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ABSTRACT

Intrahepatic cholangiocarcinoma (ICC) is an aggressive and lethal malignancy
with limited therapeutic options. Trabectedin has a high antitumor activity in preclinical
models of biliary tract carcinoma (BTC), being a promising alternative treatment. Here,
we studied the effect of trabectedin at transcriptomic level on an ICC patient derived
xenograft (PDX) and on the derived cell line, MT-CHCO1. Further, putative targets of
trabectedin were explored in the in vitro model. In vitro, trabectedin inhibited genes
involved in protein modification, neurogenesis, migration, and motility; it induced the
expression of genes involved in keratinization, tissues development, and apoptotic
processes. In the PDX model, trabectedin affected ECM-receptor interaction, focal
adhesion, complement and coagulation cascades, Hedgehog, MAPK, EGFR signaling
via PIP3 pathway, and apoptosis. Among down-regulated genes, we selected SYK and
LGALS1; their silencing caused a significantly reduction of migration, but did not affect
proliferation in in vitro models. In MT-CHCO1 cells, 24 microRNAs were deregulated
upon drug treatment, while only 5 microRNAs were perturbed by trabectedin in PDX.
The target prediction analysis showed that SYK and LGALS1 are putative targets of
up-regulated microRNAs. In conclusion, we described that trabectedin affected genes
and microRNAs involved in tumor progression and metastatic processes, reflecting
data previously obtained at macroscopically level; in particular, we identified SYK and
LGALS1 as new putative targets of trabectedin.

compared to gem alone (progression free survival, PFS,
of 8 vs. 6.7 months; overall survival, OS of 11.6 months
vs 8.0 months) [6]. These data demonstrate the lack
of effective therapies and consequently the need of
identifying alternative therapeutic approaches.
Trabectedin (Ecteinascidin-743 or ET-743) is a
marine derived compound isolated from the Caribbean

INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) is the second
most common liver cancer type [1, 2]. It is aggressive and
with poor prognosis, with limited therapeutic options.
Patients with unresectable disease (70-90%) have a poor
prognosis with a survival of less than 12 months following

diagnosis [3, 4]. Conventional therapy gives only marginal
benefit [5]. Several dosage schedules of single-agent
gemcitabine (gem) have been tested obtaining response
rates of about 20%. To date, the standard of treatment is
the combination of gem and cisplatin; a meta-analysis
conducted by Valle and collaborators demonstrated that
this association gave a significant survival advantage,

tunicate Ecteinascidia Turbinata with a potent antitumor
effect, based on a particular mechanism of action. It acts
as an alkylating agent by binding to the minor groove of
DNA, inducing double-strand DNA breaks and interacting
with transcription factors, in particular the NF-Y which
interacts with the CCAAT box [7—-10]. Recent data suggest
that the nucleotide excision repair mechanism plays a key
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role in trabectedin antitumor activity. It was described
that trabectedin could specifically interact with the DNA
transcription-coupled nucleotide excision repair (TC-NER)
process [11], which in normal conditions repairs DNA
adducts caused by UV rays, cisplatin or others anticancer
agents by involvement of proteins belonging to family
of XP11 and NER factors. Thus, the double-strand
DNA breaks formed are more persistent if there is loss
of homologous DNA repair [12]. Further, it has been
described that trabectedin had a potent antitumor activity
both on tumor cells as well as on microenvironment [13].
It is also known that trabectedin causes a marked decrease
in the production of several cytokines and chemokines
secreted by monocytes/macrophages and tumor cells.
For example, trabectedin treatment down-regulates
the expression of IL-6 (Interleukin-6), CCL2, CXCLS,
Angiopoietin 2 or VEGF (Vascular endothelial growth
factor) [14].

Trabectedin has been approved for treatment of
ovarian cancer and soft-tissue sarcoma with significant
activity in liposarcomas, leiomyosarcomas, and Ewing
sarcoma, both as a single agent and in combination
with other drugs [15-18]. Trabectedin has also shown
promising pre clinical activity against other different
cancer cell lines in vitro and transplantable in vivo human
tumor xenografts [19-28].

We have recently demonstrated that trabectedin
has an antitumor activity both in vitro and in vivo in
preclinical models of human biliary tract carcinoma
(BTC). We reported that trabectedin inhibits BTC in
vitro cell growth and causes a significant delay of tumor
growth in vivo in mouse models of human BTC, EGI-1
extrahepatic cholangiocarcinoma xenograft and a new
intrahepatic cholangiocarcinoma (ICC) patient-derived
tumor xenograft (PDX) [19], causing a decrease of
tumor proliferating cells and tumor vessel formation.
Transcriptomic analysis revealed that, upon trabectedin
treatment, there is a deregulation of genes involved in
IL-6, Sonic Hedgehog and Wnt signaling pathways, all
related to cholangiocarcinogenesis.

Here, we used a human intrahepatic
cholangiocarcinoma paired PDX and cell line model to
investigate the changes in gene and microRNA expression
in response to trabectedin. The aim of this study is the
identification of differentially expressed genes, of related
biological pathways and microRNAs which may be
relevant as specific targets of trabectedin. Furthermore, we
studied the effective role of two genes as putative targets
of trabectedin in the in vitro model.

RESULTS

Transcriptomic profiles of MT-CHCO1 cell line
and PDX upon trabectedin treatment

Changes in the expression of various genes were
observed upon in vitro trabectedin treatment in MT-CHCO1

cells. We applied a filter on LogFC value and considered
for the analysis only probes with a Log FC <-1 or > 1.
Upon trabectedin treatment, 1,254 differentially expressed
gene transcripts were identified, of which 948 were down-
and 306 up-regulated. Gene Ontology was performed
using DAVID Annotation tool; Supplementary Table S1
summarized the biological processes significantly enriched
within down-and up-regulated probes. Trabectedin
is able to negatively influence regulation of GTPase
activity, processes related to neurogenesis, migration,
cell adhesion, and microtubules organization. On the
other hand, trabectedin induces the expression of genes
involved in keratinization, epidermis, endoderm and tissue
development, and apoptotic processes.

