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CHAPTER 1

General introduction



1. Cholangiocarcinoma

Cholangiocarcinoma (CCA) is a highly aggressive epithelial
malignancy stemming from varying locations within the biliary tree.
Nowadays, CCA carries a very poor prognosis, mainly due to an early
metastatic propensity, and an impressive resistance to conventional
chemotherapy [1-3]. The median survival is below 2 years, and the
survival rate is less than 10% [4]. Liver failure, biliary tract sepsis, and
cachexia are the most common causes of CCA-related mortality [4,5].
According to its anatomical location, CCA is classified as either
intrahepatic (iCCA) (also called peripheral) or extrahepatic (eCCA),
with the latter being further divided into perihilar (pCCA) (also called
Klatskin tumor) and distal (dCCA). iCCA occurs within the liver
parenchyma, involving the intrahepatic biliary system in its entirety,
from segmental bile ducts to small bile ductules. pCCA arises from the
right and left hepatic ducts at or near their confluence, whereas dCCA
grows along the common bile duct (Figure 1) [6]. pCCA represents
about 50% of CCA cases, whereas dCCA and iCCA roughly accounts for
40% and 10% of tumors, respectively [3]. Classically, CCA is thought
to originate from the neoplastic transformation of the epithelial cells
lining the bile ducts, named cholangiocytes. However, recent evidence
suggests that iCCA pathogenesis may also involve mature hepatocytes
or hepatic progenitor cells (HPCs) [7,8]. The latter are immature,
bipotential epithelial cells residing in the canals of Hering (i.e., the

physiologic link between the hepatocyte canalicular system and the



biliary tree), capable of differentiating towards the cholangiocytic or
hepatocytic lineage [9]. Similar to iCCA, eCCA has been proposed to
arise not only from the lining epithelium of the extrahepatic biliary
tree, but also from peribiliary glands, i.e., mucin-producing glandular
elements scattered throughout the wall of perihilar and extrahepatic
bile ducts, representing a reservoir of multipotent stem cells of

endodermal origin [7,10].

Figure 1 Anatomical classification of cholangiocarcinoma. According to its
location within the biliary tree, cholangiocarcinoma (CCA) can be classified as either
intrahepatic (iCCA) or extrahepatic (eCCA), with the merging point of the second
order bile ducts representing the separation point. eCCA can be further divided into
perihilar (pCCA) or distal (dCCA), with the insertion of the cystic duct acting as the
anatomic boundary. Adapted from [7].

1.1 Classification and pathological features

Going beyond the anatomical location, CCA can be also

classified on the basis of its macroscopic growth pattern, which can be
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identified as mass-forming, periductal-infiltrating, or intraductal-
growing [11,12]. The mass-forming type produces a well-delimited,
polylobulated mass that early occludes the bile duct lumen, and then
expands beyond the bile duct wall, within the periductal tissue.
Periductal-infiltrating tumors extend lengthwise along the bile duct,
thereby causing wall thickening and eventually, luminal obstruction.
Intraductal-growing tumors preferentially grow towards the lumen of
the bile duct, which undergoes a marked dilatation, and infiltrate the
bile duct wall only at very late stages (Figure 2). Of note, intraductal-
growing CCAs typically spread superficially along the mucosal layer,
thereby generating multiple masses on the inner surface of the bile
ducts [6,11,13]. The most frequent growth pattern of iCCA is the mass-
forming type, with the periductal-infiltrating and intraductal-growing
types exclusively arising at the level of large intrahepatic bile ducts.
pCCA typically originates as a periductal-infiltrating tumor, but it
tends to acquire additional mass-forming features in the course of its
progression. Finally, dCCA are almost exclusively periductal-
infiltrating or intraductal-growing [2,6]. Importantly, mass-forming
and periductal-infiltrating CCAs are generally associated with a poorer

prognosis compared to intraductal-growing tumors [11,14].
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Figure 2 Morphologic classification of cholangiocarcinoma. Based on its
macroscopic growth characteristics, cholangiocarcinoma can be classified as mass-
forming (A), periductal-infiltrating (B), and intraductal-growing (C). See text for
further details. Adapted from [11].

At the microscopic, histopathological level, 90-95% of CCAs are
well to moderately differentiated adenocarcinomas, with an abundant
fibrous stroma surrounding the neoplastic glands [11,15]. However,
iCCAs are histologically heterogeneous tumors, which likely reflects
the different anatomical sites of origin and therefore, the
topographical heterogeneity of cholangiocytes all along the biliary tree
[14,16]. Indeed, large intrahepatic ducts (i.e., segmental, area and
septal ducts), similarly to extrahepatic bile ducts, are lined by mucin-
producing, columnar cholangiocytes, whereas small bile ductules (or
terminal cholangioles) and interlobular ducts are delimited by mucin-
negative, cuboidal cholangiocytes [16,17]. Although different
classification systems have been proposed over time, iCCA can be
substantially subcategorized in two main histological phenotypes,
which we refer to as bile duct (mucinous) type and bile ductular
(mixed) type. The bile duct type is composed of cylindrical tumor cells

organized in large glandular patterns, with extensive mucin
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production. The bile ductular type shows similar mucin-producing,
adenocarcinomatous components, but also focally consists of small,
anastomosing glands lined by mucin-negative, cuboidal tumor cells,
which are reminiscent of a ductular reaction (Figure 3) [2,14,16]. The
latter is a dynamic reparative response to severe liver damage, based
on the expansion of the epithelial cells lining the smallest ramifications
of the biliary tree, giving rise to irregular, highly branched ductules
devoid of lumen at the portal interface [17,18]. Indeed, bile ductular
iCCAs are thought to originate from HPC-containing small intrahepatic
bile ducts, whereas bile duct iCCAs are supposed to arise from large
intrahepatic bile ducts. This hypothesis is further supported by the fact
that bile ductular iCCAs are generally located in the peripheral area,
whereas bile duct iCCAs mostly display a perihilar location [16].
Importantly, this histological heterogeneity also results in divergent
clinicopathological features. In fact, bile ductular iCCAs predominantly
adopt a mass-forming growth pattern, and typically arise as large
masses with low invasive potential. Conversely, bile duct iCCAs do not
display a preferential growth pattern, and tends to be more aggressive
compared with bile ductular tumors, thus carrying a poorer prognosis
[2,16,19]. Interestingly, bile duct iCCAs share clinical, morphological
and immunohistochemical features with both eCCA and pancreatic
ductal adenocarcinoma, suggesting that all these tumors may be
derived from similar cells of origin. On the other hand, bile ductular

iCCAs clinicopathologically and genotypically overlap with
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cholangiolocellular carcinoma (CLC), an HPC-derived tumor that is
almost exclusively arranged in small, monotonous glands, with no
mucin production, showing both hepatocellular and cholangiocellular
differentiation characteristics [2,16]. In this regard, it was suggested
that bile ductular iCCAs, CLC, and combined hepatocellular-
cholangiocarcinoma actually all originate from HPCs, though the
neoplastic transformation apparently occurs at distinct stages of HPC
differentiation towards biliary or hepatocyte lineage [2]. In conclusion,
as the anatomical-based classification of CCA is challenged by the
highly branched, three-dimensional structure of the biliary system, the
histological subtyping has drawn increasing attention over time, also
because it carries more detailed information about tumor biology and

clinical course [2,16].

Figure 3 Hematoxylin and eosin staining of distinct histopathological subtypes
of intrahepatic cholangiocarcinoma. The bile duct type intrahepatic
cholangiocarcinoma (iCCA) is solely composed of large tubular, acinar, or papillary
structures arising from the abnormal proliferation of columnar cholangiocytes lining
the large intrahepatic ducts (A). The bile ductular type iCCA also focally consists of
small glandular patterns with irregular lumen (arrowheads) arising from the
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abnormal proliferation of cuboidal cholangiocytes lining the small bile ductules and
the interlobular ducts (B). Modified from [2].

