simple hyp-
oxic and mechanical stimulations promote MCTS formation in HepG2 hepatocellular
carcinoma [14] and breast cancer MCF-7 cultured cells [15] undergoing EMT as proved by the
upregulation of vimentin and loss of E-cadherin expression [13].

The issues of tumor growth kinetics and EMT have been the subject of limited studies on tu-
mors of the biliary tract [16], despite the severity of Cholangiocarcinomas (CC). CCs are highly
invasive tumors that originate from the epithelial cell lining of the bile ducts and account for
3% of all gastrointestinal tumors [17]. Primary lesions affect the gallbladder, the hepatic and
the common duct, the intraduodenal portion of the common duct or even the intrahepatic bile
ducts. CCs are not easily diagnosed and are often discovered at an advanced stage because
symptoms are rather unspecific (abdominal pain, jaundice, digestive disturbances, itching, lab-
oratory signs of cholestasis) and arise when the obstruction of the biliary system is established,
making surgery suitable in only a limited number of patients, even though the critical location
usually permits the detection of tumors that are still small in size. Chemo- and radiotherapy of
CCs have proved disappointing in terms of survival in inoperable patients, and the develop-
ment of new therapies is also urgently needed for patients with pathologies at high risk to de-
velop CCs, as in the case of primary sclerosing cholangitis.
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In this perspective we selected as an experimental system the CC cell lines SK-ChA-1 and
MZ-ChA-1, to investigate these topics. The above cell lines formMCTS during culture under
stirring as opposed to resting [18,19], displaying features that remind EMT, although the corre-
lation between changes in cell aggregation and the process of EMT is still a controversial issue
at least in-vivo [20]. The approach we followed was the quantitative assessment by proteomic
analysis of the perturbation of protein expression in these CC cell lines, growing as 3D com-
pared with 2D cell cultures.

Materials and Methods

Cell culture
The CC cell lines SK-ChA-1 andMZ-ChA-1 were originally isolated by Prof. Alexander Knuth
from undifferentiated and well-differentiated primary CC of the extrahepatic bile ducts, respec-
tively [18]. Samples of these cell lines were obtained from the Cancer Immunology Laboratory of
the Department of Oncology at the University Hospital of Zürich. They were cultured as previous-
ly described [19] under different experimental settings to obtain either two-dimensional (2D) or
three-dimensional (3D) cultures (which are also called multicellular tumor spheroids, MCTS). In
the 2D setting, both cell lines were grown in IMDM (Iskove modified Dulbecco’s medium, Gibco)
supplemented with 1 U/ml penicillin, 1 mg/ml streptomycin, 4 mM L-glutamine and 10% fetal
bovine serum in a humidified 5% CO2 incubator at 37°C in T75 flasks. They were collected after
4 days in culture. In the 3D culture approach, growth was started by seeding 2x105 cells/ml in
15 ml of complete medium in polycarbonate Erlenmeyer flasks (Corning) incubated in a gyratory
rotation incubator (60 rev/min) at 37°C in an air atmosphere. Homotypical aggregations became
visible after 4 days of culture, andMCTS’s were usually complete within 7 days (mean diameter ±
standard deviation, 270 ± 53.5 μm), although a longer time was required in some occasions.

Cell lysis and two-dimensional (2D)-PAGE analysis of proteins
The cells obtained from the 2D and 3D cultures were collected by centrifugation and lysed by
treatment with TUC buffer (2 M thiourea, 7 M Urea, 4% CHAPS, 40 mM Tris, pH 9.0) supple-
mented with a cocktail of protease inhibitors. One-hundred thirty microliters of lysis buffer
were used for 1 million cells. After determining the protein content using the Bradford assay
[21], 300 μg protein was loaded onto a IEF strip with a non-linear range between pH 3 and 10
(3–10 NL IPG strip of 7 cm in length, Biorad) that was focused for 12 hours until reaching the
maximum voltage of 4000V to obtain a total of 60000 Volt h. After reducing the thiol groups
using 1% DTT and alkylating them with 4% iodoacetamide, the second dimension was run on
slab polyacrylamide gels (12.5%) at 200V until the bromophenol marker reached the bottom of
the gel to avoid the loss of small MW peptides. In the case of the 3D spheroids, lysis was per-
formed with 150 μl the same lysis buffer, and the protein load on the IEF strips was based only
on the protein assay. After fixing, the polyacrylamide gels were washed twice with bi-distillated
water and stained with colloidal Coomassie, scanned with Molecular Imager Pharos FX Sys-
tems and analyzed using the ProteomeWeaver 4 program (Biorad). After normalizing the spot
intensity with the same program, proteins with significant changes in expression were further
processed for mass spectroscopy analysis (MS). All studies were performed in triplicate.

Identification of target proteins by mass spectrometry and bioinformatic
analysis
Spots from differentially expressed proteins were excised and subjected to trypsin digestion for
MS-based analysis as previously described [22]. Briefly, the gel fragments were rinsed in
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buffered acetonitrile and dried. Following additional thiol group reduction and alkylation, the
proteins were digested overnight with 12.5 ng/μl trypsin, solubilized in aqueous formic acid, re-
solved by LC-MS/MS and examined on a 6520 Q-TOF mass spectrometer (Agilent Technolo-
gies, Santa Clara, CA, USA) coupled to a chip-based chromatographic interface. A Large
Capacity Chip (C18, 150 μm × 75 μm) with an enrichment column (C18, 9 mm, 160 nl vol-
ume) was used to separate peptides at a flow rate of 0.3 μl/min. Water/formic acid 0.1% and
acetonitrile/formic acid 0.1% were used as eluents A and B, respectively. The chromatographic
separation was achieved with a gradient of B from 5% to 50% in 20 mins. The raw data files
were converted into Mascot Generic Format (MGF) with the MassHunter Qualitative Analysis
Software version B.03.01 (Agilent Technologies) and analyzed using the Mascot Search Engine
version 2.2.4 (Matrix Science). The pattern of proteolytic cleavage by trypsin was adjusted at
the basic amino acids lysine and arginine, which are specifically recognized by protease, assum-
ing the possibility of 1 missed cleavage per peptide chain and using a mass tolerance window of
1.2 Da for peptides and 0.6 Da for fragment ion matches. The carbamido-methylation of cyste-
ine was set as fixed modification, and methionine oxidation was set as variable modification.
Proteins were considered positive hits if at least 2 peptides per protein were identified with
high confidence (p<0.05) by the automatic procedure of the Mascot Search engine (see
above). Proteins displaying higher than 2-fold changes in expression were selected for a stan-
dard biological functions cluster and network analysis using the Ingenuity Pathways Analysis
(IPA) software as previously described [23]. To build up the network, the Ingenuity knowledge
database (http://www.ingenuity.com/index/html) was queried for physical and functional in-
teractions between the submitted proteins and all other proteins in the database. IPA was opti-
mized to include up to 35 proteins in a network.