The same analysis was performed to identify
pathways enriched within down- and up-regulated genes
(Kegg database) (Supplementary Table S2); the most
significant down-regulated pathway includes genes
involved in focal adhesion.

The same filter applied to MT-CHCO1 was used for
PDX data yielding only 28 differentially expressed genes.
Relaxing cut-offs (Log FC <0.58 or >0.58 and p-value
<0.05), we obtained 1,346 differentially expressed genes
of which 628 were down- and 718 up-regulated.

As shown in Supplementary Table S3, Gene
Ontology revealed a globally down-regulation of
genes involved in eye, organ and skin morphogenesis,
tissue development, immune response and regulation
of angiogenesis. In contrast, there is an up-regulation
of genes involved in inflammation process, muscle
development, negative regulation of signal transduction,
and different biosynthetic processes.

Further, we found that down-regulated genes caused
an enrichment of pathways involved in ECM-receptor
interaction, focal adhesion, complement and coagulation
cascades, and Hedgehog signaling pathways. On the
contrary, for up-regulated genes we found an enrichment
of MAPK pathway, EGFR signaling via PIP3, and
apoptosis (Supplementary Table S4).

The next step was the identification of common
deregulated genes between the in vitro and in vivo
models. We found 223 concordant overlapping genes, of
which 75 down-and 148 up-regulated after trabectedin
treatment (Supplementary Table S5A-S5B). An
unsupervised cluster analysis of this gene set shows a
separation between trabectedin-treated from not treated
samples (Figure 1).

The Gene Ontology analysis was performed on
down-and up-regulated genes separately (Table 1).

The ECM-receptor transition pathway, Systemic
lupus erythematosus, Hedgehog signaling pathway, and
Basal cell carcinoma (p <0.05) are the common pathways
enriched by down-regulated genes. No statistically
significant common pathways are enriched by up-
regulated genes.

In order to validate expression data, we analyzed by
RT-qPCR the expression of the common down-regulated
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CLDN2, CDH2, WNT7B, PMEPAl, NAV2, SYK,
LGALSI, and the up-regulated ATF3, NOV, CD68, RASD
genes. The same trend of expression was revealed for all
genes in both MT-CHCO1 and PDX after trabectedin
treatment, as shown in Figure 2A-2B.

SYK and LGALSI are putative targets of
trabectedin

In order to investigate possible new targets of
trabectedin, we selected two genes, SYK and LGALSI,
resulted down-regulated by drug treatment in both models.

To verify if their silencing exerted the same effect of
trabectedin, we silenced them at first in MT-CHCO1 cells.
Both qRT-PCR and Western Blot analysis, either upon
trabectedin treatment or after silencing with single specific
siRNA or a pool of them, showed the inhibition of targeted
genes (Figure 3).

To investigate the functional role of these genes,
we performed cell viability and migration assays. Cell
viability of MT-CHCO1 cells is significant decreased
after trabectedin treatment, with an IC50 value of 1.85
nM (Supplementary Figure S1 Panel A-B). Further,
trabectedin is able to block cell cycle in GO/G1 and to
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Figure 1: Unsupervised cluster analysis of common modulated genes between in vitro and in vivo model. A clear separation

between trabectedin treated and not treated samples is found.
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Table 1: The Gene Ontology analysis on common down- and up-regulated genes

Category (BP-5) Name p-value Expression upon trabectedin
0000988 tissue development 0.000884 down
0009887 organ morphogenesis 0.001 down
0051969 regulation of transmission of nerve impulse 0.002 down
0031644 regulation of neurological system process 0.003 down
0043588 skin development 0.005 down
0010556 regulation of macromolecule biosynthetic process 0.00001 up
0045449 regulation of transcription 0.00003 up
0031326 regulation of cellular biosynthetic process 0.00004 up
0010468 regulation of gene expression 0.00005
0019219 regulation of nuc;leobgse, nucleqmde, nucleotide 0.0001 up
and nucleic acid metabolic process
0045596 negative regulation of cell differentiation 0.003 up
BP-5: biological process level 5
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Figure 2: Gene expression validation by qRT-PCR of selected genes altered in microarray analysis. Panel A shows
down-regulated genes and Panel B up-regulated genes after trabectedin treatment. X axis: gene expression of MT-CHCO1 and PDX,
respectively. Y axis: 22AACt for qRT-PCR.
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induce apoptosis after 48 hours of trabectedin treatment
(Supplementary Figure S1, Panel C-D).

Conversely, the knock-down of single genes or
their combination does not decrease the proliferation
of MT-CHCO1 cells (data not shown). Cell migration,
significantly reduced by trabectedin treatment, is
statistically significant inhibited also by silencing of SYK
and LGALSI; the simultaneous silencing of target genes
potentiates the anti-migratory effect (Figure 4).

To enforce these data, we repeated the same
experiments on the ECC cell line WITT. Both qRT-PCR
and Western Blot analysis demonstrated that trabectedin
inhibited the expression of targets, as well as their
silencing (Figure 5).

Similarly to the MT-CHCO1, single and combined
knock-down of SYK and LGALSI reduced cell migration
in a statistical significant manner (Figure 6), but did not
have effect on proliferation (data not shown).
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Trabectedin affects the expression of microRNAs
involved in apoptosis and tumor progression