1.2 Epidemiology

CCA is the second most common primary neoplasm of the liver
after hepatocellular carcinoma (HCC), and overall accounts for 10-
20% of the deaths for hepatobiliary malignancies. Whereas liver
tumors are the second cause of cancer-related mortality worldwide, it
is clear that CCA represents a global health problem [5,20]. Of note,
CCA incidence rates are geographically heterogeneous, likely due to a
differential exposure to environmental risk factors, as well as to
genetic diversity among various populations [21]. The highest
incidence rates are found in China, South Korea and North Thailand,
which indeed are all areas where infestation with liver flukes is
endemic (see below). Conversely, CCA is a rare cancer (i.e., less than 6
cases per 100,000 people) in Europe, United States and Australia. For
instance, the incidence rate of CCA in Italy is 3.36/100,000 [2].
However, the occurrence of CCA, more specifically of iCCA, markedly
increased in Western Countries during the last three decades of the
twentieth century, thus strongly renewing the interest of the scientific
community towards this malignancy, though the underlying reasons
have not yet been fully understood [2]. It is also worth noting that,
owing to the poor outcome, mortality and incidence rates are nearly

comparable [5].

15



1.3 Etiology
Unlike HCC, CCA typically occurs in the absence of an evident

pre-existing chronic liver disease. Nevertheless, several risk factors
have been identified over time, and recent observations also point out
that iCCA is increasingly detected in the context of cirrhotic liver [1].
Hepatobiliary fluke infestation (e.g., Opisthorchis viverrini, Clonorchis
sinensis), hepatitis B viral infection, and hepatolithiasis are common
risk factors for CCA in Southeast Asia, where the prevalence of these
conditions is high. Conversely, the association between CCA and
primary sclerosing cholangitis (PSC) or chronic hepatitis C infection is
statistically relevant in Western Countries [2-4]. More specifically, 8-
40% of PSC patients eventually develop CCA in their lifetime, and this
usually occurs at a younger age (30-50 years) compared to the general
population (60-70 years) [15]. Interestingly, the burden of viral
hepatitis C has been even claimed to partly account for the increasing
incidence of iCCA in Europe and United States [2]. Other major risk
factors for CCA are metabolic syndrome and congenital malformations

of the bile ducts (e.g., Caroli’s disease, choledochal cysts) [2-4].

1.4 Molecular pathogenesis

The molecular pathogenesis of CCA is a complex, multistep
process relying on genomic (point mutations, copy number variations,
chromosome fusions) and epigenetic (promoter hypermethylation,

histone deacetylation) alterations, as well as on non-genetically
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determined signaling pathway deregulations [3,8]. In this regard,
chronic inflammation of the biliary tract is unanimously recognized as
a paramount force behind the neoplastic transformation, regardless of
etiology. Indeed, a persistent inflammatory state is capable of
generating a pro-carcinogenic microenvironment abnormally
enriched with cytokines and growth factors, which are broadly
released by both inflammatory and epithelial cells. On the one hand,
pro-inflammatory cytokines elicit DNA damage by fueling the
generation of nitric oxide, ultimately leading to an increased mutation
rate. On the other hand, the wide web of local inflammatory cues
directly prompts cholangiocytes to undertake a sustained proliferative
program, generally coupled with apoptosis evasion. Of note, the
acceleration of the cell cycle, along with the impossibility of
eliminating dysfunctional cells by programmed cell death, further
supports the accumulation of somatic mutations potentially conducive
to neoplastic growth [5,22]. In addition, chronic inflammation is
typically comorbid with cholestasis, which for its part, dangerously
promotes cholangiocyte turnover in this hectic microenvironment,
again increasing the risk of malignant transformation (Figure 4)

[3,22].
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Figure 4 Cellular mechanisms driving cholangiocarcinogenesis. Chronic
inflammation of the biliary tract, coupled with sever obstruction of bile flow, may
trigger the pathogenesis of cholangiocarcinoma, both by directly fostering the
unrestrained growth of the biliary epithelium, and by leading to nitric oxide-
mediated DNA damage. Modified from [22].

1.4.1 Deregulated signaling pathways

Among cytokines promoting cholangiocarcinogenesis,
interleukin (IL)-6, a well-known biliary mitogen, is recognized to play
a key role. IL-6 is constitutively expressed by both normal and
neoplastic cholangiocytes, and its secretion can be further enhanced
by inflammatory mediators such as IL-1f3 and tumor necrosis factor
(TNF)-a [23]. At the mechanistic level, IL-6 markedly promotes CCA
cell survival by up-regulating the anti-apoptotic protein myeloid cell
leukemia (Mcl)-1, via activation of signal transducer and activator of
transcription (STAT)3, phosphatidylinositol-3 kinase (PI3K), and p38
mitogen-activated protein kinase (MAPK) pathways [24-26].
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Mitogenic effects of IL-6 on CCA cells are also reported, and mainly rely
on p44/p42 (also known as extracellular signal-regulated kinase
(ERK)1/2) and p38 MAPK activation [23]. Importantly, in mice with
genetically primed biliary tract, the pro-inflammatory cytokine IL-33
was shown to greatly facilitate CCA development by promoting IL-6
expression, further validating the intimate relationship between
chronic inflammation and biliary carcinogenesis [27].

Deregulation of growth factor signaling also represents a major
pro-tumorigenic mechanism in CCA. In particular, epidermal growth
factor receptor (EGFR) (also called ErbB1 or HER1), ErbB2/HER2, and
MET pathways, which generally involve the activation of MAPKs, are
deeply connected to the acquisition of malignant traits by biliary
epithelial cells, as a result of sustained ligand stimulation, receptor
overexpression or inactivation of negative feedback mechanisms.
Classically, constitutive activation of these signaling cascades exerts
potent mitogenic effects on the biliary epithelium, ultimately
encouraging tumor outgrowth in an autocrine fashion [7,12]. For
instance, EGFR and ErbB2 are potent inducers of cyclooxygenase
(COX)-2 expression, which fosters CCA growth by favoring
uncontrolled proliferation and evasion of apoptosis [4]. Of note, COX-
2 up-regulation may also be induced by inflammatory cytokine (e.g.,
TNF-a), bile acids, nitrosative stress, and oxysterols (i.e., cholesterol

oxidation products) [5].
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Notch and Hedgehog (Hh) signaling are evolutionarily
conserved morphogen pathways fulfilling essential roles in both liver
morphogenesis and liver regeneration following chronic injury.
Therefore, it is not surprising that the aberrant activation of both
pathways has been widely related to cholangiocarcinogenesis [2]. In
particular, studies in mice have shown that a persistent hepatic Notch1
activation contributed to the development of CCA, based on an
abnormal transdifferentiation of normal adult hepatocytes into
neoplastic cholangiocytes [28,29]. Of note, inducible NO synthase
(INOS) was reported to substantially promote Notch1l expression in
murine cholangiocytes via production of NO [30]. Similarly, the
pharmacological inhibition of autocrine Hh signaling dramatically
impaired CCA cell viability, both in vitro and in xenograft mouse
models, arguing for a leading role of this pathway in the emergence of
malignant growth features [31]. The molecular mechanisms
underlying Hh overactivation have yet to be elucidated, though the
accumulation of oxysterols in bile has been suggested to play a role
[32].