Western blot analysis
Cells grown as monolayers or as MCTS were lysed in TUC buffer as described above, and the ex-
tracts were submitted to SDS-PAGE on a 10% slab gel via the Laemmli procedure [24]. Four inde-
pendent experiments were performed and analyzed viaWestern blotting. Briefly, the separated
proteins were transferred to a nitrocellulose membrane in a blotting chamber, and the residual
binding sites on the membrane were blocked by treatment with defatted dry milk proteins before
staining with specific monoclonal or polyclonal primary antibodies and peroxidase-conjugated
secondary antibodies and development with the luminol substrate. Primary antibodies against
transglutaminase type 2 (Tgase2, Covalab, Lyon, France), cadherin E (Pierce, Rockford, Illinois),
vimentin (UBI, Lake Place, NY, USA), and actin (Santa Cruz, Dallas, TX, USA) were employed.

Assay of activity of Transglutaminase and other enzymes of the
carbohydrate metabolism
For these experiments, the cells were lysed with two volumes (v/w) of 50 mM Tris, 0.5 mM
EDTA, 1 mM PMSF and 1 mMmercaptoethanol at pH 7.5 via 3 cycles of freezing/thawing fol-
lowed by vortex stirring. After centrifugation in a refrigerated Eppendorf centrifuge at 12,000
rpm for 15 minutes, the supernatants were saved to estimate the protein concentration [21] and
enzyme activity after supplementing with 0.5 mMDTT to fully activate transglutaminase. The
activity was measured with a filter paper assay that employed radioactive putrescine and
dimethylcasein as the amine and protein acceptor substrates, as in ref. [25], at saturating
(5 mM) and at sub-saturating (0.5 mM) concentrations of free calcium. In this last instance, we
also included parallel assays in the presence of 0.2 mM Ca.GTP in order to assess the differential
sensitivity to the effects of ligands [26], as discussed further on. In additional experiments, we
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measured the activities of other enzymes of the carbohydrate metabolism (pyruvate kinase, al-
dolase, malate dehydrogenase and isocitrate dehydrogenase) via established procedures [27–30].

Statistical analysis
The statistical analysis was performed using a paired Student’s t-test comparing proteins spots
from cells obtained from 2D and MCTS culture replicates to identify those spots among the se-
lected samples that were differently modulated in the MCTS. The level of significance was set
at p<0.05 for the proteins presented in Table 1. IPA uses a z-score algorithm to make predic-
tions. The z-score algorithm is designed to reduce the chance that random data will generate
significant predictions. Details regarding the Statistics for IPA analysis can be found at: http://
www.ingenuity.com/index/html.

Results

Proteomic studies
The morphology of SK-ChA1 cells grown as monolayers is one of adherent pre-confluent cells
of a 2D culture grown in resting flasks (Fig. 1A). As to MCTS’s it is one of cellular aggregates
(spheroids) obtained under continuous stirring (Fig. 1B). From the same figure it is clearly evi-
dent that cellular shapes are also deeply modified, mainly presenting as elongated spindle-like
or round-cuboidal in the monolayer and MCTS, respectively. Identical results were also ob-
tained with the MZ-ChA1 cell line, as described elsewhere [19].

Homogenates of 2D and 3D cultured cells obtained from both cell lines were submitted to
bi-dimensional electrophoresis and yielded different protein patterns. The relevant examples re-
ported in Fig. 2 show appreciable changes in the proteome of confluent cultures (left panel) and
in MCTS’s (right panel) of the SK-ChA-1 andMZ-ChA-1 cell lines as finally proved by the anal-
ysis of normalized intensity of imaging. Proteins that revealed greater sensitivity to changes are
clustered in two pI regions around pH 5 and between pH 7 and 8 (in the pictures the acid pH re-
gion is on the right side of each gel). These spots are evidenced by circles on the gel images.

They were selected for identification, by excision from the gels, and for processing via mass
spectrometry. We analyzed a total of over 30 proteins in the SK and the MZ systems during the
monolayer-to-spheroid conversion. The morphological differentiation was associated with the
increased expression of most of the selected proteins, although decreased expression was ob-
served for some of them. These results, which are summarized in Table 1 and include the iden-
tity of 22 proteins that we could definitively identify via the proteomic analysis, indicate that
some metabolic enzymes, a few cytoskeletal proteins and folding-assisting proteins are affected
in cultures grown under different conditions of confluence or in cultures that induce a multi-
cellular spheroid phenotype. We identified enzymes of the glycolytic and Krebs cycle pathways
(Triosephosphateisomerase, Glyceraldehydephosphate dehydrogenase, Pyruvate kinase M2
and Isocitrate dehydrogenase); proteins with chaperone (Hsp 70, Hsp 60, calreticulin, ORP
150k), folding (Protein disulfide isomerase and endoplasmin) and antioxidant activity (SOD);
inhibitors of proteinases (maspin), organizers of the cytoskeletal activity (Villin, keratin 17,
keratin 19, Vimentin) and proteins involved in signaling (phosphatic acid phosphatase, calreti-
culin and proto-oncogene c-CRK).

Immunochemical studies of protein expression
Based on previously available information, we used Western blots to analyze the expression of
a few selected proteins, which have already been correlated with EMT in other types of tumors
but were missed in our initial proteomic investigations. These proteins include cadherin E
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[3,5], Tgase2 and vimentin, whose relation to EMT has been documented in female cancers
under endocrine control (ovary, breast and cervix) [6]. In Fig. 3, we have reported the semi-
quantitive analysis of the expression of cadherin E, Tgase2 and vimentin in immunoblots of ly-
sates from 2D and 3D morphologically differentiated SK-ChA-1 and MZ-ChA-1 cells, which
were normalized for protein loading via the amount of immunoreactive actin.

The cadherin E abundance data indicate an imbalance in protein expression between cells
grown as a monolayer and those grown as MCTS’s with declining amounts of high molecular
weight E-cadherin in cells grown as MCTS, presumably the transmembrane form. Notably,
this phenomenon is accompanied by a consistent increase in a peptide that corresponds to a
low molecular weight E-cadherin, which usually arises through cadherin solubilization due to
proteolysis of the membrane-bound form. Identical results were obtained with the MZ-ChA-1
cell line. These results are consistent with the E-cadherin shift taking place in several tumors
during EMT [31] including extrahepatic CC [16]. Vimentin expression was decreased in spher-
oid cells with respect to adherent cells, confirming the data previously obtained from the 2D
PAGE analysis.