MicroRNA profiling of MT-CHCO1 cells identified
24 deregulated microRNAs upon trabectedin treatment,
either up or down-regulated. Supplementary Table S6
summarizes these microRNAs and their known role in
cancerogenesis. Globally, upon trabectedin treatment, we
found a deregulation of microRNAs involved in tumor
progression, proliferation and migration, both as direct or
indirect way. In particular, three microRNAs (miR-21-3p,
miR-21-5p and miR-31-3p) have already been described
as involved and up-regulated in BTC [29-31]; in our
setting, they were inhibited by trabectedin, suggesting
that they could represent candidate targets of this drug.
Using the MiRpath program and the Pathway Intersection
algorithm, which provides the pathways affected by the
intersection of predicted targets by up/down-regulated
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Figure 3: Panel A: qRT-PCR quantification and Western Blot analysis of SYK and LGALS] after trabectedin (5 nM) treatment on MT-
CHCO1 cells. Panel B and C: qRT-PCR quantification and Western Blot analysis of SYK and LGALSI, respectively, after silencing. NT:
not treated; OLIGO: cells treated with oligofectamine; siRNA CN: cells treated with negative control siRNA; siRNA1 and siRNA2: two
different siRNA for SYK or LGALS; COMBO: combination of siRNA1 and siRNA2.
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microRNAs, we did not find any common pathways for
both up-and down-regulated microRNAs. Considering up-
and down-regulated microRNAs separately, we performed
a pathway union analysis, which used an algorithm able
to predict all the significant pathways targeted by selected
microRNAs. As shown in Figure 7, down-regulated
microRNAs (Panel A) affected in a statistically significant
way the focal adhesion, ECM-receptor interaction, protein
digestion and absorption, MAPK, PI3K-Akt, ERBB
signaling pathways. Considering up-regulated microRNAs
(Panel B), we found many affected pathways such as
glycosphingolipid biosynthesis, lysine degradation,
calcium signaling, MAPK and Hedgehog pathways.

The analysis performed on PDX model showed a
deregulation of only five microRNAs, two up-regulated
(miR-4284 and miR-375) and three down- (miR-22-3p,
let-7¢, and miR-214-3p). Figure 8 summarizes pathways
affected by down-(Panel A) and up-regulated (Panel B)
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NT24 h

SIRNALGALS1 SIRNASYK 24h
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microRNAs using the Pathway Union algorithm, which
evaluated the probability that the examined pathways
are significantly enriched for gene targets of at least one
microRNA.

Further, we revealed that miR-4284 was up-
regulated in both in vitro and in vivo models after
trabectedin treatment. Validation of the microRNAs
expression was obtained by RT-qPCR (Supplementary
Figure S2).

MicroRNA-gene targets interaction analysis

To verify if there were interactions among the
microRNA signature and the common modulated
genes, we used miRWalk 2.0 database. We considered
as significant the interactions predicted by at least
4 databases. As shown in Figure 9, we found that up-
regulated microRNAs has 13,748 predictive targets,

oligo24h

iRNAneg

siRNA combo TRAB

Figure 4: Wound healing assay. Panel A: representative images of MT-CHCO1 wound closure upon different conditions. NT: Not
treated; OLIGO: treated with oligofectamine; siRNA CN: treated with negative control siRNA; siRNA LGALS1 and SYK: treated with
specific sSiRNA for LGALS1 and SYK, respectively; siRNA combo: simultaneous treatment with siRNA for LGALS1 and SYK; TRAB:
treatment with 5 nM of trabectedin. TO: time of wound. Panel B: Statistical analysis of percentage of wound closure; Bars representing the
area of closure at different conditions; 100% corresponds to the area at the time of wounding
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of which 50 down-regulated overlapped to our gene
signature. On the contrary, down-regulated microRNAs
are able to interact with 12,935 genes, of which 66 up-
regulated genes belonged to our dataset.

Interestingly, the microRNA-target prediction
analysis showed that SYK is a putative target of all up-
regulated microRNAs, while LGALSI is a predicted target
only of miR1207-5p and miR1225-5p.

DISCUSSION

BTC is an aggressive neoplasia with a complex
molecular pathogenesis; the current clinical approaches
are limited and the poor prognosis, due also to the scarce
therapeutic options, encourages the evaluation of new
drugs. Trabectedin is a promising chemotherapeutic
agent already used in clinical practice in different cancer
types. Our group previously demonstrated that trabectedin
has a high antitumor activity in BTC preclinical
models, significantly slowing tumor growth, inhibiting
proliferation and neovascularization processes, suggesting
its potential as alternative chemotherapy option. Here, we
studied the global effect of trabectedin on transcriptome in
the paired xenopatient-cell line model.
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Trabectedin is able to negatively influence the
expression of genes involved in migration, invasion,
motility, and epithelial to mesenchymal transition (EMT),
confirming the important role of trabectedin in inhibiting
angiogenesis and metastatic processes demonstrated
in other malignancies [19, 28, 32-34]. Interestingly,
we observed a down-regulation of genes involved in
neurogenesis and regulation of neurological processes;
it has been demonstrated that neurons and glial cells not
only lead to higher cancer cell proliferation at the tumor
invasion front, but also further enhance angiogenesis and
neurogenesis in tumors [35].

On the contrary, trabectedin treatment is able to
induce the expression of genes involved in p53 pathway,
previously described by Martinez and collaborators [36],
demonstrating that the drug induced the overexpression
of genes related to stress and DNA damage, such as p53,
CDKNI1A, and ATF3. Moreover, it is able to induce the
expression of genes involved in apoptotic and cell death
processes, underlying the high therapeutic role of this
drug. An overexpression of RASD1 seems to increase
apoptosis via mitochondrial apoptosis pathway in prostate,
breast, and lung cancer cell lines [37, 38]. IFIT2 is a
tumor suppressor gene in gastric cancer [39], promoting
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VINC — —
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Figure 5: Panel A: qRT-PCR quantification and Western Blot analysis of SYK and LGALS]1 after trabectedin (5 nM)
treatment on WITT cells. Panel B and C: gRT-PCR quantification and Western Blot analysis after silencing of SYK and LGALS1. NT:
not treated; OLIGO: cells treated with oligofectamine; siRNA CN: cells treated with negative control siRNA; siRNA1 and siRNA2: two
different siRNA for SYK of LGALS 1; COMBO: combination of siRNA1 and siRNA2.
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apoptosis and cell death. In our models, these genes are
induced by trabectedin treatment, supporting the apoptotic
process as previously demonstrated in vitro [19].

