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The acquisition of invasive functions by tumor cells is a first and crucial step toward the development of
metastasis, which nowadays represents the main cause of cancer-related death. Cholangiocarcinoma (CCA),
a primary liver cancer originating from the biliary epithelium, typically develops intrahepatic or lymph node
metastases at early stages, thus preventing the majority of patients from undergoing curative treatments, consis-
tent with their very poor prognosis. As in most carcinomas, CCA cells gradually adopt a motile, mesenchymal-
like phenotype, enabling them to cross the basement membrane, detach from the primary tumor, and invade
the surrounding stroma. Unfortunately, little is known about the molecular mechanisms that synergistically
orchestrate this proinvasive phenotypic switch. Autocrine and paracrine signals (cyto/chemokines, growth fac-
tors, and morphogens) permeating the tumor microenvironment undoubtedly play a prominent role in this
context. Moreover, a number of recently identified signaling systems are currently drawing attention as puta-
tive mechanistic determinants of CCA cell invasion. They encompass transcription factors, protein kinases and
phosphatases, ubiquitin ligases, adaptor proteins, and miRNAs, whose aberrant expression may result from
either stochastic mutations or the abnormal activation of upstream pro-oncogenic pathways. Herein we sought
to summarize the most relevant molecules in this field and to discuss their mechanism of action and potential
prognostic relevance in CCA. Hopefully, a deeper knowledge of the molecular determinants of CCA invasive-
ness will help to identify clinically useful biomarkers and novel druggable targets, with the ultimate goal to

develop innovative approaches to the management of this devastating malignancy.
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INTRODUCTION

Cholangiocarcinoma (CCA) is a malignancy of the
biliary tract, arising from either the intrahepatic iCCA)
or the extrahepatic (eCCA) biliary tree, where the merging
point of the second-order bile ducts represents the demar-
cation limit. CCA accounts for 15%—-20% of the primary
liver tumors, which are the second most common cause
of cancer-related deaths worldwide, being responsible for
around 9.1% of total deaths". CCA still carries a dismal
prognosis, with a median survival below 2 years and a
survival rate of less than 10%”. Furthermore, the incidence
of iCCA is markedly increasing, especially in Western

countries*. A major problem to tackle when treating CCA
is the strong and early invasiveness of the tumor. Indeed,
most CCAs are diagnosed when intrahepatic or lymph
node metastasization has already occurred, and about two
thirds of the patients are thus prevented from undergoing
surgical resection, which is currently the only potentially
curative treatment available. Unfortunately, even in the
surgical cases, recurrence rates are very high (49%—-64%),
and 5-year survival after resection is below 45%. Of
note, the feasibility of orthotopic liver transplantation
remains controversial. Indeed, promising results have
been obtained, but in a few specialized centers, and only
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by applying highly restrictive patient selection criteria"*.
Patients who are not eligible for radical surgery are
treated with systemic chemotherapy, the results of which
are blunted by the known drug resistance of CCA’. To
date, combined chemotherapy with gemcitabine and cis-
platin represents the first-line treatment in the palliative
setting, even though the median overall survival remains
below 1 year*’. Although comprehensive genomic profil-
ing has led to the identification of recurrent molecular
alterations driving cholangiocarcinogenesis (see below),
there are still no molecular targeted therapies consistently
effective in the treatment of CCA, either alone or in com-
bination with conventional chemotherapy”*.

CCA frequently develops on a background of non-
cirrhotic liver and often without known risk factors.
Nevertheless, several pathological conditions associated
with chronic liver inflammation carry an increased risk
to develop CCA, including infection with hepatobiliary
flukes, hepatolithiasis, primary sclerosing cholangitis, and
congenital malformations of the bile ducts (e.g., Caroli’s
disease, choledochal cysts). It has now become clear that
patients with hepatitis B virus (HBV)- and HCV-related
cirrhosis, as well as patients with metabolic syndrome,
also are at a higher risk of developing iCCA**®. Although
CCA is commonly thought to originate from biliary
epithelial cells (cholangiocytes), hepatic progenitor cells
(HPCs) and mature hepatocytes have also been proposed
as candidate cells of origin, particularly for the intrahe-
patic variant*®. CCA pathogenesis is a complex, multistep
process, marked by increasing genomic and epigenetic
alterations, as well as by deregulation of various signal-
ing networks. In particular, point mutations, copy number
variations, and chromosome fusions have been reported
to alter the expression of genes regulating key cellular
processes, such as DNA repair (e.g., 7P53), receptor
tyrosine kinase signaling (e.g., KRAS, FGFR2, EGFR),
and epigenetic regulation of gene expression (e.g., IDHI,
IDH2, ARIDIA). In addition, a number of inflammatory
[e.g., interleukin-6 (IL-6), transforming growth factor-3
(TGF-B)], proliferative [e.g., hepatocyte growth factor
(HGF)], and developmental (e.g., Notch, Wnt/B-catenin)
pathways have been found to be aberrantly activated
since the early stages, supporting the progression from
precancerous lesions to full-blown neoplasia®*’.

Despite the several efforts made in the last few years
to understand the biology of CCA, the intricate network
of molecular mechanisms responsible for the early and
widespread dissemination of this neoplasm remains elu-
sive. Although a unifying model for CCA invasiveness
is still lacking, here we sought to summarize the most
relevant findings in this field in an effort to provide the
reader with a comprehensive overview of the phenotypic
and functional changes experienced by CCA cells during
the invasion process, as well as of the main molecular
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factors promoting the emergence of these proinvasive
features.

MECHANISMS OF CANCER CELL
INVASIVENESS

Invasiveness is a property of the cancer cell representing
the first step toward metastasization. During the invasion—
metastasis cascade, cancer cells gradually detach from
the primary tumor, disseminate at distance through the
vascular and/or lymphatic circulation, and then prolif-
erate within the parenchyma of distant organs. In par-
ticular, to leave the primary site of growth, cancer cells
must proteolytically perforate the basement membrane
that encapsulates the tumor masses, migrate through the
extracellular matrix (ECM) of the surrounding stroma,
and finally penetrate the intratumoral (neovasculature) or
peritumoral vessels'®'". The early stages of the invasion
process, namely, the crossing of the basement membrane
and the gradual detachment from the primary tumor mass,
are typically carried on by large and cohesive cohorts of
tumor cells, in the form of clusters, strands, sheets, or
cords (collective migration). Although most of the cells
within the invading cohort display an overt epithelial phe-
notype (including the maintenance of cell-cell adhesion),
cells located at the leading front release matrix proteases
and possess strong migratory abilities'' ™. As cancer inva-
sion proceeds, the migrating cell cohorts undergo a fur-
ther dedifferentiation process, likely triggered by signals
derived from the multiple mesenchymal and inflamma-
tory cells populating the tumor stroma. Ultimately, this
process results in a gradual loss of epithelial features and
a concurrent acquisition of some mesenchymal traits. At
this stage, a switch from collective to single-cell migra-
tion takes place, strikingly enhancing the efficiency of
the invasion proces'>". In other words, invasive cancer
cells partly recapitulate an embryonic program known
as epithelial-to-mesenchymal transition (EMT), through
which epithelial cells dismantle cell-cell junctions, lose
planar and apical-basal polarity, and eventually establish
a front-rear axis, thus adopting an elongated, spindle-
shaped morphology. These phenotypic changes, accom-
panied by the ability to degrade the matrix, confer pro-
nounced migratory and invasive properties upon cancer
cells"™"°. It is worth noting that, despite assuming some
mesenchymal properties, invasive cancer cells ultimately
retain an overall, background epithelial identity, without
actually undertaking a full lineage conversion program
that should be based on a more focused, large-scale gene
expression reprogramming'’.