Cholangiocytes, especially those lining the intrahepatic portion
of the biliary tree, are potentially able to secrete and respond to a wide
range of neuropeptides and hormones, since they classically adopt a
neuroendocrine-like phenotype in the course of chronic liver injury
[5,33]. In this regard, several endocrine factors have been claimed to

boost the neoplastic transformation of biliary epithelial cells, either by
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chronically fueling proliferation or by preventing apoptosis. For
instance, malignant cholangiocytes up-regulate estrogen receptor
(ER)a, whose stimulation actually results in enhanced cell growth, as
well as in increased expression of IL-6 and vascular endothelial growth
factor (VEGF), both critical mediators of CCA biology. Moreover, a
relevant role in promoting CCA cell proliferation has also been

attributed to dopamine, serotonin, histamine, and leptin [2].

1.4.2 Genetic and epigenetic abnormalities

Somatic mutations in well-known proto-oncogenes (e.g., KRAS,
FGFR2, EGFR, ERBB2, MET, IDH1/2) or tumor suppressor genes (e.g.,
TP53, SMAD4, ARID1A, PBRM1, BAP1) have been widely documented
in CCA [34,35]. Importantly, the pattern of oncogenic mutations in CCA
is heavily influenced by both etiology and tumor anatomical location
[2,4,35]. Forinstance, TP53 mutations are more frequent in liver fluke-
related CCAs compared with non-infection-related tumors, whereas
IDH1/2 and BAP1 mutations generally show an opposite trend [36].
Regarding the anatomic subtype, FGFR2, MET, IDH1/2, ARID1A,
PBRM1, and BAP1 mutations are characteristic of iCCA, whereas KRAS
and ERBB2 mutations are more common in eCCA [34,35].

Activating mutations in KRAS, as well as loss-of-function
mutations in TP53 are frequent events in cancer, and CCA is no
exception, with mutation frequencies of 9-40% and 3-45%,

respectively [34]. Specifically, KRAS belongs to the small GTPase
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superfamily, and actively regulates several cellular processes such as
proliferation, survival, and motility, through the activation of its
downstream effectors, including  p44/42 MAPK  and
PI3K/Akt/mammalian target of rapamycin (mTOR) pathways [35].
p53 is deeply involved in cellular stress responses, by acting as a
transcription factor to regulate cell cycle arrest, DNA repair and
apoptosis. Loss of p53 activity paves the way for an uncontrolled
proliferation of damaged cells, ultimately favoring tumorigenesis. In
addition, alterations in p53 expression may lead to an aberrant
accumulation of 3-catenin, a signaling molecule that modulates the
expression of several oncogenic genes [3,37,38]. Unlike KRAS and
TP53 point mutations, which are widespread genetic abnormalities,
chromosomal translocations involving the FGFRZ gene are almost
exclusively found in CCA, thus representing a potential diagnostic
marker [2]. Fibroblast growth factor receptor (FGFR)2 is tyrosine
kinase protein acting as a receptor for various FGFs, which are well-
known regulators of mitogenesis and differentiation [39]. Typically,
FGFR2 fusion proteins undergo an enforced, ligand-independent
dimerization, which is eventually responsible for an unrestrained
activation of the FGFR2 kinase domain [8]. Still on the subject of
receptor kinase signaling, a decreased expression of SMAD4, a
common signal transducer of transforming growth factor (TGF)-

pathway, is frequently found in CCA, and undermines the tumor
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suppressor functions typically exerted by TGF-f3 during early stages of
carcinogenesis [4,40].

Interestingly, several recurrently mutated genes in CCA (e.g.,
IDH1/2, ARID1A, PBRM1, BAP1) directly or indirectly impinge on
epigenetic dynamics and chromatin architecture, thereby deeply
influencing the transcriptomic profile of cancer cells [3]. For instance,
mutant forms of isocitrate dehydrogenases (IDH)1 and 2 drive the
production of 2-hydroxyglutarate, an oncometabolite that elicits
aberrant epigenetic changes by impairing the function of multiple
enzymes involved in histone and DNA methylation [3,8,35].
Specifically, it was shown that mutant IDH1/2 could contribute to the
pathogenesis of HPC-derived iCCA by epigenetically blunting the
expression of hepatocyte nuclear factor 4a, a master regulator of
hepatocytic differentiation [41]. Regardless of the underlying cause,
epigenetic silencing via promoter hypermethylation has been
frequently described in CCA, involving well-known tumor suppressor
genes such as SOCS3, CDKN2A, APC, and RASSF1 [7,8]. In particular,
reduced expression of suppressor of cytokine signaling (SOCS)3
partially accounts for the aberrant activation of IL-6 signaling typically
observed in CCA, as it acts as a negative-feedback regulator of the Janus
kinases/STAT3 axis [42]. In contrast to IDH1/2 gene, ARID1A, PBRM1,
and BAP1 genes are classically endowed with tumor suppressive
functions, and frequently harbor inactivating mutations in CCA

patients [43]. In particular, AT-rich interaction domain (ARID)1A and
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polybromo (PBRM)1 are subunits of the switch/sucrose non-
fermentable chromatin-remodeling complex, which finely regulates
gene transcription by mobilizing nucleosomes [44], while BRCA1
associated protein (BAP)1 is a nuclear deubiquitylating enzyme,
capable of altering chromatin architecture by modulating the

ubiquitylated status of histone 2A [45].

1.5 Management

As previously mentioned, the prognosis of CCA is still very grim,
basically due to the late diagnosis and the lack of effective therapeutic
strategies [22]. Indeed, CCA is difficult to detect and diagnose early,
since it remains clinically silent until advanced stages, when it finally
presents with non-specific symptoms such as painless jaundice
(eCCA), weight loss or abdominal pain (iCCA) [3,4]. Therefore, most of
patients are diagnosed when metastatic dissemination has already
occurred [2]. In fact, CCA is an highly invasive cancer, which tends to
spread along the duct walls, and pervasively infiltrate the adjacent
structures (branches of the portal vein, lymphatic vessels, nerve
fibers), thereby spawning metastases within the liver, at regional
lymph nodes, or at distant sites (notably, lungs or peritoneum) (Figure
5) [5,46]. Diagnosis of CCA frequently occurs as an incidental finding,
and is classically based on a combination of clinical data, non-specific
(biochemical and/or histological) biomarkers, and imaging modalities

[2]. Surgical resection by partial hepatectomy and orthotopic liver
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transplantation are the only treatments with curative intent, but their
applicability is limited to early-stage disease [2]. Accordingly, only
30% of CCA patients are actually eligible for radical surgery [3].
Moreover, chances of recurrence after resection are still very high (49-
64%), ultimately resulting in discouraging outcomes, with a 5-year
survival after resection lower than 45% [2,12]. Although liver
transplantation was initially hailed as a promising therapy for
unresectable tumors without evidence of metastasis, its actual
reliability remains controversial. Indeed, encouraging results were
obtained only in highly specialized centers implementing stringent
patient selection criteria, whereas historically, liver transplant is in
turn associated with high recurrence rates and poor long-term
survival [2,12]. CCA patients who are not candidate for surgical
therapy have no other chance but palliative procedures, which, by
definition, are merely aimed at turning the tumor into a clinically
manageable chronic disease and improving the quality of life [4]. The
median survival of patients diagnosed at inoperative stage is 6-12
months, with a 5-year overall survival of 5% [4,5,8]. Systemic
chemotherapy with gemcitabine plus cisplatin currently represents
the standard of practice in the palliative setting, though pledging a
median overall survival of only 11.7 months [2,47]. In fact, CCA is
characterized by a remarkable resistance to conventional
chemotherapeutic agents, directly resulting from the intrinsic ability

of CCA cells to efficiently escape from drug-induced cytotoxicity [5,48].