We evidenced that trabectedin perturbes genes
involved in different cellular processes, among which
the regulation of proliferation and migration. For this
reason, we selected two down-regulated genes, SYK
and LGALSI to investigate if their suppression could
reflect the effect of trabectedin on these processes. SYK
is a non-receptor tyrosine kinase expressed in a variety
of tissues, in particular in hematopoietic cells. Its role
in cancer progression is controversial; in breast cancer
it has a tumor suppressor role, while in head and neck
and prostate cancer acted as an oncogene [40—42]. The
role of LGALSI1, a member of the lectin superfamily, is
more defined; it is involved in different cellular function,
as transduction, protein-protein interactions, cell-cycle
progression, apoptosis, sustained proliferative signaling,
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resistance to cell death signals, evasion of immune
surveillance, induction of angiogenesis, and activation
of the metastatic potential. It is over-expressed in colon,
liver, pancreatic cancer, in ICC and in their surrounding
stroma cells; its overexpression seems to be associated
with neoplastic progression and proliferative activities
[43—46]. The silencing of each gene separately produced
a statistically significant inhibition of migration, but
not effect on proliferation. The simultaneous inhibition
of these targets potentiates the anti-migratory effect,
suggesting a crosstalk between SYK and LGALSI.
In the work of Fulcher and collaborators, it has been
demonstrated that Gall, the protein encoded by LGALSI,
induced cell activation and migration through the
phosphorylation of Syk in dendritic cells [47]. The lack of
inhibition of proliferation demonstrated that the silencing
of these genes is not sufficient to mimic trabectedin effect,
suggesting that a more complex mechanism of drug-targets
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Figure 6: Wound healing assay. Panel A: representative images of WITT wound closure upon different conditions. NT: Not treated,
OLIGO: treated with oligofectamine; siRNA CN: treated with negative control siRNA; siRNA LGALS1 and SYK: treated with specific
siRNA for LGALS1 and SYK, respectively; siRNA combo: simultaneous treatment with siRNA for LGALS1 and SYK; TRAB: treatment
with 5 nM of trabectedin. TO: time of wound. Panel B: Statistical analysis of percentage of wound closure; Bars representing the area of
closure at different conditions; 100% corresponds to the area at the time of wounding.
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regulates cell growth. The role of trabectedin on SYK
and LGALSTI inhibition is confirmed in the extrahepatic
cell line WITT, with a significant reduction of migration
ability, supporting our hypothesis that they are putative
targets of this drug.

MicroRNA expression revealed a major number
of alterations in the in vitro model. MiR-21-3p, miR-21-
Sp and miR-31-3p have already been described in BTC,
in particular they are up-regulated in ICC [31]. In our
models, after trabectedin treatment they are significantly
down-regulated, making them putative targets of the
drug. The same mechanism could be supposed for
miRNA 331-3p, down-regulated by trabectedin and
demonstrated to promote proliferation and EMT in
hepatocellular carcinoma [48]. On the contrary, miR-
494-3p is up-regulated after drug treatment; in a previous
work of Shen and collaborators, they demonstrated that
a constitutive over-expression of this miRNA reduced
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tumor growth, migration and invasion [49]. In the in vivo
model, only five miRNAs are affected by trabectedin. It
has been previously demonstrated that miR-375, found
up-regulated in our PDX model, is a tumor suppressor in
colon cancer and pancreatic cancer, by inhibiting PI3K/
Akt via [50, 51]. A down-regulation of miR-214 upon
trabectedin treatment was also found; Li and collaborators
demonstrated that its inhibition correlated with a high risk
of metastasis increasing the transcription of TWIST. In
our model, TWIST is slightly down-regulated, suggesting
that miR-214 could have different mechanism of action in
BTC [52]. The unique common microRNA up-regulated
in both models is miR-4284. Its role is not clear, but in
a work of Yang, miR-4284 seems to be overexpressed
by bermamine, a natural chemotherapeutic agent, in
glioblastoma cells; they demonstrated its role as tumor
suppressor, promoting apoptosis in cancer stem cells of
glioblastoma [53]. Interestingly, we found that 116 genes
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Figure 9: microRNA-target prediction analysis: In Panel A, Venn diagram showed that 66 up-regulated genes Panel C of
our signature are predicted targets of down-regulated microRNAs. In Panel B, Venn diagram showed that 50 down-regulated genes

Panel D of our signature are targets of up-regulated micro-RNAs.
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of our signature are predicted targets of deregulated
microRNAs; in particular, the down-regulated gene SYK
is target of all up-regulated microRNAs, while LGALS1
is a putative target of miR-1207-5p, miR-1225-5p. These
microRNAs have a role as tumor suppressors; in fact, their
up-regulation caused a reduction of motility and invasion
in breast and gastric cancers [54, 55], supporting our data
on migration in BTC cell lines. These findings suggest
further investigations to study their interaction with SYK
and LGALSI, both involved in migration process.

In conclusion, we described that trabectedin affects
genes and microRNAs involved in processes related
to tumor progression and metastasis, reflecting results
obtained at macroscopically level in BTC. We identified
two trabectedin putative targets involved in motility and
migration, supporting the role of trabectedin as anti-
metastatic agent. Further studies of gene-microRNA
networking and consequent functional studies will be
planned to investigate the complex post-transcriptional
alterations caused by trabectedin treatment.

MATERIALS AND METHODS

Samples and drug treatment

The patient derived xenograft (PDX) was obtained
and treated with trabectedin as previously described
[19]. Briefly, PDX were intra venous treated with 0.15
mg/Kg/weekly or with drug vehicle for 21 days. The
establishment and characterization process of its paired
cell line, MT-CHCO1, is described in our recent work
[56]. The extrahepatic cell line WITT (provided by Dr.
Andersen, BRIC Center, Copenhagen) was cultured in
DMEM (Sigma—Aldrich) plus 10% fetal bovine serum
(FBS).

For gene expression and microRNA analysis, MT-
CHCO1 cells (600,000/well) were plated onto 6-well tissue
culture plates in complete Knockout/DMEM/F-12 medium
plus 10% FBS; after 24 hours, they were treated with a
dose of 5 nM of trabectedin, then, after further 24 hours,
cells were detached and lysed in TRIZOL reagent for RNA
extraction.