The mesenchymal mode of invasion is initiated by actin
polymerization at the cell front, which induces the forma-
tion of sheet-like (lamellipodia) and finger-like (filopo-
dia) cytoplasmic projections interacting with surrounding
ECM components. These interactions occur at the level
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of large, multiprotein adhesive structures known as focal
adhesions, which are based on transmembrane integrins,
and mechanically connect the ECM to the actin cytoskel-
eton. The formation of cell protrusions and the continuous
turnover of cell-matrix contacts generate strong traction
forces that ultimately support cell movement™'™". In
this context, it is worth mentioning that small GTPases
belonging to the Rho family play a prominent role in
orchestrating cell motility. Classically, the activation of
these intracellular signaling molecules is mediated by
guanine nucleotide exchange factors, which exchange
protein-bound GDP for GTP, whereas GTPase-activating
proteins stimulate GTP hydrolysis, thereby leading to
protein inactivation. The most studied Rho proteins are
RhoA, Racl, and Cdc42. With regard to mesenchymal
migration, Cdc42 is essential for establishing a front—
rear polarity in the direction of movement and inducing
filopodia extension, Racl promotes lamellipodia forma-
tion, and RhoA mediates the maturation of focal adhesions
and drives the retraction of the cell rear'™", In addition to
lamellipodia and filopodia, the cell front is also equipped
with other actin-rich extensions named invadopodia,
wherein matrix proteases tend to cluster and exert their
proteolytic activity'"”. Of note, both Cdc42 and RhoA are
markedly involved in invadopodia assembly as well™.

Cancer-associated EMT is believed to play a para-
mount role in the early stages of carcinoma metastasiza-
tion by conferring proinvasive features on tumor cells''.
Furthermore, the EMT program is also capable of turning
on stem cell attributes in cancer cells, including height-
ened resistance to cell death, as well as self-renewal and
tumor-initiating abilities. Therefore, EMT may be neces-
sary not only for the initial spreading of neoplastic cells
from the primary bulk but also for a successful metastatic
colonization at ectopic sites'"”'. Of course, the events
described above merely represent a schematic depiction of
a gradually evolving and highly dynamic process, during
which cancer cells go through a wide spectrum of readily
interconvertible phenotypic states, overall enabling the
progression from nonmotile to invasive carcinomas. EMT
itself is a reversible process; indeed, metastatic colonies
eventually tend to restore the expression of epithelial
traits that are generally turned off throughout dissemina-
tion (e.g., cell-cell junctions) and to concomitantly lose
the mesenchymal traits'>"”,

THE TUMOR MICROENVIRONMENT

In CCA, the emergence of invasive features is thought
to result not only from stochastic mutations occurring
throughout the tumor dedifferentiation process but also
from the influence of autocrine and paracrine signals
permeating the tumor microenvironment'’. Indeed, dur-
ing CCA progression, in an effort to comply with the
demanding functional needs of the neoplastic epithelium,
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the tumor stroma progressively undergoes an overwhelm-
ing remodeling that ultimately may favor the invasive-
ness of tumor cells. The so-called tumor reactive stroma
(TRS) is predominantly composed of cancer-associated
fibroblasts (CAFs) and tumor-associated macrophages
(TAMs), which are embedded in an abnormally remod-
eled, collagen-rich ECM. Both CAFs and TAMs are able
to severely impinge on cancer cell behavior by secreting a
variety of cyto/chemokines, morphogens, and growth fac-
tors®>*. Although mounting evidence supports the notion
that the tumor microenvironment overall promotes the
progression to invasive tumor phenotypes (see below), it
cannot be excluded that antitumorigenic signals may also
come from the TRS, a possibility that should be carefully
considered when designing TRS-oriented therapeutic
approaches™?.

CAFs exhibit a chronically activated phenotype and in
CCAs are believed to originate from hepatic stellate cells
(HSCs) and portal fibroblasts”. Several studies showed
that coculture of CCA cells with either CAFs or HSCs
resulted in increased cancer cell migration and/or inva-
siveness in vitro®™'. In addition, Clapéron et al. demon-
strated that subcutaneous coinjection of CCA cells with
liver myofibroblasts in immunodeficient mice enhanced
both tumor growth and the incidence of intrahepatic
micrometastases, compared with mice inoculated with
cancer cells alone®™. Among the plethora of CAF-derived
signals able to boost CCA invasiveness, stromal cell-
derived factor-1 (SDF-1) [also known as C-X-C chemokine
ligand 12 (CXCL12)]*** and heparin-binding epidermal
growth factor (HB-EGF)** were proposed to play a major
role. CAFs are recruited to the tumor mass by a wide
range of soluble factors chronically released by both can-
cer and inflammatory cells, with platelet-derived growth
factor-DD (PDGF-DD) arguably playing a prominent
role>*. The PDGF family consists of five dimeric ligands
(PDGF-AA, -AB, -BB, -CC, and -DD) and two recep-
tor tyrosine kinases (PDGFRo. and PDGFRJ), which are
predominantly involved in tissue repair and wound heal-
ing®”. Recent studies from our group have shown that,
unlike normal cholangiocytes, CCA cells secrete PDGF-
DD at high levels, stimulated by the relative hypoxia
within the tumor mass. Importantly, PDGF-DD stimulates
the chemotaxis of fibroblasts by binding to PDGFR]
on their surface®. Furthermore, PDGF-DD released by
CCA cells endows fibroblasts with prolymphangiogenic
functions, triggering the secretion of vascular endothe-
lial growth factor-A (VEGF-A) and VEGF-C™.

In CCA tissue, TAMs are predominantly localized at
the tumor front”’, and their number was shown to posi-
tively correlate with the presence of extrahepatic metas-
tases®. Furthermore, incubation of CCA cells with condi-
tioned medium from M2 macrophages increased cancer
cell migration while promoting EMT-like changes™. In
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particular, TAMs are a rich source of matrix metallo-
proteinases (MMPs), especially MMP-9%, and of tumor

necrosis factor-o. (TNF-o1)*.

CYTOKINES AND GROWTH FACTORS
FAVORING CHOLANGIOCARCINOMA
INVASIVENESS

Regardless of the cellular source (i.e., reactive stromal
or cancer cells), a wide range of soluble factors coupled
with their respective cognate receptors are able to fuel the
invasive attitude of CCA cells (as summarized in Table 1).
Among them, the most extensively elucidated are TGF-$1,
TNF-0, and EGF-like family members (Fig. 1).

Transforming Growth Factor-1

TGEF-B is a potent pleiotropic cytokine existing in three
different isoforms (TGF-B1, -B2, and -3), among which
TGF-B1 is the best characterized. Upon being secreted
as a latent complex and possibly stored within the ECM,
TGF-B is locally activated by several factors (e.g., inte-
grins, proteases), so that it can induce dimerization of
type I and type II TGF-B receptors, eventually trigger-
ing Smad-dependent (canonical) or Smad-independent
(noncanonical) pathways*'. Besides participating in liver
morphogenesis by intimately cooperating with key devel-
opmental pathways (e.g., Notch, Wnt, Hippo), TGF-B3
signaling is also indispensable for adult liver homeo-
stasis and is actively involved in the regulation of tissue
repair. Upon liver injury, TGF-B is markedly upregulated
in different cell types (mainly HSCs and macrophages,

Table 1. Secreted Factors Promoting
Cholangiocarcinoma (CCA) Cell Invasiveness

Proinvasive Factors References
Inflammatory cyto/chemokines
CXCL12/SDF-1 30,33,66-68
HMGBI 188
1L-6 157,189
TGF-B 45,47-50
TNF-o 55-57,59,64,65
Growth factors
EGF-like family 32,70,73,74
FGF-19 156
HGF 51,52
Hormones
Adrenomedullin 190
Prostaglandin E2 191-193
17B-estradiol 194

CXCL12, C-X-C motif chemokine ligand 12; SDF-1,
stromal cell-derived factor-1; HMGB1, high-mobility group
box 1; IL-6, interleukin-6; TGF-B, transforming growth
factor-B; TNF-0., tumor necrosis factor-o; EGF, epidermal
growth factor; FGF-19, fibroblast growth factor-19; HGF,
hepatocyte growth factor.
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but even reactive cholangiocytes), and activation of its
signaling in chronic liver damage closely contributes
to disease progression by stimulating persistent HSC
activation and triggering hepatocyte death®™. In liver
cancer, TGF-f acts as an effective tumor suppressor dur-
ing the early stages of carcinogenesis by inducing cell
cycle arrest and apoptosis in nascent malignant cells.
However, TGF-3 behaves as a potent tumor promoter at
later stages, when cancer cells become insensitive to its
growth-inhibitory effects*'*.