25



Unfortunately, there are still no targeted molecular therapies
approved for the treatment of CCA, likely owing to the poor knowledge

on the molecular mechanisms driving its development and
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Figure 5 Metastatic patterns of cholangiocarcinoma. Cholangiocarcinoma is
characterized by a highly invasive behavior. Lymphatic vessels, nerve fibers, and
branches of the portal vein offer CCA cells multiple routes to escape from the primary
site of growth. Moreover, the periductal wall may be directly invaded by tumoral
infiltrates. Early metastases are more common within the liver and at regional lymph
nodes rather than at distant sites (notably, lung or peritoneum). Adapted from [46].

2. The tumor reactive stroma

Normal tissues encompass two distinct but interdependent
compartments, namely the parenchyma, which accounts for the
specific tissue function, and the stroma, which provides a multifaceted

support for the parenchyma, and predominantly consists of
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extracellular matrix (ECM) proteins (notably, type I collagen and
fibronectin), resting fibroblasts, a few resident leukocytes, and
vascular elements. The structure of solid tumors is roughly similar,
with the parenchymal component being represented by the malignant
cells themselves [49,50]. However, in sharp contrast to a normal
stroma, which typically contains a small amount of quiescent
fibroblasts embedded within a physiological ECM, the tumor stroma is
characterized by a large number of activated fibroblasts, an
abnormally rich inflammatory infiltrate, and an enhanced capillary
density. By undergoing activation, fibroblasts not only increase their
proliferative activity, but also secrete starkly higher amounts of ECM
components (e.g., fibrillar collagens, fibronectin, tenascin C, and
proteoglycans), thereby generating a highly desmoplastic
microenvironment that is reminiscent of organ fibrosis [51]. Of note,
in human cancers, the stromal compartment can represent up to 90%
of the total mass [52]. However, its relative amount is highly variable
among tumors, and does not necessarily correlate with the degree of
malignancy [49].

In 1986, Harold F. Dvorak first called attention to the
similarities existing between the generation of tumor stroma and
wound healing [52]. Indeed, both processes are initially triggered by
an increased microvascular permeability, which enables a massive
extravasation of plasma proteins such as fibrinogen, plasminogen, and

fibronectin, ultimately resulting in the deposition of an extravascular

27



clot of cross-linked fibrin enriched with fibronectin. This bulk of fibrin
acts as a promiscuous substrate supporting the migration of
inflammatory cells (mainly macrophages), endothelial cells, and
fibroblasts, which in the tumoral context, are powerfully recruited and
activated by a plethora of cancer cell-derived soluble factors. A broad
synthesis of matrix components, coupled with extensive angiogenesis,
then leads to a gradual transformation of the original fibrin-
fibronectin gel matrix into a collagenous and vascularized stroma,
which in wound healing, is usually referred to as granulation tissue.
Upon further deposition of interstitial collagens, the fibrin clot is little
by little degraded, new vessels are partially resorbed, and the number
of activated fibroblasts markedly decreases, thus giving rise to a poorly
vascularized, densely collagenous, and nearly acellular connective
tissue. However, unlike physiological wound healing, which is a self-
limiting process, the remodeling of tumor stroma is continuously
evolving, since in tumors, the molecular cues that classically evoke the
wound healing cascade are released in an unrestrained manner, which
led Dvorak to describe neoplastic lesions as “wounds that do not heal”.
As aresult, the tumor core is typically associated with a scar tissue-like
stroma, whereas cancer cells located at the invasive front are generally
encased within a highly cellular stroma mimicking the active stages of
wound healing. Among the mediators of tumor stroma generation,
VEGF is suggested to play a paramount role, since it is constitutively

expressed at high levels by the vast majority of human neoplasms, and
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may potentially account for both chronic vascular hyperpermeability
and tumor angiogenesis. Of note, besides being secreted by cancer
cells, VEGF can also be plentifully produced by macrophages and
fibroblast populating the tumor microenvironment [50-52].

In summary, by behaving like self-perpetuating wounds,
tumors can effectively hijack a physiological host process, in an effort
to build up a personalized microenvironment that may adequately
satisfy their high metabolic needs, and actively support their
malignant growth [50,53,54]. Indeed, a dense, mutual paracrine
communication typically takes place between cancer and stromal cells,
giving rise to a hectic microenvironment that is increasingly
recognized as a key determinant of tumor progression. As mentioned
above, neoplastic cells act as leading actors in the remodeling of the
neighboring stroma, by chronically recruiting, activating, and co-
opting several inflammatory and mesenchymal cell types. Stromal
cells, for their side, secrete a plethora of cyto/chemokines, growth
factors, and proteinases that directly foster the emergence of
malignant phenotypes, and/or contribute to the recruitment and
aberrant activation of additional stromal components [55,56].
Furthermore, intratumoral hypoxia and aberrant changes in the ECM
may further impinge on cancer cell behavior [57]. Interestingly, a
growing body of evidence suggests that oncogenic signals emanating
from the TRS may even modify the epigenome of cancer cells [58-60].

In the light of the above, it is clear that the naive stroma represents a
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highly plastic and dynamic compartment that is prone to pandering to
the neoplastic evolution of the adjacent parenchyma, thereby
undergoing a change from gatekeeper of tissue homeostasis to
pathological niche fueling cancer aggressiveness [61,62]. Therefore,
the complex milieu harboring tumor growth is currently termed as
“tumor reactive stroma” (TRS). It is worth noting that normal epithelia,
as well as early-stage carcinomas, are surrounded by a well-delineated
basement membrane that effectively separates epithelial cells from
the adjoining connective tissue. Although there is evidence that a
primal tumor-stroma crosstalk still occurs despite the presence of an
intact (but altered) basal lamina, reactive stromal cells are empowered
to fully exert their pro-neoplastic effects only upon basement
membrane degradation, which represents one of the first steps of the

invasion-metastasis cascade (Figure 6) [51,63].
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Figure 6 Cellular and molecular mechanisms underlying the generation of the
tumor reactive stroma in cholangiocarcinoma. Upon neoplastic transformation,
cholangiocytes acquire the ability to broadly secrete a rich repertoire of
cyto/chemokines and growth factors that enable them to establish an intense
crosstalk with various cell types (e.g., portal fibroblasts, hepatic stellate cells,
inflammatory cells, endothelial cells). Moreover, the basement membrane is
progressively dismantled through the massive release of matrix metalloproteinases
(MMPs), further supporting the interplay between the neoplastic epithelium and its
stromal microenvironment. It is against this background that multiple mesenchymal
and inflammatory cells are plentifully recruited to the tumor mass through paracrine
signals chronically released by malignant cholangiocytes. For instance, platelet-
derived growth factor (PDGF)-DD triggers the chemotaxis of resident fibroblasts, C-
C motif chemokine ligand (CCL)2 and colony stimulating factor (CSF)-1 dictate the
monocyte homing from blood circulation, and vascular endothelial growth factor
(VEGF)-C orchestrates lymphangiogenesis by stimulating the proliferation and
migration of lymphatic endothelial cells. Under the influence of the tumor
microenvironment, fibroblasts and monocytes transdifferentiate into cancer-
associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs),
respectively, and then foster tumor aggressiveness in a paracrine fashion (see text
for further details). Importantly, cholangiocarcinoma cells, CAFs, and TAMs all
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contribute to the aberrant remodeling of the extracellular matrix (ECM), an
additional mechanism supporting cancer progression. Modified from [53].