For cell viability assay, MT-CHCO1 cells (3,000/
well) were seeded onto 96-well tissue culture plates;
after 24 hours they were treated with escalating doses of
trabectedin (0.019-10 nM) in appropriate culture medium
added of 10% FBS for another 72 hours. Cell growth was
evaluated with the Cell Titer-Glo® cell viability assay
(Promega). All tests were performed in quadruplicate and
repeated in three independent experiments. IC50 values,
dose of drug that inhibits 50% of the cell growth compared
with control calculated for each cell line after 72 hours
of drug treatment, were calculated using the CalcuSyn
software, based on the Chou-Talalay method. To test the
effect of the drug on cell cycle and apoptosis, MT-CHCO1

cells were treated with 5 nM of trabectedin for 24-48 hours
and then processed as described in our previous work [19].

Gene and microRNA expression analysis

For gene expression analysis (GEP), total RNA of
MT-CHCO1s cells and of PDX, both untreated or treated
with trabectedin, was extracted by using the Absolutely
RNA miRNA kit (Agilent Technologies), following
manufacturers’ protocols. Quantitative and qualitative
evaluation of total RNA was performed by Nanodrop
and BioAnalyzer respectively. For GEP analysis, 100
ng of total RNA were amplified and labeled using Low
Input Quick Amp Labeling Kit, one-color kit (Agilent
Technologies). Six hundred ng of labeled RNA were
hybridized on SurePrint G3 Human Gene Expression
8x60K v2 glass arrays. Arrays were scanned and images
analyzed by the Feature Extraction Software from Agilent
Technologies (version 10.7), and raw data were then
processed using the Bioconductor package Limma (Linear
models for microarray analysis). Background correction
was performed with the normexp method with an offset
of 50, and quantile was used for the between-array
normalization. The empirical Bayes method was used to
compute a moderated t-statistics. For microRNA analysis,
100 ng of total RNA were labeled using the miRNA
Complete Labeling and Hyb Kit and hybridized on Human
miRNA Microarray Kit Release 16.0, 8x60K. Arrays were
scanned and images analyzed by the Feature Extraction
Software from Agilent Technologies (version 10.7). Raw
data elaboration was carried out with Bioconductor, using
R statistical language. Quantile was used for between-
array normalization. The Limma (LInear Models for
Microarray Analysis) package was then used to identify
differentially expressed micro RNAs in trabectedin-treated
versus not treated mice or cell line. The empirical Bayes
method was used to compute a moderated t-statistics. Gene
expression profiling and microRNA data are available on
GEO (GSE84939).

gRT-PCR validation

RNA was reverse-transcribed to cDNA with the
High capacity cDNA reverse transcription kit (Applied
Biosystem). The cDNA was used for amplification of
CDH2, WNT7B, PMEPA1, NAV2, ATF3, NOV, CDG68S,
RASD, SYK, LGALS1 deregulated genes and PGK
housekeeping gene with specific primers (Supplementary
Table S7). Quantitative real-time PCR was carried out in
triplicate. Further, a validation of the expression of miR-
4284, miR 21-5p, and miR-494-3p was performed using
TagMan Assay. MicroRNAs expression was normalized
on the expression of RNU48 as endogenous control.
Quantitative analysis was performed by the measurement
of Ct values [57].
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Gene silencing

About 600,000 MT-CHCO1 and WITT cells were
plated in a 6 multiwell plate; at about 50% of confluence,
cells were transiently transfected using oligofectamine
(Life Technologies) and specific siRNAs for LGALSI,
SYK, their combination, and negative control siRNA (all
from Sigma) at the concentration of 20 uM in Optimum
medium without serum. After 4 hours, cells were washed
and complete and appropriate medium for each cell line
was replaced. After 24 hours, the SYK and LGALSI
silencing efficiency was tested by qRT-PCR and Western
blot analysis. Briefly, cells were detached and lysed in
TRIZOL for RNA extraction and qRT-PCR analysis as
previously described, and in Cell lysis buffer (Cell Signaling
Technology, Beverly, USA) for Western blot analysis;
homogenized cells were then centrifuged at 20,000xg for 30
minutes; 20 pg of protein were separated with Mini-Protean
TGX Precast Gels, 4-20%, then transferred using Trans-
Blot Turbo on nitrocellulose Midi membranes (Biorad).
Blots were stained using standard procedures and signals
were revealed by a chemiluminescence reagent (Euroclone,
Milan, Italy). Primary antibody against LGALS1, SYK,
Vinculin, and secondary anti-rabbit and anti-mouse 1gG
hrp-linked antibodies are from Cell Signaling.

Wound healing assay

After 24 hours from silencing, the confluent MT-
CHCO1 and WITT cells were gently wounded with a 200
pl tip; wound closure was monitored in each plate for
24 hours. The gap distance was analyzed using ImageJ
software; 0% represents the time of wound (TO). The
percentage of closure was calculated as 100-(T/T0) x 100,
where T represents the average wound closures at the
different time points. Statistical analysis was performed
using one-way ANOVA and multiple comparison test
(GraphPad software). The assay was performed in three
different experiments.

ACKNOWLEDGMENTS

We would like to thank you Dr. Loretta Gammaitoni
for the support in cell cycle and apoptosis analysis.

CONFLICTS OF INTEREST

Authors declare that they have no competing
interests.

GRANT SUPPORT

This work was supported by grant from
“Associazione Italiana Ricerca sul Cancro—AIRC
5X1000 2010-Ministry of Health, FPO. Project n°16:30
“Identificazione di nuove vie di trasduzione del segnale

intracellulare sensibili ai farmaci nel colangiocarcinoma
intraepatico (ICC)”. Fondazione Piemontese per la
Ricerca sul Cancro - Onlus - “Identification of new
druggable pathways in intrahepatic cholangiocarcinoma”
5 per Mille 2010 Ministero della Salute; Universita di
Torino anno 2014 - Fondo per la ricerca locale (Linea B),
LEOF RIC LOC 14 01 project title: “Transcriptomic
and genetic analysis of paired primary and recurrent
intrahepatic cholangiocarcinoma”; CPN is supported
by University of Turin; GC is supported by FPO; GC
is supported by a grant of Compagnia di San Paolo; PO
is supported by a grant of “Lauretana”; MA and FL are
supported by University of Turin and FPO.