Table 1. Differential expression of proteins identified by 2D PAGE.

Increasing Proteins

Protein ID Entry Name Protein Name Cell Line Relative Intensity

P14625 ENPL_HUMAN Endoplasmin precursor SK/MZ 2.4

P02768 ALBU_HUMAN Serum albumin precursor SK 2.0

P07237 PDIA1_HUMAN Protein disulfide-isomerase precursor SK 5.0

P36952 SPB5_HUMAN Maspin SK 3.1

P60174 TPIS_HUMAN Triosephosphate isomerase SK 3.0

P08294 SODE_HUMAN Superoxide dismutase 3 SK 3.1

O75874 IDHC_HUMAN IDH1(isocitrate dehydrogenase) SK 3.0

Q9Y4L1 HYOU1_HUMAN 150 kDa oxygen-regulated protein MZ 2.1

P08107 HSP71_HUMAN Hsp 70 MZ 2.0

P07237 PDIA1_HUMAN Protein disulfide-isomerase precursor MZ 2.0

Q53G71 Q53G71_HUMAN Calreticulin variant MZ 2.0

P10809 CH60_HUMAN Chaperonin (Hsp 60) SK 2.0

O75874 IDHC_HUMAN Isocitrate dehydrogenase SK/MZ 2.0

Q8IY26 PPAC2_HUMAN Phosphatidic acid phosphatase type 2 SK 2.0

P27797 CALR_HUMAN Calreticulin MZ 5.0

P04406 G3P_HUMAN Glyceraldehyde phosphate dehydrogenase MZ 3.0

Decreasing Proteins

Protein ID Entry Name Protein name Cell Line Relative Intensity

P15311 EZRI_HUMAN Villin 2 (Ezrin) SK 0.1

P14618 KPYM_HUMAN Pyruvate kinase isozymes M1/M2 SK 0.4

P08670 VIME_HUMAN Vimentin SK/MZ 0.1

Q04695 K1C17_HUMAN Keratin type 1- Cytoskeletal 17 MZ 0.2

P08727 K1C19_HUMAN Keratin type 1- Cytoskeletal 19 MZ 0.3

P46108 CRK_HUMAN CRK II (proto-oncogene c-CRK) MZ 0.1

Following bi-dimensional separation of SKCHA1(SK) and MZCHA1(MZ) cell lysates, the amount of protein present in selected spots of adherent and

spheroid cells was determined by densitometry and values expressed as spheroid/adherent ratio (with statistically significant p > 0.05). A ratio >2

indicates that the protein is upregulated during EMT while a ratio <0.5 denotes proteins downregulated during EMT.

doi:10.1371/journal.pone.0118906.t001
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Fig 1. Morphology of cultures of the SK-ChA-1 cell line. Panel A, appearance of the adherent bidimensional culture and, Panel B, appearance of the
MCTS (Multicellular Tumor Spheroids). In both instances cells were examined by phase contrast microscopy at 10x magnification.

doi:10.1371/journal.pone.0118906.g001
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Fig 2. 2D-PAGE separation of proteins contained in the cell lysates of SK-ChA-1 and MZ-ChA-1. Proteins were first separated by IEF (pH range 3–10)
on a non-linear IEF strip (basic pH at the right) followed by SDS-PAGE in the vertical dimension on a 12.5% gel. Circled protein spots were analyzed by mass
spectrometry to compare the relative abundance and results were reported in Table 1.

doi:10.1371/journal.pone.0118906.g002
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Enzymatic analysis
We have implemented the above immunologic studies by investigating activity of enzymes in-
volved in the carbohydrate metabolism analyzing homogenates of 3 adherent and 3 spheroidal
cultures of both MZ-ChA1 and SK-ChA1 for the specific activity of glycolytic and oxidative me-
tabolism. In additional 3 samples we analyzed the expression and activity of Tgase2. We mea-
sured in the clarified homogenates the total activity of pyruvate kinase, aldolase, malate
dehydrogenase and isocitrate dehydrogenase (ICDH) as notable enzymes of the carbohydrate
metabolism. We detected appreciable activity for three enzymes (pyruvate kinase, aldolase and
malate dehydrogenase) at comparable levels in lysates from both cell lines grown under condi-
tions leading to adherent or MCTS phenotypes. An exception was NADP-dependent ICDH,
which displayed slightly higher specific activity (0.095 vs. 0.08 U/mg) in MCTS than in adherent
cultures. In addition, we also assessed the activity of the classic NAD-dependent ADP-activated
mitochondrial isocitrate dehydrogenase, but it was undetectable in these CC cell lines.

Previously, moderate changes in the activity of Tgase2, which is itself inducible in the SK-
ChA-1 and MZ-ChA-1 cell lines, were detected during apoptosis [19]. It is also known that
Tgase2 is involved in EMT in other tumors, such as in ovarian cancer [6]. On these bases we

Fig 3. Western blot analysis in adherent and spheroid cells. The figure presents a representative experiment obtained with SK-ChA-1. Ad: adherent; Sp:
spheroid; TM: trans-membrane form of cadherin E; S: soluble form of cadherin E.

doi:10.1371/journal.pone.0118906.g003
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analyzed Tgase2 in our setting by immuno-blotting without detecting significant changes in
the total amount of intact Tgase2 or appearance of alternatively spliced Tgase2 isoforms [32].
In contrast, we recorded slight differences in the enzyme-specific activity of lysates of adherent
cells and spheroid cultures. The putrescine incorporation assays performed at saturating con-
centrations of calcium yielded specific activity values of approximately 50 nmoles/hr/mg cellu-
lar protein in the adherent cells, but values that were 30% lower in MCTS for both cell lines.
Furthermore, assays with sub-saturating concentrations of free calcium (0.5 mM) in the ab-
sence and presence of GTP proved that the enzyme displayed kinetic properties consistent
with those of wild-type Tgase2 [26]. This excludes the presence of GTP-insensitive forms aris-
ing from alternative splicing [32], with specific activity levels in the presence of 0.5 mM calcium
and of calcium/GTP which were respectively 60% and 8–10% at saturating levels of calcium.