2.1 The pathological relevance of the tumor reactive stroma in

cholangiocarcinoma

In CCA, as well as in other epithelial tumors with strong
invasiveness, such as breast and pancreatic carcinomas, the stromal
compartment is particularly prominent, thus representing a
histological hallmark (Figure 7). More importantly, it is now a fact that
the TRS hugely promotes CCA growth and dissemination, which is why
it is drawing a growing interest as a potential therapeutic target
[55,56]. Interestingly, it was shown that the genomic profile of CCA-
associated stroma markedly differed from that of fibrous tissue from
peritumoral areas. Furthermore, specific genetic changes in the tumor
stroma were found to correlate with clinicopathological variables
predictive of bad prognosis. Of note, most of the differentially
expressed genes were involved in cell metabolism, cell cycle
progression, ECM composition, and intracellular signaling [64]. In line
with these findings, a genome-wide transcriptome profiling of tumor
epithelium and stroma from resected CCAs revealed a stromal gene
signature significantly associated with poor prognosis. In particular,
the stromal compartment was markedly enriched with inflammatory
cyto/chemokines, including IL-6, IL-33, TGF-B$3, and C-C motif
chemokine ligand (CCL)2 (also called monocyte chemoattractant

protein (MCP)-1) [65]. Overall, these studies highlight not only the
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uniqueness of the TRS as a biological entity, but also the prognostic
relevance of the molecular aberrations underlying its pathological
remodeling. In the next paragraphs, we will discuss in detail the
characteristics of the main (cellular and non-cellular) components of
the TRS, particularly focusing on how they are supposed to elicit the

emergence of malignant phenotypes in CCA cells.
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Figure 7 Phenotyping the tumor reactive stroma in cholangiocarcinoma.
Immunohistochemistry of multiple markers to characterize the main cellular and
structural components of the tumor reactive stroma in intrahepatic
cholangiocarcinoma. Cancer-associated fibroblasts (a-SMA) (A); extracellular matrix
(fibronectin) (B); inflammatory cells (CD45) (C); tumor-associated macrophages
(arrows) (CD206) (D); lymphatic endothelial cells (podoplanin) (E); vascular
endothelial cells (CD34) (F). Original magnification: 200x. Modified from [53].

2.2 Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) are perpetually activated
fibroblasts, phenotypically characterized by the expression of
vimentin, S100A4 (otherwise called fibroblast-specific protein 1),
fibroblast activation protein (FAP), and especially, a-smooth muscle
actin (a-SMA), a widely recognized hallmark of fibroblast activation
[66,67]. Gene expression profiling of CAFs from CCA specimens
unveiled thousands of differentially expressed genes compared to
fibroblasts from matched peritumoral tissue, with the majority of
them being involved in cellular metabolism [68]. Indeed, CAFs feature
a high proliferation rate, and are deeply engaged in the remodeling of
tumor-associated ECM, due to the enhanced production of both matrix
components (e.g., collagen type I, fibronectin, tenascin C) and matrix-
degrading enzymes. Furthermore, CAFs are capable of secreting a rich
repertoire of cyto/chemokines and growth factors, which mediate the
crosstalk with cancer, endothelial and inflammatory cells [49,51]. For
instance, CAF-derived CCL2 effectively triggers macrophage

recruitment to the tumor neighborhood [53,69], whereas the broad
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secretion of VEGF accounts for the ability of CAFs to sustain tumor-
associated angiogenesis and lymphangiogenesis [70]. Hepatic stellate
cells (HSCs) and portal fibroblasts are the main precursors of CAFs,
with a minor contribution by bone marrow-derived mesenchymal
stem cells (MSCs) [71]. Interestingly, conditioned medium from CCA
cells was found to foster the activation of HSCs [72] and primary liver
myofibroblasts [73], as well as to induce the differentiation of MSCs
into myofibroblast-like cells [74], further confirming that cancer cells
are largely responsible for the generation of CAFs. In particular, among
the pro-fibrotic factors driving the recruitment and/or activation of
fibroblasts within the tumor microenvironment, TGF-, FGF, and
platelet-derived growth factor (PDGF), which may be released by both
cancer and inflammatory cells, have been widely reported to play a
prominent role [51,57,75]. In this regard, our group has recently
unveiled that PDGF-DD, which is aplenty released by CCA cells under
severe hypoxia, can massively promote the migration of fibroblasts
towards the tumor mass, by activating the small Rho GTPases Rac1 and
Cdc42, as well as the c-Jun N-terminal kinases (JNK) pathway, through
PDGFR( binding [75].

Co-culture and conditioned medium experiments clearly
demonstrated that both CAFs and their precursors (i.e., HSCs) are able
to provide CCA cells with enhanced proliferative, survival, and
migratory capabilities, in vitro [67,72,76-82]. Furthermore, co-

transplantation of CCA cells with hepatic myofibroblasts [73] or HSCs
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[72] into the flank of nude mice markedly boosted the growth of CCA
xenografts. Similarly, the selective depletion of CAFs by navitoclax in a
syngeneic, orthotopic rat model of CCA dramatically impaired tumor
burden and metastasis, while improving host survival [83]. Overall,
these studies argue for a tumor-promoting role of CAFs in CCA, which
is further validated by the finding that a-SMA expression proved to be
an independent negative prognostic factor for survival in iCCA patients
[77]. In particular, various soluble factors have been shown to mediate
the pro-neoplastic effects of CAFs, including C-X-C motif chemokine
ligand (CXCL)12 (also named stromal cell-derived factor (SDF)-1),
heparin-binding epidermal growth factor (HB-EGF), and PDGF-BB. For
instance, both CXCL12 [78] and PDGF-BB [81,82] strongly encourage
apoptosis resistance in CCA cells, by up-regulating the anti-apoptotic
protein B-cell lymphoma (Bcl)-2, and activating the Hh signaling,
respectively. CXCL12 also promotes CCA cell invasiveness, through
activation of ERK1/2 and PI3K pathways [78,79]. The migratory and
invasive properties of neoplastic cholangiocytes are also enhanced by
HB-EGF, which binds to EGFR on the cancer cell surface, and thus starts
a transcriptional program that involves ERK1/2, STAT3 and (-catenin
[73]. It is worth noting that CCA cells and CAFs are engaged in an
intricate network of reciprocal, self-perpetuating paracrine loops,
which well exemplify the ability of cancer cells to tirelessly shape the
behavior of their stromal neighbors. For instance, the expression of

HB-EGF by CAFs can be induced by CCA cell-derived TGF-1, whose
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production is in turn sustained by HB-EGF in a paracrine fashion [73].
Similarly, studies in rats showed that CCA cells lead CAFs to massively
secrete hepatocyte growth factor (HGF), which in turn can up-regulate
C-X-C motif chemokine receptor (CXCR)4 (the cognate receptor for
CXCL12) on the surface of CCA cells, thus making them hyper-
responsive to CAF-derived CXCL12 [84].