In a panel of 78 CCA patients, neoplastic bile ducts
were found to be TGF-B1* in about half (37 cases), and
high expression of TGF-B1 correlated with lymph node
metastasis, lymphovascular invasion, distant metastasis,
and tumor recurrence. Furthermore, multivariate analy-
sis revealed that TGF-B1 expression was an independent
predictor of overall survival®. It is worth noting that
TGF-B is a prototypical EMT inducer®. Consistently,
upon TGF-B1 treatment, CCA cells adopted a fibroblast-
like morphology and acquired pronounced migratory and
invasive capabilities, associated with the downregulation
of epithelial markers [i.e., E-cadherin, cytokeratin 19
(CK19)] and the upregulation of mesenchymal-related
genes (i.e., Snail, Twist, N-cadherin, vimentin, S100A4,
MMP-2)""*. Conversely, either knockdown or pharma-
cological inhibition of TGF-B1 significantly impaired
CCA cell migration®™. Furthermore, overexpression of
TGF-B1 in a syngeneic rat model orthotopic of the human
CCA resulted in larger tumor volume and increased num-
ber of metastatic foci®®, whereas the administration of
recombinant TGF-B1 in a CCA xenograft mouse model
led to larger tumor mass and enhanced cancer cell dis-
semination”’. Recently, it has been found that TGF-B1
negatively regulates the expression of microRNA-34a
(miR-34a), thereby leading to the overexpression of the
proto-oncogene c-Met™, whose activation by HGF may
further stimulate CCA cell invasion®"”.

Tumor Necrosis Factor-o

TNF-a is a pleiotropic cytokine belonging to the
TNF superfamily, predominantly expressed by macro-
phages, T and B lymphocytes, and natural killer cells.
Soluble and membrane-bound TNF-o isoforms bind to
either TNF receptor 1 (TNFR1) or TNFR2, whose acti-
vation modulates critical cell responses, including the
balance between proliferation and apoptosis. The bio-
logical effects of TNF-a are thought to be mostly medi-
ated by TNFR1, whose expression is almost ubiquitous.
Conversely, TNFR2 is solely expressed by endothelial
and immune cells. Physiologically, TNF-o. acts as a pro-
inflammatory cytokine, essential for innate immune
responses and immune surveillance against cancer. How-
ever, aberrant TNF-q, activity, due to either excessive pro-
duction or increased cell responsiveness, can exacerbate
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Figure 1. Cellular mechanisms underlying cholangiocarcinoma (CCA) invasion and main soluble mediators involved in the process.
Primary cancer lesions are lined by an altered yet intact basement membrane, which keeps CCA cells physically separate from the
neighboring stroma, predominantly consisting of cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), and
endothelial cells, embedded in an abnormally stiff interstitial matrix. However, in the course of cancer progression, the basement
membrane is progressively dismantled, and CCA cells start migrating collectively in a coordinated manner to pervade the surrounding
tissue, thus reinforcing their interplay with reactive stromal cells. At this stage, despite an enhanced motility and a broad secretion of
matrix metalloproteinases (MMPs), most of the cells within the invading cohort overall retain epithelial features, including cell—cell
adhesion. As cancer invasion proceeds, autocrine and paracrine [i.e., tumor reactive stroma (TRS)-derived] signals permeating the
tumor microenvironment lead CCA cells, especially those located at the leading front, to finally adopt a mesenchymal-like phenotype,
which allows them to move individually and more efficiently across the stroma toward the blood or lymphatic vessels. In addition
to directly providing CCA cells with proinvasive stimuli, CAFs and TAMs also aplenty produce MMPs, thereby further supporting
the process of local invasion. EGF, epidermal growth factor; HB-EGF, heparin-binding EGF; TGF-f, transforming growth factor-f3;
TNF-o., tumor necrosis factor-o..
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a variety of disease conditions, including cancer develop-
ment and progression”*.

In CCA, TNF-o. was originally reported to promote
cancer cell invasiveness by enhancing the production of
MMP-9 in a nuclear factor-xB (NF-kB)-dependent man-
ner, through the activation of p38 mitogen-activated pro-
tein kinase (MAPK) and ERK1/2 (also known as p44/42

MAPK) signaling cascades™*. In particular, focal adhe-
sion kinase (FAK)” and cyclooxygenase-2 (COX-2)*
were both indicated as downstream effectors of the pro-
invasive action of TNF-o.. FAK is a nonreceptor tyrosine
kinase predominantly localized to focal contacts, wherein
it regulates adhesion-dependent cell motility downstream
of integrins and growth factor receptors. In CCA cells,
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upon TNF-a stimulation, FAK is potently activated and
likely acts as an upstream regulator of MAPKSs signal-
ing to induce MMP-9 expression™*'. On the other hand,
COX-2 is a myeloperoxidase catalyzing the conversion
of arachidonic acid into prostaglandin H, (PGH,), which
is then converted into five major prostanoids (e.g., PGE,)
mediating several biological activities. Unlike COX-1,
which displays a widespread constitutive expression,
COX-2 is an inducible COX isoform, and its overexpres-
sion predicts poor outcome in several carcinomas®®, In
CCA cells, TNF-a strongly promotes COX-2 expression,
thereby leading to the hypersecretion of PGE,, which
eventually triggers MMP-9 production by binding to
specific G-protein-coupled receptors (GPCRs)*. Besides
enabling CCA cells to release active MMP-9, TNF-o was
also reported to endow CCA cells with mesenchymal/
proinvasive features by upregulating the transcription fac-
tors Snail and ZEB2%®. Furthermore, TNF-o. treatment
induced CCA cells to overexpress both TGF-B* and
CXCR4", the cognate receptor of SDF-1, thereby lock-
ing malignant cholangiocytes in a self-sustaining proin-
vasive loop®***%-%8,

Epidermal Growth Factor-Like Family

EGFR, also known as ErbB1 or HERI, is a typical
tyrosine kinase cell membrane receptor belonging to the
ErbB family, together with ErtbB2/HER2, ErbB3/HER3,
and Erb4/HER4. EGFR supervises over a multitude of
cellular processes and is often overexpressed or consti-
tutively activated in several carcinomas, thus playing a
prominent role during tumor development and progres-
sion”. In CCA, EGFR upregulation mediated by DNA
copy number gain is a relatively frequent event, gen-
erally correlating with poor survival and tumor recur-
rence’. Moreover, EGFR overexpression in CCA cells
is thought to be further supported by the cytoplasmic
delocalization of ezrin-radixin—moesin-binding phos-
phoprotein (EBP)50", a scaffold protein that is generally
expressed at the apical region of epithelial cells, wherein
it connects target transmembrane proteins (e.g., ion trans-
porters, receptor tyrosine kinases, adherens junction pro-
teins) to the cortical cytoskeleton’'. In CCA specimens,
membranous expression of EBP50 is frequently lost, and
EBP50 cytoplasmic levels positively correlate with both
EGFR expression and the incidence of intrahepatic metas-
tases. Consistently, in CCA cells, EBP50 knockdown stim-
ulated EGFR expression at the cell surface and enhanced
cell motility in an EGFR-dependent fashion™. Importantly,
CCA cells not only overexpress EGFR but also lose the
ability to rapidly internalize it upon ligand binding, leading
to a prolonged, overactivation of EGFR signaling”’.