Functional characterization of identified proteins and bioinformatics
analysis
We used the proteins we identified as displaying different expressions in response to changes
in culture conditions leading to formation of MCTS in CC, to test the biological function using
the canonical pathways and network analysis approach by means of the Ingenuity Pathway
Analysis (IPA) software [23]. According to the molecular function analysis, most of the pro-
teins were related to some metabolic pathways, protein metabolism, signal transduction, radi-
cal degradation, glucose degradation, maintenance of the NAD/NADH oxido-reductive
potential (the so-called NADH repair) and other functions. For the proteins taken into account
(listed in Table 1), we could identify the related “canonical pathways”, which are depicted in
Fig. 4 at statistically significant levels (p� 0.05). Specifically, top values were obtained for gly-
colysis, aldosterone signaling in epithelial cells, hypoxia signaling in the cardiovascular system,
protein ubiquitination, and NADH repair pathways. The additional pathways that were identi-
fied at statistically significant levels (p�0.05) included neuregulin signaling, Fcγ receptor-me-
diated phagocytosis in macrophages and monocytes, superoxide radicals degradation, sucrose
metabolism in mammals and eNOS signaling (Fig. 4).

The scores (-log [p-values]) reflect the probabilities of such associations occurring by
chance, with the threshold value for significance set at 1.25. Proteins that changed significantly
in spheroids were mapped to two specific functional networks, with each network containing
13 or more “focus”members. The relevant “interactomes” of these two networks were generat-
ed from the modulated proteins according to the Ingenuity Pathway Knowledge Criteria and
functional associations within those networks (Fig. 5A and 5B). The top networks in which
these proteins are involved correspond to (1) cellular damage, function and maintenance and
(2) cell survival, synthesis of nitric oxide and migration of cells.

Discussion
EMT is crucial in metastatic spreading and in the development of therapy resistance in solid tu-
mors, which is likely to occur due to an enrichment in cancer stem cells [8]. EMT occurrence is
usually linked to the reprogramming in protein expression via the action of transcription fac-
tors (Snail, Slug and Twist) ([33], and references therein) and miRNAs, which together control
the shift from E-cadherin to N-cadherin in response to the treatment with cytokines or me-
chanical stimuli [3,34]. This shift leads to a complete or partial specific EMT “signature”,
which dictates biological and clinical outcomes as well as metabolic behavior [29,35].

Additional information about the mechanisms that underlie the EMT process in cancer
would be valuable to develop EMT-directed therapeutic strategies in oncology [11, 31, 36].
These treatments would be particularly relevant in the case of tumors that are highly resistant
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to therapy, such as those of the bile tract, which are characterized by rapid clinical progression
and tissue invasion. The studies that have been performed on EMT in CC remain unsatisfacto-
ry because these tumors are relatively rare. In addition, CC are also quite heterogeneous, as dis-
cussed recently [37], displaying different biological and clinical features depending on the
anatomic location (intra-, perihilar or extra-hepatic). Most studies have examined the intrahe-
patic forms, which might be triggered by specific stimuli, including HCV infection [38] or in-
teraction with stellate cells [39].

In the present study we investigated the pattern of protein expression in two cell lines
arising from a differentiated (Mz-ChA-1) and undifferentiated (SK-ChA-1) extra-hepatic cho-
langiocarcinoma [18] undergoing to MTCS morphology during hypoxic-mechanical stimula-
tion. By immuno-blotting analysis these differential aggregation patterns display changes in
the expression of two proteins that are involved in controlling cell proliferation, mobility and
invasion, E-cadherin, and mesenchymal differentiation, vimentin. These proteins dictate the
biological behavior of CC in patients as finally proved in several reports. For instance, Akira
et al. [16] indeed correlated the pattern of cadherin expression with the clinical-pathologic out-
come in a number of patients that received surgery for EHCC. Their results suggested that pat-
terns of low/high expression of E-cadherin might represent an important prognostic factor in
CC that result in impressive divergences in the Kaplan Maier plots of 5-year survival rates.
These plots demonstrated that E-cadherin expression levels are significantly correlated with

Fig 4. Top canonical pathways identified in cholangiocarcinoma cells EMT. The graph represents host cell pathways with highest score (y-axis) based
on the number of differentially regulated proteins using Ingenuity protein analysis. The bar graphs are the pathways most associated with the proteins
altered. The orange line graph shows the ratio of the number of molecules from the differentially expressed proteins in EMT that are in the pathway relative to
the total number of molecules in the pathway.

doi:10.1371/journal.pone.0118906.g004
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Fig 5. Top network functions affected in the EMT process of cholangiocarcinoma cells. Two relevant networks were generated from EMT-modulated
proteins according to the Ingenuity Pathway Knowledge Criteria. A. Cellular compromise, cellular function and maintenance (score = 45). Red, upregulated
proteins; green, significantly downregulated proteins; white, proteins known to be in the network but not identified in this study. The color depth indicates the
magnitude of the change in protein expression levels. The shape is indicative of the molecular class (i.e protein family). Lines connecting the molecules
indicate molecular relationships. Dashed lines indicate indirect interactions, and solid lines indicate direct interactions. The arrow styles indicate specific
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tumor staging, the occurrence of lymph node metastases and the rate of blood and lymphatic
vessel invasion [16]. Notably, increased mortality with 5-year survival rates of 0% was observed
for patients whose tumors expressed low levels of E-cadherin, while 5-years survival was 53%
for patients whose tumors did express the protein at high levels. In contrast, the expression of
N-cadherin did not play any relevant influence on the clinical outcome [16] and it is not even
important in MTCS development in at least some cancer cell lines as in LLC1 Lewis lung can-
cer cells [40], and in A549 lung cancer cells upon exogenous expression of TLE1 [41]. These
observations therefore are at variance with the concept that N-cadherin obligatory contributes
to the complete signature of EMT, along with an increase of vimentin expression [3].

In our specific case, the results we have obtained show that the assembly of MTCS in the CC
cell lines take place with a decline of E-cadherin as well as vimentin. These effects are likely to
increase cell growth rate and re-differentiation of cholangiocytes in the 3D aggregation form,
which is therefore likely to associate with a more invasive behavior in vivo. The decline in
E-cadherin expression takes place through the conversion of the high molecular weight form
into a smaller one and this process could influence several signaling pathways involved in cell
proliferation and morphogenesis. In this perspective, for instance, it has been proposed that
the decline in trans-membrane E-cadherin might affect beta-catenin signaling as well as regu-
late the Twist function in cell-cell recognition, cytoskeleton remodeling and dynamic control
of surface adhesion [42, 43]. Notably, the mechanical stimulation we have employed to gener-
ate MTCS is also known to affect the function of beta-catenin in other settings [44, 45], thus
supporting this possibility. In relation to the decline of vimentin, we must mention that high
expression of vimentin has reportedly shown correlation with poor differentiation in cholan-
giocarcinoma biopsies and EMT phenotype [46] and, conversely, a decline of vimentin would
indicate a reversion of the mesenchymal transition.