2.3 Tumor-associated macrophages

In contrast to other immune cell types that populate the tumor
microenvironment and overall preserve tumor-suppressive functions
(e.g., natural killer cells), macrophages are mostly “corrupted” by the
tumor compartment, which prompts their differentiation towards the
so-called M2 (or alternatively activated) phenotype through a number
of paracrine signals, including colony stimulating factor (CSF)-1, IL-4,
IL-10, IL-13, and TGF-3 [49,71,85]. In CCA, bulk tumor cells [86], CAFs
[87], and regulatory T cells [86] have all been reported to contribute
to the M2 polarization of recruited macrophages. Unlike M1 (or
classically activated) macrophages, which massively produce pro-
inflammatory cytokines (e.g., TNF-a, IL-12), prime tissue destruction,
and possess strong microbicidal and tumoricidal activities, M2
macrophages preferentially express anti-inflammatory cytokines (e.g.,
IL-10), down-regulate major histocompatibility complex molecules,
and promote tissue remodeling and tumor progression [85,88]. Whilst

tumor-associated macrophages (TAMs) are classically identified as M2
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macrophages, it is worth considering that the boundary between the
M1 and M2 activation states is quite blurred. In fact, macrophages
feature a considerable degree of plasticity, and actually go through a
wide spectrum of highly changing phenotypes [88]. Therefore, it is not
surprising that the tumor-promoting functions of TAMs frequently
rely on “M1 cytokines”, such as IL-6 and TNF-a [85]. Furthermore, in
CCA, Raggi et al. identified a peculiar subset of TAMs that is directly
molded by cancer stem cells (CSCs), and is characterized by a mixed
expression of M1 and M2 markers. Interestingly, CSC-associated TAMs
exhibit pronounced adhesive and invasive properties, as well as a
heightened expression of matrix-remodeling-related genes (e.g.,
ADAM17, MMP2), suggesting a critical role in ECM reorganization [89].
Importantly, TAM accumulation within the TRS mainly results from
the recruitment of blood monocytes (notably, CD14*/CD16*
monocytes) by tumor- or CAF-derived chemoattractants (e.g., CCL2,
CSF-1/2/3, VEGF), rather than from the in situ proliferation of resident
(CD68*) macrophages [49,90-92].

Similar to CAFs, TAMs are believed to play a critical part in CCA
progression. Indeed, high tumor infiltration by M2 (CD163%)
macrophages was found to correlate with poor disease-free survival of
CCA patients [86]. Furthermore, in CCA tissue, the density of M2 TAMs
is greatest at the tumor front, and positively correlated with tumor
pathological grade [89], and the development of extrahepatic

metastases [93]. In line with the immunohistochemical data, the
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selective depletion of macrophages by liposomal clodronate in rodent
models of CCA strikingly decreased tumor burden [94]. In particular,
TAMs have been suggested to foster CCA growth by sustaining the
chronic activation of the Wnt/B-catenin signaling in cancer cells,
through the release of Wnt ligands [94,95]. In fact, the canonical Wnt
pathway is able to promote the unrestrained proliferation of
neoplastic cholangiocytes by up-regulating a number of cell cycle-
related genes [94,96]. In addition, macrophages may paracrinally
contribute to the aberrant activation of the IL-6 /STAT3 axis frequently
observed in CCA cells [97,98], a fundamental mechanism underlying
their heightened survival abilities [24]. TAMs are also likely to mediate
cancer invasion, by both directly impinging on cancer cell behavior,
and shaping the tumor microenvironment. For instance, TAMs are the
primary source of TNF-a [99], which has been shown to provide CCA
cells with increased migratory functions by activating transcription
factors Snail and ZEB2 [97,100,101]. Consistently, conditioned
medium from M2 macrophages was found to foster CCA cell motility,
in vitro [93]. On the other hand, in several epithelial cancers, including
CCA, TAMs aplenty produce various MMPs, most notably MMP-9 [102],
thereby aiding tumor cells in degrading the surrounding ECM, a
process of utmost importance for local invasion [103]. Finally, a
variety of pro-angiogenic and/or pro-lymphangiogenic factors, such as
VEGF, FGF-2, and angiopoietin 1, are typically released by TAMs, which

thus promote the generation of a microenvironment conducive to
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metastatic dissemination [49,88]. Indeed, in CCA samples, the number
of M2 macrophages was directly associated with microvascular

density [86].

2.4 Lymphatic endothelial cells

In CCA, tumor-associated angiogenesis and lymphangiogenesis
are both markedly induced, and were found to confer a significant
survival disadvantage on patients [104-106]. However, the formation
of new blood vessels within the tumor mass is generally not as striking
as the expansion of the lymphatic vasculature, which actually
represents the preferential route for CCA cells to escape from the
primary site of growth [53]. In this regard, immunohistochemical
staining of resected iCCAs and eCCAs for the lymphatic vessel marker
D2-40 (otherwise named podoplanin) revealed that a high lymphatic
microvessel density correlated with lymph node involvement
[104,106]. Importantly, lymph node metastasis is a well-known
negative prognostic factor for the survival of patients with CCA [107-
110]. The lymphatic capillaries, also called initial lymphatics, are
physiologically responsible for the continuous uptake of the
interstitial fluids, and their structure is particularly suitable for the
intravasation of metastasizing cancer cells. Indeed, they are only
composed of a monolayer of lymphatic endothelial cells (LECs), joined
together by weak cell-cell junctions, and surrounded by a

discontinuous basement membrane. However, the caliber of the initial
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lymphatics gradually increases to form the pre-collecting lymphatics
first, and then the collecting lymphatics, which are lined by an intact
basal lamina, and contain both smooth muscle cells in their walls, and
intraluminal valves regulating the fluid flow. During the transit from
the collecting lymphatics to the thoracic duct, the fluid goes through
the regional lymph nodes, where metastasizing cancer cells can reside
before disseminating to distant organs [92,111].

Tumor-associated lymphangiogenesis essentially consists in
the formation of new lymphatic vessels arising from pre-existing
lymphatic capillaries, through the proliferation and migration of LECs.
However, both the recruitment of bone marrow-derived endothelial
progenitor cells, and the transdifferentiation of mature blood
endothelial cells have been suggested to play a role in this context,
though providing a minor contribution. Overexpression of the
archetypical lymphangiogenic factor VEGF-C by cancer and reactive
stromal cells is widely recognized as the main driver of neo-
lymphangiogenesis. Indeed, VEGFR-3, the cognate receptor for VEGF-
C, is selectively and highly expressed by LECs, and the maintenance of
the VEGF-C/VEGFR-3 signaling is of crucial importance for the
expansion of the lymphatic vasculature network in the embryo
[92,112]. In CCA, a high expression of VEGF-C was shown to correlate
with lymph node metastasis, and was also reported as an independent
prognostic factor for the survival of patients [113-115]. Additional
VEGF family members, namely VEGF-A and VEGF-D, are also claimed
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to participate in tumor-associated lymphangiogenesis, even though
they are just ancillary mediators of embryonic lymphatic vessel
development [92,112]. Of note, VEGF-C and VEGF-D selectively bind to
VEGFR-2 and VEGFR-3, whereas VEGF-A selectively binds to VEGFR-1
and VEGFR-2. Unlike VEGFR-3, VEGFR-2 is primarily expressed by
vascular endothelial cells, where it acts as a positive modulator of
angiogenesis [116]. Nevertheless, critical functions for VEGFR-2 in the
lymphatic biology are emerging, and VEGFR-2 overexpression on
tumor-associated LECs has been described [117]. In addition to VEGF
ligands, other well-recognized tumor lymphangiogenic growth factors
include angiopoietins 1 and 2 (i.e., growth factors classically involved
in lymphatic remodeling and maturation), PDGF-BB, and FGF-2
[92,112].

Besides being involved in lymphangiogenesis, the initial
lymphatics may also be driven by cancer cell-derived factors (notably,
VEGF-C) to undergo a substantial enlargement, which is mediated by
the proliferation of LECs, and ultimately increases the interface for
lymphatic invasion by cancer cells. Enlargement of the collecting
lymphatics has also been reported, and likely results in an increased
lymph flow that further supports the metastatic dissemination. Of
further interest, VEGF-C is capable of altering the structure of pre-
existing and/or newly formed vessels by inducing the formation of
intercellular gaps, which can be deleteriously exploited by

metastasizing cancer cells. It is finally worth noting that LECs are not
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only passively “educated” by cancer cells to build up a pro-metastatic
lymphatic network, but also actively promote the intravasation of
tumor cells by generating a chemoattracting gradient. Indeed, they
broadly release endogenous chemokines, such as CCL21 and CXCL12,
whose cognate receptors are generally located on the surface of cancer

cells [92,112].