EGFR activation is well known to promote the emer-
gence of EMT-like changes in cancer cells®”. Indeed,
treatment of CCA cells with the prototypical EGFR
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ligand EGF downregulated E-cadherin, membranous
B-catenin, zonula occludens-1 (ZO-1), desmoplakin, and
CK19, while upregulating N-cadherin, vimentin, S100A4,
o-smooth muscle actin (-SMA), fibronectin, MMP-1,
and MMP-9. These changes were mediated by an ERK1/2-
and signal transducer and activator of transcription 3
(STAT3)-dependent activation of Slug and ZEB1 and,
overall, resulted in a more motile phenotype, as clearly
evidenced by lamellipodia protrusion, enhanced focal
adhesion turnover (via FAK activation), and higher migra-
tion speed”*”". Consistent with these in vitro findings,
EGEFR blockade by its ATP-competitive inhibitor gefitinib
reduced tumor dissemination in mice bearing subcutaneous
CCA xenografts, an effect associated to a membranous
relocalization of E-cadherin in cancer cells’”*. Besides
starting the EMT machinery, EGF may also foster CCA
cell motility by inhibiting the nuclearization of the tran-
scription factor forkhead box O4 (FOXO0O4) via activa-
tion of phosphoinositide 3-kinase (PI3K)/Akt signaling.
Indeed, reduced nuclear import of FOXO4 results in an
impaired expression of annexin A8 (ANXAS8)”, a protein
that modulates the interaction between the membrane and
the cytoskeleton by binding to F-actin™. In CCA cells,
EGF-induced ANXAS8 downregulation enhanced the for-
mation of actin stress fibers, leading to cell scattering and
pronounced invasiveness, both in vitro and in vivo”.
Whether EGFR activation in CCA cells mainly relies
on autocrine (i.e., from cancer cells)” or paracrine (i.e.,
from CAFs)* release of EGFR ligands remains yet to be
determined. In this regard, it is worth mentioning that
in addition to EGF and HB-EGF, which are abundantly
expressed by CCA cells” and CAFs™, respectively, several
other growth factors can bind to EGFR, namely, TGF-q,
amphiregulin, epiregulin, betacellulin, and epigen’.

NOVEL SIGNALING MECHANISMS AND

TRASCRIPTION FACTORS PROMOTING

THE MOTILITY AND INVASIVENESS OF
CHOLANGIOCARCINOMA CELLS

A variety of intracellular mechanisms underpin the
migratory and invasive properties of CCA cells, depend-
ing on the fine integration of a wide range of molecules
mostly operating within the EMT machinery. Among
them are transcription factors belonging to morphoge-
netic signaling pathways that are active during biliary
development and become reactivated during liver repair
and carcinogenesis, including Hedgehog”’, Wnt*®”®, and,
notably, Notch™™ signaling. Yes-associated protein (YAP)/
TAZ are less-characterized transcriptional coactivators
critically involved in organ development that are draw-
ing much attention in cancer research and thus will be
discussed in detail. Moreover, a wide range of additional
putative proinvasive factors have been recently identified,
though their upstream modulation, mechanism of action,
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and functional relationship with EMT are less under-
stood. In some cases, it is even unclear whether their
up- or downregulation is actually involved in the induc-
tion of an invasive phenotype or rather represents a mere
surrogate of an otherwise ongoing mechanism. We must
also be aware that chemotherapy may paradoxically rein-
force the invasive functions of CCA cells by fueling the
activation of proto-oncogenic signaling pathways, likely
as part of cellular stress responses induced by DNA dam-
age. Indeed, prolonged exposure of CCA cells to increas-
ing concentrations of gemcitabine led to a substantial
increase in migration and invasion, an effect coupled with
the aberrant activation of the FAK/MAPK/NF-xB axis,
which is eventually responsible for enhanced MMP-9
production®. Similarly, long-term exposure of CCA cell
lines or xenografts to cisplatin induced the overactivation
of EGFR and the upregulation of L1 cell adhesion mol-
ecule (LICAM)®, a transmembrane glycoprotein sup-
porting the migratory and invasive potential of neoplastic
cholangiocytes®. Unfortunately, the modulatory effects
of genotoxic therapies further complicate the character-
ization of the wide and heterogeneous range of molecular
mechanisms through which CCA cells gradually adopt an
invasive phenotype.

Herein we focus the discussion on those factors that
are functionally linked to CCA invasiveness, bear prog-
nostic significance, and potentially are amenable to thera-
peutic modulation.

Notch

The Notch system is composed of four single-pass
transmembrane receptors (Notch-1, -2, -3, and -4) and
five membrane-bound ligands, belonging to either the
Serrate/Jagged (Jag-1 and -2) or the Delta-like (DII-1,
-3, and -4) family. Upon ligand-receptor binding, the
v-secretase complex unleashes the Notch intracellular
domain (NICD) by proteolytic cleavage, thus allowing
for its translocation into the nucleus. Here NICD regu-
lates the transcription of Notch target genes, including
hairy and enhancer of split 1 (Hes1) and Hes related with
YRPW motif 1 (Heyl), before undergoing a rapid pro-
teasomal degradation. Notch signaling is evolutionarily
conserved and is mainly involved in the development of
organs and tissues by directing the lineage commitment
of progenitor cells. In the liver, Notch pathway is essential
both in the embryo, by orchestrating the morphogenesis
of intrahepatic bile ducts, and postnatally, by modulating
progenitor cell-driven liver repair’”®. Defective Notch
signaling is associated with Alagille syndrome (a develop-
mental biliary disease characterized by bile duct paucity)
and with altered biliary repair upon liver damage™”'. As
chronic deregulation of tissue repair mechanisms is often
a prerequisite of carcinogenesis, it is not surprising that
persistent activation of Notch signaling is involved in the
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pathogenesis of several human epithelial cancers, includ-
ing those of liver origin®~*. For instance, in experimental
mouse models, combinatorial interaction between a sus-
tained hepatic Notch1 activation and other pro-oncogenic
stimuli (e.g., Akt overactivation, thioacetamide treatment)
drives a pathological transdifferentiation of mature hepa-
tocytes into cholangiocytes leading to CCA development,
in a sort of “guilt in association”*™*, It is worth noting
that in the adult liver, all Notch ligands and receptors are
expressed at the transcriptional level, in both the epithe-
lial and mesenchymal (e.g., HSCs) compartments, but
their cell-specific localization is not always clear, and
furthermore, their expression levels can markedly change
during liver injury® .