In order to better characterize the functional features of these cell lines growing in the ad-
herent and in the spheroid state, we employed the high-throughput quantitative proteomics
and network analysis using the Ingenuity Pathways Analysis (IPA) to build up the network for
a standard biological functions cluster. When comparing protein expression between adherent
and 3D growing cultures we observed increasing expression in the spheroids of several en-
zymes involved in glycolysis, hypoxia signaling in the cardiovascular system, protein ubiquiti-
nation pathway, NADH repair, and superoxide radicals degradation. Along with these findings
we also noticed down-regulation of 6 proteins, including isoenzymes of pyruvate kinase,
vimentin, villin, cytokeratins and the proto-oncogene CRK, which all displayed an expression
ratio<0.5 (see Table 1 and Fig. 4). The proteomics results in these two cell lines are not
completely superimposing, and this apparent discrepancy might probably relate to the differ-
entiation state of the original tumors from which the cell lines were derived [18] and from the
high intrinsic variability of the CC tumors [37]. Our analysis further pointed out changes in al-
dosterone signaling, which are likely to be significant in the biliary tract because bile produc-
tion depends on osmotic effects triggered by secretion of both bile acid and sodium [47].

In summary, our results demonstrate that the induction of MCTS by mechanical stirring
—the pattern we have selected—is associated with the conversion of E-cadherin and an impor-
tant decline in vimentin and metabolic reprogramming indicative of an enhanced glycolysis
ability, but is not necessarily linked with hypoxia, as experienced in the well-knownWarburg
effect [48]. As to CC, only a few studies focused on proteomics in this cancer. The information
about this cancer is mainly restricted to cadherin expression and reprogramming of keratin

molecular relationships and the directionality of the interaction. B. Network build up from the three most significant bio-functions (activation Z score>2 or<2):
cell survival, synthesis of nitric oxide and migration of cells. The symbols nomenclature is shown in the lower panel.

doi:10.1371/journal.pone.0118906.g005
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synthesis and metalloproteinase activity, as reported in both in vitro and in vivo studies
[49, 50]. Therefore, any comparison with other protein expression data are superfluous, be-
cause distinct patterns of protein expression are not necessarily linked to metabolic fluxes (to
be investigated by metabolomics, as already reported in some instances in tumor research
[51]), although they are a prerequisite. With these limitations, the present data show a reorien-
tation of the metabolic pattern, including changes in the carbohydrate metabolism and pre-
sumably changes in the oxygen supply and sensitivity. Further studies are in progress to
confirm these hypotheses. Notably, a few of the proteins, for which we documented altered ex-
pression, are also known to be affected by mutations in this and other tumors, such as NADP-
dependent isocitric dehydrogenase (ICDH). Some of its mutants, which are relatively frequent
in brain tumors [52] but also occur in CC [53], affect tumor growth by promoting the accumu-
lation of 2-OH-glutarate. Notably, we used a proteomic approach to prove that the expression
of the type 2 isoform increased, with a marginal increase in the specific activity. Conversely,
the activity of the classic mitochondrial ICDH isoenzyme (which is NAD-dependent and
ADP-activated) was not detectable in the MZ and SK cell lines of this study, as expected in tu-
mors with low rates of aerobic metabolism. Unfortunately, to our best knowledge data on the
activity of the mitochondrial aerobic metabolism in the normal biliary epithelium is unavail-
able to date. Again metabolomic studies might help to understand these metabolic features and
address new therapeutic approaches to target angiogenesis.

The insensitivity of Tgase2 to the metabolic perturbations of CC undergoing MCTS forma-
tion was unexpected because this enzyme is a well-established player in tumor aggressiveness
acting via multiple isoforms of different GTP sensitivity [32]. It is also known to relate to EMT
and cell invasiveness [6]. In this context, the GTP binding region has been proposed to be cru-
cial for cell mobility as well as for the sensitivity to antitumoral drug therapy [54]. Further in-
vestigations are clearly needed to fully clarify the role of this multifunctional enzyme in tumor
biology because it might involve catalytic activities [26] or other signaling pathways [55].

We are confident that our efforts for an improved characterization of the MTCS spheroids
form in CC cell lines will prove useful to any future study that aims at developing new thera-
peutic drugs against these highly aggressive tumors [11, 12].

Author Contributions
Conceived and designed the experiments: CM CMB EA. Performed the experiments: BU LR
CCMS PPL GDF RC CF. Analyzed the data: CM PPL GDF CAB SM. Contributed reagents/
materials/analysis tools: LE DC LD. Wrote the paper: CMB EA. Obtained permission for use of
cell line: LE LR CMB

References
1. Boyer B, Tucker GC, Vallés AM, FrankeWW, Thiery JP. Rearrangements of desmosomal and cyto-

skeletal proteins during the transition from epithelial to fibroblastoid organization in cultured rat bladder
carcinoma cells. J Cell Biol. 1989; 109: 1495–1509. PMID: 2677020

2. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin Invest. 2009; 119:
1420–1428. doi: 10.1172/JCI39104 PMID: 19487818

3. Mathias RA, Simpson RJ. Towards understanding epithelial-mesenchymal transition: a proteomics per-
spective. Biochim Biophys Acta. 2009; 1794: 1325–1331. doi: 10.1016/j.bbapap.2009.05.001 PMID:
19439204

4. Gao D, Vahdat LT, Wong S, Chang JC, Mittal V. Microenvironmental regulation of epithelial-mesenchy-
mal transitions in cancer. Cancer Res. 2012; 72: 4883–4889. doi: 10.1158/0008-5472.CAN-12-1223
PMID: 23002209

5. NijkampMM, Span PN, Hoogsteen IJ, van der Kogel AJ, Kaanders JH, et al. Expression of E-cadherin
and vimentin correlates with metastasis formation in head and neck squamous cell carcinoma patients.
Radiother Oncol. 2011; 99: 344–348. doi: 10.1016/j.radonc.2011.05.066 PMID: 21684617

Altered Protein Expression in Cholangiocarcinomas Spheroids

PLOS ONE | DOI:10.1371/journal.pone.0118906 March 10, 2015 14 / 17

http://www.ncbi.nlm.nih.gov/pubmed/2677020
http://dx.doi.org/10.1172/JCI39104
http://www.ncbi.nlm.nih.gov/pubmed/19487818
http://dx.doi.org/10.1016/j.bbapap.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19439204
http://dx.doi.org/10.1158/0008-5472.CAN-12-1223
http://www.ncbi.nlm.nih.gov/pubmed/23002209
http://dx.doi.org/10.1016/j.radonc.2011.05.066
http://www.ncbi.nlm.nih.gov/pubmed/21684617