2.5 Non-cellular components of the tumor reactive stroma

2.5.1 The extracellular matrix

The so-called ECM encompasses the interstitial connective
tissue matrix, and the basement membrane (or basal lamina). The
interstitial matrix is a three-dimensional network of collagens
(especially, type I collagen), proteoglycans, and glycoproteins (e.g.,
fibronectin, tenascin C, elastin), which fills the intercellular spaces, and
constitutes a structural scaffold for the tissue. Specifically, collagen
bundles confer tensile strength upon the whole tissue, while
proteoglycans mostly perform hydration functions. On the other hand,
the basement membrane is a specialized, sheet-like type of ECM,
interposed between the epithelium and the stroma, and mainly
composed of type IV collagen and laminin. Importantly, the ECM not
only provides a physical support to cells, but also actively impinges on
their behavior by communicating with them. Indeed, several ECM

constituents, especially glycoproteins, may act as ligands for cell
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surface receptors such as integrins. Furthermore, both proteoglycans
and glycoproteins physically interact with a number of growth factors
and cyto/chemokines, which are thus efficiently sequestered within
the ECM, and may be subsequently locally unleashed through
proteolytic cleavage. Therefore, it is not surprising that the extensive,
dysregulated ECM remodeling that typically accompanies the
emergence of neoplastic lesions has been widely reported to support
cancer progression at multiple levels, including the induction of
angiogenesis, the activation of stromal cells, and the direct promotion
of cancer cell aggressiveness [49,51,118]. Throughout carcinogenesis,
the ECM progressively becomes stiffer, due to type I collagen
deposition and cross-linking, and concomitantly undergoes
compositional changes, resulting from both the proteolytic activity of
overexpressed MMPs, and the accumulation of newly synthesized
glycoproteins [55]. Importantly, the unrestrained ECM breakdown by
proteases leads to the generation of reactive ECM fragments endowed
with unique signaling functions, which in turn may elicit specific
biological responses [49,118]. In addition, ECM stiffening also
profoundly affects cell behavior, by impinging on the activity of
intracellular mechanosensors [55,118].

Similar to reactive stromal cells, the TRS-associated ECM has
been shown to foster CCA aggressiveness. Indeed, CCA cells cultured
on a mixture of collagen type IV and laminin demonstrated greater

invasive abilities than cells grown on uncoated plates, an effect likely
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mediated by the up-regulation of the actin-binding protein L-plastin
[119]. Furthermore, in CCA tissue, increased stromal expression of
certain non-structural ECM proteins, namely tenascin [120], periostin
[68], and osteopontin [64], correlated with poor outcome and
tendency to invade. In particular, the tumor-promoting functions of
tenascin are suggested to rely on its binding to EGFR [120], while
periostin was found to promote CCA cell invasiveness in a a5@1
integrin-dependent manner [68,121]. Of note, such ECM constituents
are primarily produced by CAFs, though CCA cells themselves may

represent an ancillary source [68,120,121].

2.5.2 Intratumoral hypoxia

In most of solid tumors, the unrestrained proliferation of
neoplastic cells, and the concomitant formation of an inadequate and
highly disorganized vascular bed, necessarily lead to the generation of
a markedly hypoxic microenvironment. Nowadays, hypoxia is widely
recognized as a critical tumor-promoting player, deeply involved in
the emergence of the main hallmarks of tumor progression. In fact,
malignant cells are able to deleteriously hijack the adaptive cellular
responses to oxygen deprivation, which are physiologically aimed at
enabling injured cells to survive, migrate towards less hypoxic regions,
and orchestrate compensatory angiogenesis. Moreover, hypoxia
represents a potent microenvironmental stressors, and thus exerts a

selective pressure on cancer cells, ultimately resulting in the clonal

45



expansion of the most aggressive tumor phenotypes. Cellular
responses to hypoxia are primarily mediated by the activation of the
hypoxia-inducible factors (HIFs), i.e.,, helix-loop-helix transcription
factors that bind to specific DNA sequences known as hypoxia-
response elements. HIFs consist of an a (HIF-1a, HIF-2a, or HIF-3a)
and a 3 (HIF-1f) subunit. Among HIF-a isoforms, HIF-1a is the best
characterized, due to its ubiquitous expression. Under normoxic
conditions, HIF-1a is continuously primed for proteasome-mediated
degradation by prolyl hydroxylase domain-containing (PHD) enzymes,
whereas in the absence of adequate oxygen levels, PHD enzymes are
unable to properly hydroxylate HIF-1a, which can thus accumulate
and translocate to the nucleus. Here, HIF-1a dimerizes with HIF-1f3,
which is constitutively expressed regardless of the oxygen
concentration. The resulting heterodimer interacts with
transcriptional co-activators, and regulates the expression of
hundreds of genes involved in cell survival and motility, glucose
metabolism, and angiogenesis [122-124].

In CCA tissue, HIF-1a is typically overexpressed compared with
bile ducts of peritumoral areas [125,126], and its high expression was
reported as an independent prognostic factor for overall and disease-
free survival [127,128]. Consistently, in vitro studies -clearly
demonstrated that hypoxia-induced signaling leads CCA cells to gain a
more malignant phenotype. For instance, low-oxygen culture

conditions, as well as treatment with cobalt chloride (i.e., a chemical

46



inducer of HIF-1a), promoted a substantial increase in CCA cell
motility and invasiveness [126,128,129]. Specifically, the pro-invasive
effects of hypoxia were suggested to rely on the aberrant activation of
the pro-oncogenic MET/ERK axis [126], as well as on the induction of
autophagy [128], which is actually emerging as a key regulator of cell
invasion in several carcinomas, including CCA [130]. Of further
interest, hypoxia was found to boost the resistance of CCA cells to both
radiation- and drug-induced cytotoxicity [131], an effect likely
dependent on the up-regulation of the anti-apoptotic protein X-linked
inhibitor of apoptosis (XIAP) at the translational level [132]. Itis worth
noting that, in sharp contrast to CCA cells, normal cholangiocytes
proved to be highly sensitive to oxygen deprivation [131,132], further
highlighting the ability of cancer cells to adapt to otherwise
detrimental conditions. Despite this growing amount of evidence, the
overall impact of hypoxia on CCA progression has yet to be fully
understood. In this regard, it was shown that a reduced oxygen
availability extensively impinged on the transcriptomic profile of
neoplastic cholangiocytes, altering the expression of several genes
involved in cancer cell invasion and apoptosis resistance (e.g., TFF1,
ADAM12, ITGAS5, BIRC5, UMPS, S100P) [131]. A hypoxic
microenvironment could also endow CCA cells with heightened pro-
angiogenic and/or pro-lymphangiogenic functions, since HIF-1a
stabilization by cobalt chloride was shown to promote a massive up-

regulation of VEGF [129]. Finally, HIF-1a accumulation could drive
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genomic instability by directly triggering the expression of iNOS,

which may indeed be responsible for NO-mediated DNA damage [125].