In CCA tissue, bile ducts express Notchl at higher
levels compared with either peritumoral areas or nor-
mal liver, whereas Notch2, -3, and -4 are not differen-
tially expressed™®"®*. Consistently, immunoblot analyses
revealed that in normal cholangiocytes, the expression
of Notchl is generally lower than in CCA cell lines®.
Inflammatory mediators such as inducible nitric oxide syn-
thase may be partially responsible for Notchl upregula-
tion, via activation of JNK1/2 signaling”. It is also impor-
tant to underline that in CCA cells, Notch signaling can
be persistently activated even in lack of exogenous stim-
uli, as demonstrated by Hesl and Heyl expression in
untreated cells, likely implying an autocrine stimulation
of Notch receptors, which might be mediated by Jag-1"%.
At the functional level, it was shown that forced over-
expression of Notchl significantly promoted CCA cell
migration, along with prototypical EMT-like changes (i.e.,
downregulation of E-cadherin, upregulation of vimentin
and a-SMA)®. Conversely, either Notch1 knockdown by
siRNA*®" or y-secretase inhibition by DAPT” {N-[N-
(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine #-butyl
ester} prominently impaired the migratory and invasive
abilities of CCA cells. In addition, upon DAPT treatment,
CCA cells increased the expression of E-cadherin and
B-catenin while reducing the expression of vimentin and
Snail”. Of note, the pro-oncogenic role of Notchl was
attributed to its close cooperation with the transcription
factor sex-determining region Y (SRY)-box 9 (Sox9), a
well-known Notch target gene critical for biliary specifi-
cation of HPCs"'. Interestingly, progressive upregulation
of nuclear Sox9 expression correlated with the evolution
from precancerous lesions to full-blown CCA. Moreover,
in CCA patients, high Sox9 expression in tumor cells was
associated with ductal invasion and low survival rates. In
CCA cells, forced Sox9 upregulation boosted cell migra-
tion and invasion, decreased E-cadherin expression, and
increased vimentin and o-SMA expression, whereas Sox9
silencing dampened the migratory/invasive capabilities,
similarly to what was observed with Notchl manipula-
tion”. Recently, aspartate [B-hydroxylase (ASPH) has
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been identified as a critical upstream regulator of Notchl
transcriptional activity in CCA®. ASPH is a type 2 trans-
membrane protein that catalyzes the hydroxylation of
EGF-like domains in several target proteins, including
Notchl and Jag-1, thereby modulating their function (e.g.,
by increasing protein stability)*. In CCA cells, shRNA-
mediated downregulation of ASPH substantially blunted
Notch signaling, as well as cell migration, both in vitro
and in vivo®. Importantly, increased ASPH expression
was noticed at the invasive front of CCA specimens,
where high levels of ASPH expression correlated with
vascular invasion and poor prognosis”’.

Nuclear S100A4

S100A4 is a member of the S100 family of calcium-
binding proteins, which interact with and modulate the
function of substrate proteins without possessing any
intrinsic enzymatic activity. S100A4 can be localized
either in the cytoplasm or in the nucleus and predomi-
nantly exists as a homodimer. In addition, SI00A4 oli-
gomers can be released into the extracellular space,
where they interact with specific surface receptors [e.g.,
receptor for advanced glycation end products (RAGE),
ANXAZ2] to modulate intracellular signaling. In physio-
logical contexts, ST00A4 is almost exclusively expressed
by motile cells, such as fibroblasts, macrophages, and
leukocytes. Indeed, S100A4 is strongly involved in the
regulation of cell movement, as exemplified by its close
interaction with key cytoskeletal proteins such as actin,
non-muscle myosin IIA (NMIIA), and tropomyosin™. In
addition, recent evidence suggests that SI00A4 may act
independently as a transcription factor to stimulate the
synthesis of matrix proteases”.

Aberrant expression of S100A4 by neoplastic cells
was found to correlate with aggressive clinical parameters
in several tumors and is currently regarded as an early
event in cancer-associated EMT?. However, most of the
studies in this field did not actually examine the subcel-
lular localization of S100A4. In this regard, studies from
our group showed that a large fraction of CCA expressed
S100A4 in the nucleus of neoplastic cholangiocytes. In
particular, this subset of patients was characterized by a
worse outcome in terms of both metastasis development
and survival after surgical resection'”. Importantly, we
further demonstrated that nuclearization of S100A4 is
not merely a prognostic indicator, but rather a mechanis-
tic determinant of the invasive phenotype of CCA cells.
Indeed, either the downregulation of S100A4 by lentivi-
ral silencing or the interference with its nuclear import by
paclitaxel at nanomolar doses significantly reduced the
migratory and invasive capabilities of CCA cells with-
out affecting cell proliferation, viability, and apoptosis
in vitro'®'"", Furthermore, pharmacological inhibition of
S100A4 nuclearization markedly blunted the activation
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of RhoA and Cdc42, the secretion of active MMP-9,
and the expression of membrane-type 1 (MT1)-MMP'"",
Unlike secreted MMPs, MT1-MMP (also known as
MMP-14) is tethered to the plasma membrane through
a transmembrane domain and is capable of both degrad-
ing pericellular ECM components (e.g., fibrillar colla-
gens) and proteolytically processing adhesion molecules,
growth factors, and inactive precursors of other MMPs,
including pro-MMP-2 and pro-MMP-13'", Interestingly,
a massive upregulation of both MT1-MMP and secreted
MMPs is required for efficient maturation of invadopodia,
and moreover, the interplay between RhoA and Cdc42 is
known to closely regulate the targeted delivery of MT1-
MMPs to this intracellular location®'®. Overall, this
suggests that the nuclear import of SI00A4 might be of
crucial importance for the assembly of functional invado-
podia in CCA cells, even though the precise mechanisms
underlying this phenomenon remain yet to be elucidated.
In line with the in vitro findings, metronomic infusion of
low-dose paclitaxel in mice bearing orthotopic CCA xeno-
grafts inhibited S100A4 nuclear entry in engrafted cancer
cells, an effect associated with a decreased hematogenous
metastasization to the lungs. Conversely, the growth of the
primary tumor was not affected. Importantly, the selec-
tive reduction in S100A4 nuclear expression by low-
dose paclitaxel was shown to rely on the inhibition of
SUMOylation, a posttranslational modification that we
identified as the main contributor to SI00A4 nuclear
import in CCA cells'”'. Indeed, the covalent attachment
of SUMO modifiers essentially affects the intramolecu-
lar and intermolecular interactions of substrate proteins,
thereby altering their activity, subcellular localization, or
stability. Functionally, SUMOylation plays a paramount
role in the regulation of gene transcription, since most
of its targets are transcription factors, transcriptional
coregulators, chromatin-remodeling proteins, and DNA
repair enzymes'”'. As the expression of SUMO-conjugating
enzymes is frequently deregulated in cancer'®” and sev-
eral EMT-inducing transcription factors are well-known
targets of the SUMOylation machinery'®, it is tempting
to speculate that SUMOylation may be a driving force
behind the plasticity of invasive carcinoma cells. Overall,
these findings are paradigmatic of how the prognostic
significance of a tumoral biomarker can be harnessed for
therapeutic perspectives.

Sal-Like Protein 4

Sal-like protein 4 (SALL4) is a transcription factor
abundantly expressed in the liver. Specifically, it is
expressed by hepatoblasts during fetal development and
by HPCs nearby the peribiliary glands in the adult tissue.
Under physiological conditions, SALL4 is not expressed
by mature hepatocytes and cholangiocytes'”. In 175
CCA samples, SALL4 immunoreactivity was found in
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102 cases and positively correlated with lymph node
metastasis, vascular invasion, and perineural invasion.
Moreover, high expression of SALL4 correlated with
poor overall survival'®. In CCA cells, SALL4 silencing
significantly impaired cell migration and invasion and
markedly counteracted the E/N-cadherin switch typically
occurring during EMT, while repressing vimentin and
fibronectin expression'®'", Interestingly, the proinvasive
functions of SALL4 were shown to be dependent on the
downregulation of the tumor suppressor phosphatase and
tensin homolog (PTEN), as well as on the upregulation
of the oncoprotein BMI-1'”. PTEN is a tyrosine phos-
phatase that negatively regulates Akt activity, whereas
BMI-1 is a ring finger protein that fosters the activation
of Wnt signaling by both repressing the expression of
Whnt inhibitors [i.e., members of the Dickkopf (DKK)
family] and stimulating the expression of Wnt ligands
(e.g., Wnt3a)"""". Consistently, in CCA cells, both PI3K/
Akt and Wnt/B-catenin signaling were turned off upon
SALLA4 silencing'”. Importantly, both pathways promote
CCA metastasization®’*'"%,

Protein Tyrosine Phosphatases

The protein tyrosine phosphatase (PTP) superfamily
encompasses 107 enzymes that are further divided into
four classes according to the amino acid sequence of their
catalytic domain. Class I is the most numerous and is
composed of classical PTPs, which include both recep-
tor (PTPRs) and nonreceptor (PTPNs) types, and the
so-called Dsp family, which includes seven different sub-
groups, among which are PTENs, phosphatases of regen-
erating liver (PRLs), and MAPK phosphatases (MKPs).
Class II, II1, and I'V consist of acid phosphatase 1 (ACP1),
the cell division cycle 25 (CDC25) family, and the eyes
absent homolog (EYA) family, respectively. PTPs govern
a huge variety of biological processes mostly critical for
oncogenesis, such as proliferation, apoptosis, differen-
tiation, motility, and metabolic homeostasis, by directly
modulating the function of receptor (e.g., EGFR) and
nonreceptor (e.g., Src) tyrosine kinases, adaptor proteins
[e.g., growth factor receptor-bound protein 2 (GRB2)],
transcription activators (e.g., STAT3, B-catenin), cyclin-
dependent kinases (CDKs), and focal adhesion-associated
proteins (e.g., integrins, FAK). Genetic or epigenetic
changes involving PTP genes are frequently reported in
human malignancies, and several PTPs have been shown
to function as oncogenes or tumor suppressors'"”.