6. Shao M, Cao L, Shen C, Satpathy M, Chelladurai B, et al. Epithelial-to-mesenchymal transition and
ovarian tumor progression induced by tissue transglutaminase. Cancer Res. 2009; 69: 9192–9201.
doi: 10.1158/0008-5472.CAN-09-1257 PMID: 19951993

7. Zhang S, Balch C, Chan MW, Lai HC, Matei D, et al. Identification and characterization of ovarian can-
cer-initiating cells from primary human tumours. Cancer Res. 2008; 68: 4311–4320. doi: 10.1158/
0008-5472.CAN-08-0364 PMID: 18519691

8. Smith A, Teknos TN, Pan Q. Epithelial to mesenchymal transition in head and neck squamous cell car-
cinoma. Oral Oncol. 2013; 49: 287–292. doi: 10.1016/j.oraloncology.2012.10.009 PMID: 23182398

9. Klarmann GJ, Hurt EM, Mathews LA, Zhang X, Duhagon MA, et al. Invasive prostate cancer cells are
tumor initiating cells that have a stem cell-like genomic signature. Clin Exp Metastasis. 2009; 26:
433–446. doi: 10.1007/s10585-009-9242-2 PMID: 19221883

10. Hugo H, Ackland ML, Blick T, Lawrence MG, Clements JA, et al. Epithelial-mesenchymal and mesen-
chymal-epithelial transitions in carcinoma progression. J Cell Physiol. 2007; 213: 374–383. PMID:
17680632

11. Kim JB. Three-dimensional tissue culture models in cancer biology. Semin Cancer Biol. 2005; 15:
365–377. PMID: 15975824

12. Girard YK1, Wang C, Ravi S, Howell MC, Mallela J, et al. A 3D fibrous scaffold inducing tumoroids: a
platform for anticancer drug development. PLoS One. 2013; 8:e75345. doi: 10.1371/journal.pone.
0075345 PMID: 24146752

13. McMahon KM1, Volpato M, Chi HY, Musiwaro P, Poterlowicz K, et al. Characterization of changes in
the proteome in different regions of 3D multicell tumor spheroids. J Proteome Res. 2012; 11:
2863–2875. doi: 10.1021/pr2012472 PMID: 22416669

14. Huang SG, Zhang LL, Niu Q, Xiang GM, Liu LL, et al. Hypoxia Promotes Epithelial—Mesenchymal
Transition of Hepatocellular Carcinoma Cells via Inducing GLIPR-2 Expression. PLoS One. 2013; 8:
e77497. doi: 10.1371/journal.pone.0077497 PMID: 24204846

15. Gallardo-Pérez JC, Rivero-Segura NA, Marín-Hernández A, Moreno-Sánchez R, Rodríguez-Enríquez
S. GPI/AMF inhibition blocks the development of the metastatic phenotype of mature multi-cellular
tumor spheroids. Biochim Biophys Acta. 2014; 1843:1043–1053. doi: 10.1016/j.bbamcr.2014.01.013
PMID: 24440856

16. Araki K, Shimura T, Suzuki H, Tsutsumi S, WadaW, et al. E/N-cadherin switch mediates cancer pro-
gression via TGF-β-induced epithelial-to-mesenchymal transition in extrahepatic cholangiocarcinoma.
Br J Cancer. 2011; 105:1885–1893. doi: 10.1038/bjc.2011.452 PMID: 22068819

17. Khan SA, Thomas CH, Davidson BR, Taylor-Robinson SD. Cholangiocarcinoma. Lancet. 2005;
366:1303–1314. PMID: 16214602

18. Knuth A, Gabbert H, DippoldW, Klein O, SachsseW, et al. Biliary adenocarcinoma. Characterisation of
three new human tumor cell lines. J Hepatol. 1985; 1:579–596. PMID: 4056357

19. Roncoroni L, Elli L, Dolfini E, Erba E, Dogliotti E, et al. Resveratrol inhibits cell growth in a human cho-
langiocarcinoma cell line. Liver Int. 2008; 28:1426–1436. doi: 10.1111/j.1478-3231.2008.01749.x
PMID: 18397227

20. Bastid J. EMT in carcinoma progression and dissemination: Facts, unanswered questions, and clinical
considerations Cancer Metastasis Rev. 2012; 31:277–283. doi: 10.1007/s10555-011-9344-6 PMID:
22215472

21. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem. 1976; 72:248–254. PMID: 942051

22. Carcoforo P, Ura B, Mischiati C, Squerzanti M, Lanzara V, et al. Comparative proteomic analysis of
ductal breast carcinoma demonstrates an altered expression of chaperonins and cytoskeletal proteins.
Mol Med Rep. 2013; 7:1700–170412. doi: 10.3892/mmr.2013.1375 PMID: 23525150

23. Barrero CA, Datta PK, Sen S, Deshmane S, Amini S, et al. HIV-1 Vpr modulates macrophage metabolic
pathways: a SILAC-based quantitative analysis. PLoS One. 2013; 8:e68376. doi: 10.1371/journal.
pone.0068376 PMID: 23874603

24. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Na-
ture. 1970; 227:680–685. PMID: 5432063

25. Cervellati C, Montin K, Squerzanti M, Mischiati C, Ferrari C, et al. Effects of the regulatory ligands calci-
um and GTP on the thermal stability of tissue transglutaminase. Amino Acids. 2012; 42:2233–2242.
doi: 10.1007/s00726-011-0963-6 PMID: 21706296

26. Bergamini CM, Collighan RJ, Wang Z, Griffin M. Structure and regulation of type 2 transglutaminase in
relation to its physiological functions and pathological roles. Adv Enzymol Relat Areas Mol Biol. 2011;
78:1–46. PMID: 22220471