REFERENCES

1. Sia D, Tovar V, Moeini A, Llovet JM. Intrahepatic
cholangiocarcinoma: pathogenesis and rationale for
molecular therapies. Oncogene 2013;32:4861-70 doi
10.1038/0nc.2012.617.

2. Rizvi S, Gores GJ. Pathogenesis, diagnosis,
management of cholangiocarcinoma. Gastroenterology
2013;145:1215-29 doi 10.1053/j.gastro.2013.10.013.

3. Jarnagin WR, Ruo L, Little SA, Klimstra D, D’ Angelica M,
DeMatteo RP, et al. Patterns of initial disease recurrence

and

after resection of gallbladder carcinoma and hilar
cholangiocarcinoma: implications for adjuvant therapeutic
2003;98:1689-700 doi 10.1002/

strategies. Cancer

cner.11699.

4. Nakeeb A, Pitt HA, Sohn TA, Coleman J, Abrams RA,
Piantadosi S, et al. Cholangiocarcinoma. A spectrum
of intrahepatic, perihilar, and distal tumors. Ann Surg
1996;224:463-73; discussion 73-5.

5. Malka D, Cervera P, Foulon S, Trarbach T, de la
Fouchardiére C, Boucher E, et al. Gemcitabine and
oxaliplatin with or without cetuximab in advanced biliary-
tract cancer (BINGO): a randomised, open-label, non-
comparative phase 2 trial. Lancet Oncol 2014;15:819-28
doi 10.1016/S1470-2045(14)70212-8.

6. Valle JW, Furuse J, Jitlal M, Beare S, Mizuno N, Wasan H,
et al. Cisplatin and gemcitabine for advanced biliary tract
cancer: a meta-analysis of two randomised trials. Ann Oncol
2014;25:391-8 doi 10.1093/annonc/mdt540.

7. D’Incalci M, Galmarini CM. A review of trabectedin (ET-
743): a unique mechanism of action. Mol Cancer Ther
2010;9:2157-63 doi 10.1158/1535-7163.MCT-10-0263.

8. Guirouilh-Barbat J, Redon C, Pommier Y. Transcription-
coupled DNA double-strand breaks are mediated via the
nucleotide excision repair and the Mrell-Rad50-Nbsl
complex. Mol Biol Cell 2008;19:3969-81 doi 10.1091/mbc.
E08-02-0215.

9. Jin S, Gorfajn B, Faircloth G, Scotto KW. Ecteinascidin
743, a transcription-targeted chemotherapeutic that
inhibits MDR1 activation. Proc Natl Acad Sci U S A
2000;97:6775-9.

www.impactjournals.com/oncotarget

86777

Oncotarget



11.

12.

14.

15.

17.

18.

20.

Minuzzo M, Marchini S, Broggini M, Faircloth G, D’Incalci
M, Mantovani R. Interference of transcriptional activation
by the antineoplastic drug ecteinascidin-743. Proc Natl
Acad Sci U S A 2000;97:6780-4.

Takebayashi Y, Pourquier P, Zimonjic DB, Nakayama
K, Emmert S, Ueda T, et al. Antiproliferative activity of
ecteinascidin 743 is dependent upon transcription-coupled
nucleotide-excision repair. Nat Med 2001;7:961-6 doi
10.1038/91008.

Soares DG, Escargueil AE, Poindessous V, Sarasin A, de
Gramont A, Bonatto D, e al. Replication and homologous
recombination repair regulate DNA double-strand break
formation by the antitumor alkylator ecteinascidin 743.
Proc Natl Acad Sci U S A 2007;104:13062-7 doi 10.1073/
pnas.0609877104.

Larsen AK, Galmarini CM, D’Incalci M. Unique
features of trabectedin mechanism of action. Cancer
Chemother Pharmacol 2016;77:663-71 doi 10.1007/

500280-015-2918-1.

Allavena P, Signorelli M, Chieppa M, Erba E, Bianchi
G, Marchesi F, et al. Anti-inflammatory properties of the
novel antitumor agent yondelis (trabectedin): inhibition
of macrophage differentiation and cytokine production.
Cancer Res 2005;65:2964-71 doi 10.1158/0008-5472.
CAN-04-4037.

Krasner CN, Poveda A, Herzog TJ, Vermorken JB, Kaye
SB, Nieto A, et al. Patient-reported outcomes in relapsed
ovarian cancer: results from a randomized Phase I1I study
of trabectedin with pegylated liposomal doxorubicin (PLD)
versus PLD alone. Gynecol Oncol 2012;127:161-7 doi
10.1016/j.ygyno.2012.06.034.

Baruchel S, Pappo A, Krailo M, Baker KS, Wu B, Villaluna
D, et al. A phase 2 trial of trabectedin in children with
recurrent rthabdomyosarcoma, Ewing sarcoma and non-
rhabdomyosarcoma soft tissue sarcomas: a report from the
Children’s Oncology Group. Eur J Cancer 2012;48:579-85
doi 10.1016/j.ejca.2011.09.027.

Grohar PJ, Griffin LB, Yeung C, Chen QR, Pommier
Y, Khanna C, ef al. Ecteinascidin 743 interferes with the
activity of EWS-FLI1 in Ewing sarcoma cells. Neoplasia
2011;13:145-53.

Di Giandomenico S, Frapolli R, Bello E, Uboldi S, Licandro
SA, Marchini S, et al. Mode of action of trabectedin in
myxoid liposarcomas. Oncogene 2014;33:5201-10 doi
10.1038/0nc.2013.462.

Peraldo-Neia C, Cavalloni G, Soster M, Gammaitoni
L, Marchio S, Sassi F, ef al. Anti-cancer effect and gene
modulation of ET-743 in human biliary tract carcinoma
preclinical models. BMC Cancer 2014;14:918 doi
10.1186/1471-2407-14-918.