In 124 CCA specimens, 51 harbored PTPN3 muta-
tions, which correlated with a reduced recurrence-free
survival of patients. In addition, a stark increase in
the immunohistochemical expression of PTPN3 was
observed in neoplastic bile ducts compared with the
peritumoral biliary epithelium, and high PTPN3 protein
levels were associated with increased tumor recurrence
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after surgery. Accordingly, in PTPN3 wild-type CCA
cells, PTPN3 knockdown dramatically dampened cell
migration, whereas forced overexpression of wild-type
or, even more, mutant PTPN3 considerably stimulated
cell motility. Overall, this has lent support to the notion
that PTPN3 may act as a potent oncoprotein in CCA and
that certain somatic mutations could further reinforce its
prometastatic activity, though the underlying molecular
mechanisms need to be unveiled'". In this regard, stud-
ies in breast cancer cells showed that PTPN3 promotes
EGFR expression by inhibiting its proteasome-dependent
degradation'”. Interestingly, PTPN3 mutations harbored
by CCA patients are not thought to result in increased
gene expression, but rather to affect protein localization
or substrate binding'".

In addition to PTPN3, two other PTPs, namely, PRL1
and EYA4, have been suggested to be involved in CCA
progression. In particular, PRL1 is overexpressed by neo-
plastic bile ducts and promotes EMT-mediated invasion
of CCA cells by enhancing the expression of Snail and
ZEB1 in a PI3K/Akt-dependent manner. Consistently, in
CCA patients, high expression of PRLI correlated with
lymph node metastasis and advanced tumor stage and was
reported as an independent prognostic factor for overall
and disease-free survival''®. Conversely, EYA4 is down-
regulated in neoplastic biliary epithelium, and its forced
overexpression suppressed CCA cell migration, exempli-
fying the repertoire of tumor suppressor activities that it
is likely endowed with. Indeed, EYA4 protein levels were
lower in CCA patients with lymph node metastasis, and
low expression of EYA4 was an independent prognostic
factor for overall and disease-free survival'’. Of note,
EYA4 downregulation in CCA tissue might result from
gene promoter hypermethylation, as reported in other
cancer types''®'"”. Although the precise antitumor func-
tion played by EYA4 in CCA requires further exploration,
it is worth noting that in colorectal cancer, EYA4 keeps
at bay the pro-neoplastic Wnt signaling by stimulating
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DKKI1 expression .

Mitogen-Activated Protein Kinase Kinase Kinase 4

MAPK signaling is typically driven by the sequential
activation of three core protein kinases, namely, a MAPK
kinase kinase (MAP3K or MAPKKK), a MAPK kinase
(MAP2K or MAPKK), and, eventually, a MAPK. The
initial activation of MAP3Ks can occur via receptor-
dependent or receptor-independent mechanisms and ulti-
mately results from the interaction with small GTPases
and/or upstream protein kinases. Once activated, MAP3Ks
directly phosphorylate and activate MAP2Ks, which then
phosphorylate and activate MAPKSs, thereby enabling
them to orchestrate various biological responses by phos-
phorylating cytosolic and nuclear targets. The most char-
acterized mammalian MAPKs are ERK1/2 (also called
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p44/42), INK1/2/3, and p38 isoforms o/P/y/d. Specifi-
cally, ERK1/2 are mainly activated by growth factors
and mitogens and regulate cell proliferation and differ-
entiation, whereas JNKs and p38 MAPKSs predominantly
respond to environmental stressors and inflammatory
cytokines and regulate apoptosis'’. Overactivation of
MAPK signaling is frequently reported in human can-
cers, owing either to an overwhelming stimulation by
soluble ligands or stress factors or to the overexpres-
sion or uncontrolled activation of cell surface receptors,
MAP3Ks, MAP2Ks, or MAPKs'?'.

Using whole exome sequencing, Gao et al. recently
found that in CCA, the MAP3K gene family harbored
recurrent somatic mutations'. In particular, MAP3K4
(also known as MEKK4 or MTK1), a primary MAP3K
for p38 MAPK and JNK pathways, was found to be
frequently mutated in CCA patients, especially in those
with lymph node and intrahepatic metastases. Although
these mutations did not affect MAP3K4 expression, but
rather impaired its activity, downregulation of MAP3K4
was reported in most of the CCA samples, particularly
at the invasive front, a feature correlated with vascular
invasion, intrahepatic spreading, and lymph node metas-
tasis. The tumor suppressor role of MAP3K4 is further
implied by studies showing that its low expression was
an independent prognostic factor for disease-free sur-
vival and that MAP3K4 genetic manipulation obviously
enhanced (MAP3K4 knockdown) or reduced (MAP3K4
forced overexpression) CCA cell motility and invasive-
ness. These effects were shown to be closely dependent
on the modulation of NF-kB, whose nuclear import is
indeed promoted by MAP3K4 deficiency by relieving
the inhibitory effect of p38 MAPK, a downstream target
of MAP3K4. Once in the nucleus, NF-kB both promotes
Snail expression and supports its nuclear localization by
direct binding, thereby leading CCA cells to undergo
EMT changes. In summary, MAP3K4 acts as a negative
regulator of EMT-mediated CCA progression by counter-
acting the NF-kB/Snail axis via p38 MAPK. Inactivating
mutations or reduced expression by epigenetic or post-
translational modifications has been proposed as possible
mechanisms overcoming the tumor suppressor activity
of MAP3K4 in CCA'*.

F-Box and WD Repeat Domain-Containing 7

F-box and WD repeat domain-containing 7 (FBXW7)
is an E3 ubiquitin ligase subunit that primes a wide range
of substrates for ubiquitination-mediated proteolysis, a
critical function in the modulation of cell homeostasis.
Several oncoproteins [e.g., c-Myc, c-Jun, cyclin E, Notchl,
myeloid cell leukemia-1 (Mcl-1)] can be targeted by
FBXW?7, thus suggesting that FBXW7 works as a potent
tumor suppressor. FBXW?7 is one of the most frequently
mutated gene in human cancers, albeit the prognostic
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significance of FBXW7 mutations is not always clear'*'**,

A genetic screen for FBXW7 mutations performed in
1,556 primary human tumors of 15 different histotypes
revealed that FBXW7 harbors somatic mutations in a vari-
ety of cancers, with an overall mutation frequency of about
6%, reaching the highest percentage in CCA (i.e., 35%)'”.
Recent studies also demonstrated that in CCA cells, the
expression of FBXW?7 is markedly lower compared with
normal cholangiocytes. Furthermore, FBXW7 downreg-
ulation was associated with the presence of metastasis,
higher tumor stage and grade, and poor prognosis'>*'”.
In CCA cells, FBXW7 loss results in increased expres-
sion and activation of its substrate mammalian target of
rapamycin (mTOR), which eventually leads to increased
cell migration/invasion via ZEB1-induced EMT"*"'*. Of
note, mTOR involvement in EMT is a well-established
concept'*'*’, and mTOR inhibition by the FDA-approved
drug everolimus was actually reported to reduce CCA cell
invasion in vitro"'. The role of the FBXW7/mTOR axis
in CCA progression was confirmed in a xenograft model,
where FBXW?7 knockdown dramatically accelerated the
dissemination of cancer cells, while mTOR inhibition
with rapamycin potently dampened the metastatic poten-
tial of FBXW7-silenced CCA cells'”’.