Altered Protein Expression in Cholangiocarcinomas Spheroids

PLOS ONE | DOI:10.1371/journal.pone.0118906 March 10, 2015 15 / 17

http://dx.doi.org/10.1158/0008-5472.CAN-09-1257
http://www.ncbi.nlm.nih.gov/pubmed/19951993
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://www.ncbi.nlm.nih.gov/pubmed/18519691
http://dx.doi.org/10.1016/j.oraloncology.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23182398
http://dx.doi.org/10.1007/s10585-009-9242-2
http://www.ncbi.nlm.nih.gov/pubmed/19221883
http://www.ncbi.nlm.nih.gov/pubmed/17680632
http://www.ncbi.nlm.nih.gov/pubmed/15975824
http://dx.doi.org/10.1371/journal.pone.0075345
http://dx.doi.org/10.1371/journal.pone.0075345
http://www.ncbi.nlm.nih.gov/pubmed/24146752
http://dx.doi.org/10.1021/pr2012472
http://www.ncbi.nlm.nih.gov/pubmed/22416669
http://dx.doi.org/10.1371/journal.pone.0077497
http://www.ncbi.nlm.nih.gov/pubmed/24204846
http://dx.doi.org/10.1016/j.bbamcr.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24440856
http://dx.doi.org/10.1038/bjc.2011.452
http://www.ncbi.nlm.nih.gov/pubmed/22068819
http://www.ncbi.nlm.nih.gov/pubmed/16214602
http://www.ncbi.nlm.nih.gov/pubmed/4056357
http://dx.doi.org/10.1111/j.1478-3231.2008.01749.x
http://www.ncbi.nlm.nih.gov/pubmed/18397227
http://dx.doi.org/10.1007/s10555-011-9344-6
http://www.ncbi.nlm.nih.gov/pubmed/22215472
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://dx.doi.org/10.3892/mmr.2013.1375
http://www.ncbi.nlm.nih.gov/pubmed/23525150
http://dx.doi.org/10.1371/journal.pone.0068376
http://dx.doi.org/10.1371/journal.pone.0068376
http://www.ncbi.nlm.nih.gov/pubmed/23874603
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://dx.doi.org/10.1007/s00726-011-0963-6
http://www.ncbi.nlm.nih.gov/pubmed/21706296
http://www.ncbi.nlm.nih.gov/pubmed/22220471


27. Carbonell J, Felíu JE, Marco R, Sols A. Pyruvate kinase. Classes of regulatory isoenzymes in mamma-
lian tissues. Eur J Biochem. 1973; 37:148–156. PMID: 4729424

28. Richards OC, Rutter WJ. Comparative properties of yeast and muscle aldolase. J Biol Chem. 1961;
236:3185–92. PMID: 14491940

29. Dupourque D, Kun E. Cytoplasmic and mitochondrial malate dehydrogenases from beef kidney. Meth-
ods Enzymol. 1969; 13:116–122.

30. ClelandWW, Thompson VW, Barden RE. Isocitrate dehydrogenase (TPN specific) from pig heart.
Methods Enzymol. 1969; 13:30–33.

31. Rodriguez FJ, Lewis-Tuffin LJ, Anastasiadis PZ. E-cadherin’s dark side: possible role in tumor progres-
sion. Biochim Biophys Acta. 2012; 1826:23–31. doi: 10.1016/j.bbcan.2012.03.002 PMID: 22440943

32. Lai TS, Liu Y, Li W, Greenberg CS. Identification of two GTP-independent alternatively spliced forms of
tissue transglutaminase in human leukocytes, vascular smooth muscle, and endothelial cells. FASEB
J. 2007; 21:4131–4143. PMID: 17609251

33. Sánchez-Tilló E, Liu Y, de Barrios O, Siles L, Fanlo L, et al. EMT-activating transcription factors in can-
cer: beyond EMT and tumor invasiveness. Cell Mol Life Sci. 2012; 69: 3429–3456. doi: 10.1007/
s00018-012-1122-2 PMID: 22945800

34. Zeisberg M, Neilson EG. Biomarkers for epithelial-mesenchymal transitions. J Clin Invest.
119:1429–1437. doi: 10.1172/JCI36183 PMID: 19487819

35. Chu K, Boley KM, Moraes R, Barsky SH, Robertson FM. The Paradox of E-Cadherin: Role in response
to hypoxia in the tumor microenvironment and regulation of energy metabolism. Oncotarget. 2013;
4:446–462. PMID: 23530113

36. Voulgari A, Pintzas A. Epithelial-mesenchymal transition in cancer metastasis: mechanisms, markers
and strategies to overcome drug resistance in the clinic. Biochim Biophys Acta. 2009; 1796:75–90. doi:
10.1016/j.bbcan.2009.03.002 PMID: 19306912

37. Razumilava N, Gores GJ. Cholangiocarcinoma. Lancet. 2014; 383:2168–2179. doi: 10.1016/S0140-
6736(13)61903-0 PMID: 24581682

38. Li T, Li D, Cheng L, Wu H, Gao Z, et al. Epithelial-mesenchymal transition induced by hepatitis C virus
core protein in cholangiocarcinoma. Ann Surg Oncol. 2010; 17:1937–1944. doi: 10.1245/s10434-010-
0925-3 PMID: 20162464

39. Okamoto K, Tajima H, Nakanuma S, Sakai S, Makino I, et al. Angiotensin II enhances epithelial-to-mes-
enchymal transition through the interaction between activated hepatic stellate cells and the stromal
cell-derived factor-1/CXCR4 axis in intrahepatic cholangiocarcinoma. Int J Oncol. 2012; 41:573–582.
doi: 10.3892/ijo.2012.1499 PMID: 22664794

40. Kunz-Schughart LA, Freyer JP, Hofstaedter F, Ebner R. The use of 3-D cultures for high-throughput
screening: the multicellular spheroid model. J Biomol Screen. 2004; 9:273–285. PMID: 15191644

41. Yao X, Ireland SK, Pham T, Temple B, Chen R, et al. TLE1 promotes EMT in A549 lung cancer cells
through suppression of E-cadherin. Biochem Biophys Res Commun. 2014; 455:277–284. doi: 10.
1016/j.bbrc.2014.11.007 PMID: 25446087

42. Jeanes A, Gottardi CJ, Yap AS. Cadherins and cancer: how does cadherin dysfunction promote tumor
progression? Oncogene. 2008; 27:6920–6929. doi: 10.1038/onc.2008.343 PMID: 19029934

43. Onder TT, Gupta PB, Mani SA, Yang J, Lander ES, et al. Loss of E-cadherin promotes metastasis via
multiple downstream transcriptional pathways. Cancer Res. 2008; 68:3645–3654. doi: 10.1158/0008-
5472.CAN-07-2938 PMID: 18483246

44. Sen B, Xie Z, Case N, Ma M, Rubin C, et al. Mechanical strain inhibits adipogenesis in mesenchymal
stem cells by stimulating a durable beta-catenin signal. Endocrinology. 2008; 149:6065–6075 doi: 10.
1210/en.2008-0687 PMID: 18687779