Hendriks HR, Fiebig HH, Giavazzi R, Langdon SP,
Jimeno JM, Faircloth GT. High antitumour activity of
ET743 against human tumour xenografts from melanoma,
non-small-cell lung and ovarian cancer. Ann Oncol
1999;10:1233-40.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Izbicka E, Lawrence R, Raymond E, Eckhardt G, Faircloth
G, Jimeno J, et al. In vitro antitumor activity of the novel
marine agent, ecteinascidin-743 (ET-743, NSC-648766)
against human tumors explanted from patients. Ann Oncol
1998;9:981-7.

Schoffski P, Dumez H, Wolter P, Stefan C, Wozniak
A, Jimeno J, et al. Clinical impact of trabectedin
(ecteinascidin-743) in advanced/metastatic soft tissue
sarcoma. Expert Opin Pharmacother 2008;9:1609-18 doi
10.1517/14656566.9.9.1609.

Preusser M, Spiegl-Kreinecker S, Lotsch D, Wohrer
A, Schmook M, Dieckmann K, et al. Trabectedin has
promising antineoplastic activity in high-grade meningioma.
Cancer 2012;118:5038-49 doi 10.1002/cner.27460.

Grohar PJ, Helman LJ. Prospects and challenges for
the development of new therapies for Ewing sarcoma.
Pharmacol Ther 2013;137:216-24 doi 10.1016/.
pharmthera.2012.10.004.

Takahashi N, Li W, Banerjee D, Guan Y, Wada-Takahashi
Y, Brennan MF, et al. Sequence-dependent synergistic
cytotoxicity of ecteinascidin-743 and paclitaxel in human
breast cancer cell lines in vitro and in vivo. Cancer Res
2002;62:6909-15.

Germano G, Frapolli R, Simone M, Tavecchio M, Erba
E, Pesce S, et al. Antitumor and anti-inflammatory effects
of trabectedin on human myxoid liposarcoma cells.
Cancer Res 2010;70:2235-44 doi 10.1158/0008-5472.
CAN-09-2335.

Mabuchi S, Hisamatsu T, Kawase C, Hayashi M, Sawada
K, Mimura K, et al. The activity of trabectedin as a single
agent or in combination with everolimus for clear cell
carcinoma of the ovary. Clin Cancer Res 2011;17:4462-73
doi 10.1158/1078-0432.CCR-10-2987.

Dossi R, Frapolli R, Di Giandomenico S, Paracchini
L, Bozzi F, Brich S, et al. Antiangiogenic activity of
trabectedin in myxoid liposarcoma: involvement of host
TIMP-1 and TIMP-2 and tumor thrombospondin-1. Int J
Cancer 2015;136:721-9 doi 10.1002/ijc.29023.

Lu L, Byrnes K, Han C, Wang Y, Wu T. miR-21 targets
15-PGDH and promotes cholangiocarcinoma growth. Mol
Cancer Res 2014;12:890-900 doi 10.1158/1541-7786.
MCR-13-0419.

Chusorn P, Namwat N, Loilome W, Techasen A, Pairojkul
C, Khuntikeo N, et al. Overexpression of microRNA-21
regulating PDCD4 during tumorigenesis of liver fluke-
associated cholangiocarcinoma contributes to tumor growth
and metastasis. Tumour Biol 2013;34:1579-88 doi 10.1007/
s13277-013-0688-0.

Karakatsanis A, Papaconstantinou 1, Gazouli M,
Lyberopoulou A, Polymeneas G, Voros D. Expression of
microRNAs, miR-21, miR-31, miR-122, miR-145, miR-
146a, miR-200c, miR-221, miR-222, and miR-223 in
patients with hepatocellular carcinoma or intrahepatic
cholangiocarcinoma and its prognostic significance. Mol

Carcinog 2013;52:297-303 doi 10.1002/mc.21864.

WWw

.impactjournals.com/oncotarget

86778

Oncotarget



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Atmaca H, Uzunoglu S. Anti-angiogenic effects of
trabectedin (Yondelis; ET-743) on human breast cancer
cells. Eur Cytokine Netw 2014;25:1-7 doi 10.1684/
ecn.2014.0347.

Nalla AK, Estes N, Patel J, Rao JS. N-cadherin mediates
angiogenesis by regulating monocyte chemoattractant
protein-1 expression via PI3K/Akt signaling in prostate
cancer cells. Exp Cell Res 2011;317:2512-21 doi 10.1016/].
yexcr.2011.07.024.

Nitta T, Mitsuhashi T, Hatanaka Y, Miyamoto M, Oba K,
Tsuchikawa T, et al. Prognostic significance of epithelial-
mesenchymal transition-related markers in extrahepatic
cholangiocarcinoma: comprehensive immunohistochemical
study using a tissue microarray. Br J Cancer 2014;111:1363-
72 doi 10.1038/bjc.2014.415.

Garcia SB, Stopper H, Kannen V. The contribution of
neuronal-glial-endothelial-epithelial interactions to colon
carcinogenesis. Cell Mol Life Sci 2014;71:3191-7 doi
10.1007/s00018-014-1642-z.

Martinez N, Sanchez-Beato M, Carnero A, Moneo V,
Tercero JC, Fernandez 1, et al. Transcriptional signature
of Ecteinascidin 743 (Yondelis, Trabectedin) in human
sarcoma cells explanted from chemo-naive patients. Mol
Cancer Ther 2005;4:814-23 doi 10.1158/1535-7163.
MCT-04-0316.

Vaidyanathan G, Cismowski MJ, Wang G, Vincent TS,
Brown KD, Lanier SM. The Ras-related protein AGS1/
RASDI1 suppresses cell growth. Oncogene 2004;23:5858-
63 doi 10.1038/sj.0onc.1207774.

Liu XJ, Li YQ, Chen QY, Xiao SJ, Zeng SE. Up-regulating
of RASDI1 and apoptosis of DU-145 human prostate cancer
cells induced by formononetin in vitro. Asian Pac J Cancer
Prev 2014;15:2835-9.