14-3-3§

The 14-3-3 protein family consists of seven highly
conserved, ubiquitous phosphoserine- and phosphothre-
onine-binding proteins that essentially function as adap-
tor molecules, physically interacting with a multitude of
functionally divergent molecular targets>'*. In CCA
specimens, 14-3-3( was upregulated compared to the
peritumoral counterpart, and its expression level directly
correlated with advanced tumor stage and lymphatic
metastasis. Moreover, 14-3-3C was reported as an inde-
pendent negative prognostic factor for overall survival**
%% In CCA cells, 14-3-3 silencing dramatically impaired
motility and invasiveness, while substantially revoking
EMT phenotypic traits, even when induced by TGF-B">'.
Interestingly, 14-3-3( is supposed to elicit the emergence
of an EMT phenotype by promoting the overexpression
and activation of atypical protein kinase C-1 (aPKC-v),
a member of the PKC family of serine/threonine protein
kinases'°. Specifically, 14-3-3( may act through PKC
isozymes to inhibit the kinase activity of glycogen syn-
thase kinase-3 (GSK-3f), thereby preventing Snail from
undergoing proteasomal degradation"**"**,

Yes-Associated Protein

Yes-associated protein (YAP) and its paralog, tran-
scriptional coactivator with PDZ-binding motif (TAZ
or WWTRI), are functionally redundant transcrip-
tional coactivators shuttling between the cytoplasm and
the nucleus, where they regulate gene expression by
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interacting with a range of cognate transcription factors,
in particular TEA domain (TEAD) family members'”.
YAP/TAZ act in concert as intracellular transducers of
fundamental structural features of the cell, including cell
polarity and cytoskeletal organization. Thanks to these
abilities, YAP/TAZ behave as critical determinants of
organ size during embryonic development by control-
ling the balance between cell proliferation and apoptosis,
as well as stem cell self-renewal'’. In normal condition,
YAP/TAZ activation is kept at bay by the Hippo path-
way, which phosphorylates YAP/TAZ via large tumor
suppressor homolog 1/2 (LATS1/2) (Hippo tumor sup-
pressor network), so that they are retained in the cyto-
plasm to undergo proteasomal degradation''. Among
morphogens, activation of Hippo pathway is peculiar,
as it is not dependent on the interaction between extra-
cellular ligands and surface receptors, but rather on the
assembly of junctional and polarity complexes'®. In
addition to Hippo signaling, other Hippo-independent
mechanisms work as gatekeepers of YAP/TAZ activity
by regulating their nucleocytoplasmic shuttling. These
include Wnt and GPCR signaling, as well as various met-
abolic inputs (e.g., energy stress, glycolysis, cholesterol
biosynthesis). Furthermore, YAP/TAZ are finely modu-
lated by cell mechanotransduction, that is, they act as
intracellular sensors translating biophysical and mechan-
ical stimuli into proper biological responses'**'*’. In this
context, ECM stiffening, cell spreading, or tissue stretch-
ing may cause the nuclear accumulation of YAP/TAZ.
Importantly, regulation of YAP/TAZ activity by mechani-
cal stress occurs independently of the Hippo pathway
and, more importantly, seems to dominate over it'**'*,

In stark contrast with normal adult epithelia, where
YAP/TAZ expression is generally faint or absent, several
carcinomas exhibit an abnormal, widespread activation
of YAP/TAZ'. However, activation of YAP/TAZ per se
is not enough to confer a malignant phenotype. Indeed,
oncologic effects of YAP/TAZ typically rely on the coop-
eration with ancillary tumor-associated players not directly
involved in YAP/TAZ regulation, such as other transcrip-
tion factors [e.g., activator protein-1 (AP-1) in mammary
tumor cells]'*. In this regard, hydrodynamic transfection
of constitutively active YAP and PI3K in the mouse liver
was shown to promote the early development of hepatic
tumors, with histotypes ranging from CCA to hepatocel-
lular carcinoma (HCC), including mixed HCC/CCA'Y.
Similarly, intrabiliary injection of constitutively active
YAP and Akt in mice resulted in the formation of advanced
CCA, when combined with intraperitoneal administration
of the proinflammatory cytokine IL-33'**'**, Activation of
the Notch pathway was also suggested as a putative partner
of YAP-mediated cholangiocarcinogenesis in mice'*"'.

In CCA samples, high nuclear expression of YAP
by neoplastic bile ducts correlated with lymph node
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involvement and distant metastasis, as well as with
high tumor stage and grade, and was even identified as
an independent prognostic factor for overall survival'.
Consistent with immunohistochemical findings"*"™'>*, CCA
cell lines display high levels of nuclear (i.e., transcrip-
tionally active) YAP, whereas in nonmalignant biliary
epithelial cells, YAP is mainly sequestered in the cyto-
plasm'>. Forced overexpression of YAP promoted the
migratory and invasive capabilities of CCA cells in vitro
and enhanced the metastatic dissemination of intraperito-
neal CCA xenografts. Conversely, YAP knockdown dra-
matically impaired CCA cell invasiveness both in vitro
and in vivo"'. YAP may support the invasive functions of
CCA cells either by promoting the expression of gankyrin
(also known as PSMD10), an oncoprotein that positively
regulates the IL-6/STAT?3 axis""'”, or by upregulating
a number of fibroblast growth factor receptor (FGFR)
family members (i.e., FGFR1, FGFR2, FGFR4)", over-
all providing CCA cells with pro-EMT inputs"""*"’,
Interestingly, both gankyrin and FGFR (notably, FGFR2)
could in turn support YAP expression, consistent with
the presence of positive feedback loops involving YAP
and its targets”""**. Given the ability of CCA cells to rap-
idly inactivate YAP upon high mechanical stress, as in
high-density culture conditions'”, it is also tempting to
speculate that the increased ECM rigidity within the CCA-
associated stroma may induce a cytoskeleton-dependent,
Hippo-independent YAP/TAZ activation in CCA cells,
thus further enhancing their malignant properties.

REGULATION OF CHOLANGIOCARCINOMA
INVASIVENESS BY MicroRNAs

Evidence is mounting that microRNAs (miRNAs)
play a significant role in human carcinogenesis by mod-
ulating the expression of proto-oncogenes or, alterna-
tively, tumor suppressor genes'”. In this regard, sev-
eral miRNAs were found to be deregulated in CCA cell
lines'” and tissues'®'®, with the majority of them being
underexpressed. miRNAs affect a variety of cell pro-
cesses related to tumor biology, including cell motility.
Specifically, miR-34a'", miR-122'*, miR-140-5p'®, miR-
144'” miR-200c'®®, miR-204'", miR-212'%, miR-214'®,
and miR-605"" negatively regulate CCA cell migration/
invasion and, consistently, are frequently downregulated
in neoplastic bile ducts. Conversely, miR-21'®"'""'"?
miR-181c'”, and miR-221""* are upregulated in CCA and
promote the gain of invasive functions by cancer cells. Of
note, the aberrant expression of miRNAs does not nec-
essarily result from cytogenetic abnormalities in miRNA
chromosomal sites, but it could also reflect the activation
of concomitant pro-oncogenic pathways. For instance,
the downregulation of miR-605 may occur downstream
of p53 loss'”’, whereas the upregulation of miR-221
and miR-181c may be induced by the nuclearization
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of B-catenin'”* and by the overproduction of the proin-
flammatory cytokine leukemia inhibitory factor (LIF)'”,
respectively.