45. Yao XL, Li L, He XL, Cui L, KuangW, et al. Activation of β-catenin stimulated by mechanical strain and
estrogen requires estrogen receptor in mesenchymal stem cells (MSCs).Eur Rev Med Pharmacol Sci.
2014; 18:3149–3155. PMID: 25487922

46. GuMJ, Choi JH. Epithelial-mesenchymal transition phenotypes are associated with patient survival in
intrahepatic cholangiocarcinoma. J Clin Pathol. 2014; 67:229–234. doi: 10.1136/jclinpath-2013-
201806 PMID: 24062361

47. Boyer JL. Bile formation and secretion. Compr Physiol. 2013; 3:1035–1078. doi: 10.1002/cphy.
c120027 PMID: 23897680

48. Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer. 2011;
11:85–95. doi: 10.1038/nrc2981 PMID: 21258394

Altered Protein Expression in Cholangiocarcinomas Spheroids

PLOS ONE | DOI:10.1371/journal.pone.0118906 March 10, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/4729424
http://www.ncbi.nlm.nih.gov/pubmed/14491940
http://dx.doi.org/10.1016/j.bbcan.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22440943
http://www.ncbi.nlm.nih.gov/pubmed/17609251
http://dx.doi.org/10.1007/s00018-012-1122-2
http://dx.doi.org/10.1007/s00018-012-1122-2
http://www.ncbi.nlm.nih.gov/pubmed/22945800
http://dx.doi.org/10.1172/JCI36183
http://www.ncbi.nlm.nih.gov/pubmed/19487819
http://www.ncbi.nlm.nih.gov/pubmed/23530113
http://dx.doi.org/10.1016/j.bbcan.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19306912
http://dx.doi.org/10.1016/S0140-6736(13)61903-0
http://dx.doi.org/10.1016/S0140-6736(13)61903-0
http://www.ncbi.nlm.nih.gov/pubmed/24581682
http://dx.doi.org/10.1245/s10434-010-0925-3
http://dx.doi.org/10.1245/s10434-010-0925-3
http://www.ncbi.nlm.nih.gov/pubmed/20162464
http://dx.doi.org/10.3892/ijo.2012.1499
http://www.ncbi.nlm.nih.gov/pubmed/22664794
http://www.ncbi.nlm.nih.gov/pubmed/15191644
http://dx.doi.org/10.1016/j.bbrc.2014.11.007
http://dx.doi.org/10.1016/j.bbrc.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25446087
http://dx.doi.org/10.1038/onc.2008.343
http://www.ncbi.nlm.nih.gov/pubmed/19029934
http://dx.doi.org/10.1158/0008-5472.CAN-07-2938
http://dx.doi.org/10.1158/0008-5472.CAN-07-2938
http://www.ncbi.nlm.nih.gov/pubmed/18483246
http://dx.doi.org/10.1210/en.2008-0687
http://dx.doi.org/10.1210/en.2008-0687
http://www.ncbi.nlm.nih.gov/pubmed/18687779
http://www.ncbi.nlm.nih.gov/pubmed/25487922
http://dx.doi.org/10.1136/jclinpath-2013-201806
http://dx.doi.org/10.1136/jclinpath-2013-201806
http://www.ncbi.nlm.nih.gov/pubmed/24062361
http://dx.doi.org/10.1002/cphy.c120027
http://dx.doi.org/10.1002/cphy.c120027
http://www.ncbi.nlm.nih.gov/pubmed/23897680
http://dx.doi.org/10.1038/nrc2981
http://www.ncbi.nlm.nih.gov/pubmed/21258394


49. Yonglitthipagon P, Pairojkul C, Bhudhisawasdi V, Mulvenna J, Loukas A, et al. Proteomics-based iden-
tification of α-enolase as a potential prognostic marker in cholangiocarcinoma. Clin Biochem. 2012;
45:827–834. doi: 10.1016/j.clinbiochem.2012.04.004 PMID: 22552009

50. Techasen A, LoilomeW, Namwat N, Dokduang H, Jongthawin J, et al. Cytokines released from activat-
ed humanmacrophages induce epithelial mesenchymal transition markers of cholangiocarcinoma
cells. Asian Pac J Cancer Prev. 2012; 13 Suppl: :115–118. PMID: 23480772

51. Bayet-Robert M, Morvan D. Metabolomics reveals metabolic targets and biphasic responses in breast
cancer cells treated by curcumin alone and in association with docetaxel. PLoS One. 2013; 8:e57971.
doi: 10.1371/journal.pone.0057971 PMID: 23472124

52. Prensner JR, Chinnaiyan AM. Metabolism unhinged: IDHmutations in cancer. Nat Med. 2011;
17:291–293. doi: 10.1038/nm0311-291 PMID: 21383741

53. Grassian AR, Pagliarini R, Chiang DY. Mutations of isocitrate dehydrogenase 1 and 2 in intrahepatic
cholangiocarcinoma. Curr Opin Gastroenterol. 2014; 30:295–302. doi: 10.1097/MOG.
0000000000000050 PMID: 24569570

54. Budillon A, Carbone C, Di Gennaro E. Tissue transglutaminase: a new target to reverse cancer drug re-
sistance. Amino Acids. 2013; 44:63–72. doi: 10.1007/s00726-011-1167-9 PMID: 22130737

55. Jung HJ, Chen Z, WangM, Fayad L, Romaguera J, et al. Calcium blockers decrease the bortezomib re-
sistance in mantle cell lymphoma via manipulation of tissue transglutaminase activities. Blood. 2012;
119:2568–2578. doi: 10.1182/blood-2011-09-377598 PMID: 22294726

Altered Protein Expression in Cholangiocarcinomas Spheroids

PLOS ONE | DOI:10.1371/journal.pone.0118906 March 10, 2015 17 / 17

http://dx.doi.org/10.1016/j.clinbiochem.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22552009
http://www.ncbi.nlm.nih.gov/pubmed/23480772
http://dx.doi.org/10.1371/journal.pone.0057971
http://www.ncbi.nlm.nih.gov/pubmed/23472124
http://dx.doi.org/10.1038/nm0311-291
http://www.ncbi.nlm.nih.gov/pubmed/21383741
http://dx.doi.org/10.1097/MOG.0000000000000050
http://dx.doi.org/10.1097/MOG.0000000000000050
http://www.ncbi.nlm.nih.gov/pubmed/24569570
http://dx.doi.org/10.1007/s00726-011-1167-9
http://www.ncbi.nlm.nih.gov/pubmed/22130737
http://dx.doi.org/10.1182/blood-2011-09-377598
http://www.ncbi.nlm.nih.gov/pubmed/22294726