Feng X, Wang Y, Ma Z, Yang R, Liang S, Zhang M, et al.
MicroRNA-645, up-regulated in human adencarcinoma of
gastric esophageal junction, inhibits apoptosis by targeting
tumor suppressor IFIT2. BMC Cancer 2014;14:633 doi
10.1186/1471-2407-14-633.

Ghotra VP, He S, van der Horst G, Nijhoff S, de Bont H,
Lekkerkerker A, et al. SYK is a candidate kinase target
for the treatment of advanced prostate cancer. Cancer Res
2015;75:230-40 doi 10.1158/0008-5472.CAN-14-0629.

Toyama T, Iwase H, Yamashita H, Hara Y, Omoto Y,

Sugiura H, et al. Reduced expression of the Syk gene is
correlated with poor prognosis in human breast cancer.

Cancer Lett 2003;189:97-102.

Luangdilok S, Box C, Patterson L, Court W, Harrington K,
Pitkin L, et al. Syk tyrosine kinase is linked to cell motility
and progression in squamous cell carcinomas of the head
and neck. Cancer Res 2007;67:7907-16 doi 10.1158/0008-
5472.CAN-07-0331.

Shimonishi T, Miyazaki K, Kono N, Sabit H, Tuneyama K,
Harada K, ef al. Expression of endogenous galectin-1 and

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

galectin-3 in intrahepatic cholangiocarcinoma. Hum Pathol
2001;32:302-10 doi 10.1053/hupa.2001.22767.

Saeland E, Belo Al, Mongera S, van Die I, Meijer GA,
van Kooyk Y. Differential glycosylation of MUC1 and
CEACAMS between normal mucosa and tumour tissue of
colon cancer patients. Int J Cancer 2012;131:117-28 doi
10.1002/ijc.26354.

Spano D, Russo R, Di Maso V, Rosso N, Terracciano
LM, Roncalli M, et al. Galectin-1 and its involvement
in hepatocellular carcinoma aggressiveness. Mol Med
2010;16:102-15 doi 10.2119/molmed.2009.00119.

Chen R, Pan S, Ottenhof NA, de Wilde RF, Wolfgang CL,
Lane Z, et al. Stromal galectin-1 expression is associated
with long-term survival in resectable pancreatic ductal
adenocarcinoma. Cancer Biol Ther 2012;13:899-907 doi
10.4161/cbt.20842.

Fulcher JA, Chang MH, Wang S, Almazan T, Hashimi ST,
Eriksson AU, et al. Galectin-1 co-clusters CD43/CD45 on
dendritic cells and induces cell activation and migration
through Syk and protein kinase C signaling. J Biol Chem
2009;284:26860-70 doi 10.1074/jbc.M109.037507.

Chang RM, Yang H, Fang F, Xu JF, Yang LY. MicroRNA-
of
hepatocellular carcinoma by targeting PH domain and

331-3p promotes proliferation and metastasis
leucine-rich repeat protein phosphatase.
2014;60:1251-63 doi 10.1002/hep.27221.
Shen PF, Chen XQ, Liao YC, Chen N, Zhou Q, Wei Q,
et al. MicroRNA-494-3p targets CXCR4 to suppress the
proliferation, invasion, and migration of prostate cancer.
Prostate 2014;74:756-67 doi 10.1002/pros.22795.

Wang Y, Tang Q, Li M, Jiang S, Wang X. MicroRNA-375
inhibits colorectal cancer growth by targeting PIK3CA.
Biochem Biophys Res Commun 2014;444:199-204 doi
10.1016/j.bbrc.2014.01.028.

Zhou J, Song S, He S, Zhu X, Zhang Y, Yi B, et al
MicroRNA-375 targets PDK1 in pancreatic carcinoma and

Hepatology

suppresses cell growth through the Akt signaling pathway.
Int J Mol Med 2014;33:950-6 doi 10.3892/ijmm.2014.1638.
Li B, Han Q, Zhu Y, Yu Y, Wang J, Jiang X. Down-

regulation of miR-214 contributes to intrahepatic
cholangiocarcinoma metastasis by targeting Twist. FEBS

J2012;279:2393-8 doi 10.1111/j.1742-4658.2012.08618.x.

Yang F, Nam S, Brown CE, Zhao R, Starr R, Ma Y, et al. A
novel berbamine derivative inhibits cell viability and induces
apoptosis in cancer stem-like cells of human glioblastoma,
via up-regulation of miRNA-4284 and JNK/AP-1 signaling.
PLoS One 2014;9:¢94443 doi 10.1371/journal.pone.0094443.
Fisher JN, Terao M, Fratelli M, Kurosaki M, Paroni G,
Zanetti A, Gianni M, Bolis M, Lupi M, Tsykin A, Goodall
GJ, Garattini E. MicroRNA networks regulated by all-trans
retinoic acid and Lapatinib control the growth, survival and
motility of breast cancer cells. Oncotarget. 2015; 6:13176-
200. doi 10.18632/oncotarget.3759.

WWw

.impactjournals.com/oncotarget

86779

Oncotarget



55.

Chen L, Lii MH, Zhang D, Hao NB, Fan YH, Wu YY, et al.
miR-1207-5p and miR-1266 suppress gastric cancer growth
and invasion by targeting telomerase reverse transcriptase.
Cell Death Dis 2014;5:¢1034 doi 10.1038/cddis.2013.553.

57.

cholangiocarcinoma cell line derived from an Italian
patient. Tumour Biol 2015 doi 10.1007/s13277-015-4215-3.

Cavalloni G, Dan¢ A, Piacibello W, Bruno S, Lamas E,
Bréchot C, et al. The involvement of human-nuc gene

56. Cavalloni G, Peraldo-Neia C, Varamo C, Casorzo in polyploidization of K562 cell line. Exp Hematol
L, Dell’Aglio C, Bernabei P, er al. Establishment 2000;28:1432-40.
and characterization of a human intrahepatic
www.impactjournals.com/oncotarget 86780 Oncotarget