The target genes of the above-mentioned miRNAs are
shown in Table 2. They include, among others, Smad4, a
common downstream effector of the TGF-B pathway™';
septin 2 (SEPT2), a cytoskeletal protein controlling actin
remodeling in cell migration'”; platelet-activating factor
acetylhydrolase 1b subunit 1 (PAFAHIBI; also known
as lissencephaly-1), a microtubule-associated protein
shaping the cytoskeleton fibers'”®; neural cell adhesion
molecule 1 (NCAMI), an adhesion molecule promot-
ing the assembly of focal adhesions'”’; and FOXA1, an
EMT-inducing transcription factor". Of note, the ability
of miR-122 and miR-200c to target RhoA and ZEB1/2,
respectively, though well recognized in many cancer
types, is not yet documented in CCA'*'”, Among target
genes of upregulated miRNAs, tissue inhibitor of met-
alloproteinases 3 (TIMP3) is a broad-spectrum inhibitor
of MMPs, reversion-inducing cysteine-rich protein with
Kazal motif (RECK) is a membrane-anchored protein
inhibiting MMP-2, MMP-9, MMP-14, and ADAM10"*,
and N-Myc downstream-regulated gene 2 (NDRG?2) is a
recently identified tumor suppressor of unknown func-
tion inhibiting metastasis in several human cancers,
including HCC'™', gallbladder cancer'®, and CCA'”.

CONCLUSIONS AND FUTURE PERSPECTIVES

The main factor impairing the effectiveness of the
already scarce treatment options for CCA1is the pronounced
tumor invasiveness, which precludes the feasibility of
curative surgery by promoting early metastatic spread
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and/or favors tumor recurrence in resected patients'™'™,

In this context, lymphatic vessels, nerve fibers, and the
venous system provide CCA cells with multiple routes of
dissemination'®. This highly invasive behavior, combined
with a strong resistance to conventional chemotherapy,
largely accounts for the poor prognosis of patients with
CCA. Therefore, an in-depth understanding of the molec-
ular mechanisms involved in CCA invasion is needed to
identify predictive and prognostic biomarkers, as well as
novel therapeutic targets. On the one hand, reliable bio-
markers of early metastatic behavior would enable cli-
nicians to stratify patients into prognostic classes and to
rationally allocate them to the best curative and adjuvant
therapies. Ultimately, this would improve patient outcome
while avoiding redundant or toxic treatments'®'¥. On the
other hand, targeted molecular therapies that selectively
interfere with cancer invasion mechanisms may be par-
ticularly beneficial in the adjuvant setting, in an effort to
prevent recurrence following surgical removal. Further-
more, pharmacological agents able to dampen cancer cell
invasiveness could also be used as part of neoadjuvant
strategies, to prevent tumor dissemination before surgery,
or even in the context of palliative procedures, to slow the
progression of the tumor'*>'®,

S100A4 is a paradigmatic example of these concepts.
Nuclear expression of SIO0A4 first represents a useful
tool in clinical decision making, allowing for a proper
stratification of CCA patients into groups at high risk
or low risk for disease recurrence and progression. Fur-
thermore, the inhibition of S100A4 nuclear import by
low-dose paclitaxel was able to inhibit metastasization in
CCA'"'"" Paclitaxel given at conventional doses is well

Table 2. MicroRNAs (miRNAs) Regulating CCA Cell Invasiveness

miRNAs Target Genes References
Downregulated miRNAs

miR-34a Smad4 163

miR-122 RhoA 164,178

miR-140-5p SEPT2 165

miR-144 PAFAHIBI/LIS1 162

miR-200c NCAMI1; ZEB1/2 166,179

miR-204 Slug 167

miR-212 FOXAL1 168

miR-214 Twist 169

miR-605 PSMD10/gankyrin 170
Upregulated miRNAs

miR-21 PTEN; RECK; TIMP3 159,161,171,172

miR-181c¢ NDRG2 173

miR-221 PTEN 174

SEPT2, septin 2; PAFAHIBI, platelet-activating factor acetylhydrolase 1b subunit
1; LIS1, lissencephaly 1; NCAMI, neural cell adhesion molecule 1; FOXAT, fork-
head box Al; PTEN, phosphatase and tensin homolog; RECK, reversion-inducing
cysteine-rich protein with Kazal motifs; TIMP3, tissue inhibitor of metalloprotei-
nase 3; NDRG2, N-Myc downstream-regulated gene 2.
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known to promote microtubule polymerization and stabi-
lization, thereby causing mitotic arrest and, consequently,
cell death. In fact, high-dose paclitaxel exerted cytotoxic
effects also on CCA cells by reducing cell proliferation
and viability and increasing apoptosis. Conversely, pacli-
taxel at small doses did not affect cell viability or cytoskel-
etal integrity, but strongly reduced the nuclear import of
S100A4 (through inhibition of its SUMOylation) and,
more importantly, the invasive properties of CCA cells'”".
If confirmed in clinical studies, these observations may
suggest the use of low-dose paclitaxel as an adjuvant
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therapy to prevent the metastatic spread of CCA after
surgery, an exemplary case of drug repositioning'®’.

As we discussed above, there are several secreted (cyto/
chemokines, growth factors, morphogens, and hormones)
and intracellular (transcription factors, protein kinases
and phosphatases, ubiquitin ligases, adaptor proteins, and
miRNAs) factors that actually appear to determine CCA
invasiveness, and recent extensive research has begun to
unravel “’the plot” (Fig. 2). However, the bigger picture
has yet to emerge. Indeed, while many genes, proteins,
and miRNAs have been identified, their multifaceted
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Figure 2. Simplified overview of the intracellular signaling mechanisms governing CCA cell motility and invasiveness. The upregu-
lation (red boxes) or downregulation (blue boxes) of different transcription factors [S100A4, Sal-like protein 4 (SALL4), Yes-
associated protein (YAP), Notch intracellular domain (NICD)], protein kinases [mitogen-activated protein kinase kinase kinase
4 (MAP3K4)] and phosphatases [phosphatases of regenerating liver 1 (PRL1)], ubiquitin ligases [F-box and WD repeat domain-
containing 7 (FBXW?7)], and adaptor proteins (14-3-3) is responsible for the emergence of proinvasive features in CCA cells, due
to the activation of deleterious transcriptional programs that are closely interwoven with the epithelial-to-mesenchymal transition
(EMT) process. Protein tyrosine phosphatases protein tyrosine phosphatase nonreceptor 3 (PTPN3) and eyes absent homolog 4
(EYA4) are also endowed with protumorigenic and antitumorigenic functions in CCA, respectively, but the underlying molecular
mechanisms have yet to be unveiled. Because of space limitations, we could not fully illustrate the extensive crosstalk among the
depicted pathways. For instance, miR-29c, which is upregulated by YAP, can negatively regulate the expression of phosphatase and
tensin homolog (PTEN), thereby allowing Akt to upregulate the expression of the oncoprotein gankyrin. Moreover, BMI-1 upregu-
lation by SALL4 supports the activation of the prometastatic Wnt pathway. See text for further details. aPKC)-1, atypical protein
kinase C-1; FGFR, fibroblast growth factor receptor; GSK-3, lycogen synthase kinase-33; mTOR, mammalian target of rapamycin;
MMP-9, matrix metalloproteinase-9; MT1-MMP, membrane-type 1-MMP; NF-xB, nuclear factor-kB; Sox9, sex-determining region
Y-box 9.
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interactions are still unclear and, moreover, there seems
to be a high degree of redundancy. Therefore, a major
effort should be devoted in finding the dominant mecha-
nisms that are hierarchically above the others, with the
ultimate goal of identifying single molecules serving as
both prognostic biomarkers and targets for therapy.
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