3. Molecular mechanisms underpinning cholangiocarcinoma

progression: an overview

3.1 Molecular mechanisms of chemoresistance

As previously discussed, CCA cells are characterized by a
substantial lack of sensitivity to drug-induced cytotoxicity, which
accounts for the disappointing results of conventional chemotherapy
[5]. The mechanisms of chemoresistance typically employed by CCA
cells are redundant and multifaceted, and most of them are borrowed
by normal cholangiocytes, which are required to chronically deal with
toxic compounds from bile and blood, and are thus equipped with
appropriate defense enzymatic activities [2,48]. A first strategy to
circumvent drug toxicity consists in keeping at bay the intracellular
drug concentration, either by restricting its uptake, through the down-
regulation of solute carriers transporters (e.g., organic anion-
transporting polypeptides, organic cation transporters, nucleoside
transporters), or by encouraging its efflux, through the up-regulation
of ATP-binding cassette (ABC) transporters (e.g., multidrug resistance
protein 1 or P-glycoprotein, multidrug resistance-associated proteins
(MRP)). Alternatively, CCA cells may selectively decrease the

intracellular amount of the active drug metabolite, thanks to an
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impaired expression (or activity) of the enzymes responsible for pro-
drug activation, or to an enhanced expression (or activity) of the
enzymes involved in the detoxification of the active compound [2]. For
instance, glutathione S-transferase P1-1 is highly expressed in CCA
cells, and promotes cellular resistance to various xenobiotics (e.g.,
adriamycin, cisplatin, melphalan, cyclophosphamide) by catalyzing
their conjugation with reduced glutathione [133]. A large fraction of
anti-cancer drugs are DNA-damaging agents; therefore, the
optimization of DNA repair strategies also represents an efficient
mechanisms of chemoresistance [2]. In this regard, in CCA cells, the up-
regulation of uracil-DNA glycosylases, which initiates the base excision
repair pathway, is likely to underlie the acquired resistance to 5-
fluorouracil [134], whereas high expression of the p53-inducible
ribonucleotide  reductase  subunit M2B, which supplies
deoxyribonucleoside diphosphates throughout DNA repair, is
associated with decreased sensitivity to gemcitabine [135]. Regardless
of the nature of the primary cytotoxic insult, drug-induced cell death
typically results from the activation of the apoptotic machinery. Itis no
accident that in CCA cells, the balance between anti-apoptotic and pro-
apoptotic proteins is dramatically altered in favor of the former [2].
Anti-apoptotic factors that are frequently overexpressed or aberrantly
activated in CCA include Mcl-1 [136], XIAP [137], and survivin [138].
Mcl-1 is a member of the Bcl-2 protein family, upon which the intrinsic

apoptosis pathway is based. Specifically, Mcl-1 binds to the pro-
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apoptotic member Bak, thereby preventing its oligomerization and
activation. However, different intracellular stresses (e.g., trophic
factor withdrawal, DNA damage) can lead to the activation of BH3-only
proteins (e.g., Noxa, Bim, Puma), which effectively displace Bak by
competitively interacting with Mcl-1. Once unleashed, Bak
permeabilizes the outer mitochondrial membrane, thus allowing the
release of cytochrome c, which eventually triggers the activation of the
caspase cascade [139-141]. In this context, XIAP and survivin (also
called BIRC5) counteract cell death by inhibiting caspase activity
(notably, caspase-3, -7, and -9) [142]. Importantly, a defective
activation of the extrinsic apoptosis pathway, which is triggered by the
stimulation of cell surface death receptors (e.g., Fas receptor or CD95,
death receptor (DR)4) by cognate ligands (e.g., Fas ligand, TNF-related
apoptosis inducing ligand (TRAIL)), and in turn converges on caspase
activation, is also believed to underpin CCA chemoresistance [48]. It is
finally worth noting that, even where the drug cytotoxic mechanisms
cannot be intrinsically neutralized, chemoresistance may still be
acquired through an altered expression of molecular therapeutic
targets. For instance, in CCA cells, a decreased expression of ERs, and
an increased expression of thymidylate synthase can markedly
hampered the therapeutic effectiveness of tamoxifen and 5-
fluorouracil, respectively [2].

All these mechanisms of chemoresistance are fueled by

microenvironmental signals originating from either cancer or reactive
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stromal cells, which thus enable CCA cells to chronically avoid cell
death [48]. In addition to the already mentioned anti-apoptotic effects
of IL-6 and PDGF-BB, the aberrant activation of morphogenetic
signaling pathways is also crucial for the emergence of chemoresistant
phenotypes. For instance, the scarce sensitivity of CCA cells to different
chemotherapeutics (i.e., 5-fluorouracil, cisplatin, vincristine) was
found to largely rely on the overactivation of the Wnt/[-catenin
pathway, which is indeed responsible for the up-regulation of the
efflux pump P-glycoprotein [143]. Interestingly, both TAMs [95] and
MSCs [144] were identified as important contributors to the activation
of the Wnt/B-catenin axis in CCA cells and consistently, conditioned
medium from MSCs was found to endow CCA cells with enhanced
apoptosis resistance [144]. The overexpression of ABC transporters,
namely P-glycoprotein and MRP1, is also sustained by Notchl
signaling, whose down-modulation dramatically increased the
apoptotic rate of CCA cells upon 5-fluorouracil exposure [145]. Unlike
Wnt and Notch signaling, the oncogenic Hh pathway decreased the
sensitivity of CCA cells to TRAIL-mediated apoptosis by down-
regulating the expression of DR4 at the transcriptional and post-
transcriptional level [146,147]. Indeed, the Hh-related transcription
factor glioma-associated oncogene (GLI)3 can negatively modulate the
DR4 promoter activity [146], while DR4 mRNA is a direct target of
microRNA (miR)-25, whose expression is strongly promoted by Hh
signaling [147]. Of further interest, the Hh-related transcription
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factors GLI1 and GLIZ directly stimulate the expression of polo-like
kinase 2 (PLK2), a serine/threonine kinase classically involved in the
regulation of cell division. In CCA cells, PLK2 may also inhibit the
proteasomal degradation of Mcl-1, thereby further providing cells
with potent pro-survival signals [148]. Interestingly, the expression of
TRAIL in CCA cells can be transcriptionally down-modulated by the
Hippo pathway through its downstream effector yes-associated
protein (YAP), whose forced overexpression actually dampened the
induction of cancer cell apoptosis by Nutlin-3, a small molecule

supporting p53 activity [149].

3.2 Molecular mechanisms of cancer cell invasiveness

The acquisition of an invasive phenotype by cancer cells is a fist
and crucial step towards the development of metastases, which in CCA
represents a major hindrance to therapeutic success [46,150]. Cancer
cells need to be equipped with pronounced invasive properties in
order to degrade the surrounding basement membrane, detach from
the primary tumor mass, and easily move across the stroma towards
the blood and/or lymphatic vessels [150,151]. Basically, the
emergence of pro-invasive changes results from an aberrant and
incomplete rehash of an embryonic program known as epithelial-to-
mesenchymal transition (EMT), through which epithelial cells can
transdifferentiate into mesenchymal cells [63]. Regardless of the

background (i.e., morphogenesis, wound healing, cancer), the EMT
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program is ultimately driven by a set of master transcription factors,
notably Snail (or Snaill), Slug (or Snail2), Twist1/2 and ZEB1/2, which
directly repress the expression of cardinal epithelial genes, while
simultaneously inducing the de novo expression of mesenchymal
genes. For instance, a major outcome of the EMT-associated gene
expression reprogramming is the so-called “cadherin switch”, that is
the exchange of E-cadherin, the main constituent of adherens
junctions, for N-cadherin, which allows dynamic interactions among
invading cells. Importantly, upon E-cadherin down-regulation, -
catenin can be no longer retained at the membrane, and either is
degraded by the proteasome (in the absence of Wnt ligands) or enter
the nucleus to regulate gene expression (upon Wnt pathway
activation). The destabilization of adherens junctions occurs alongside
the repression of tight junctions proteins (e.g., occludin, claudins),
desmosomal proteins (e.g, desmoplakin), and polarity complex
proteins (e.g., Crumbs complex), overall leading to a definitive loss of
cell-cell adhesion and apical-basal polarity. In addition, the expression
pattern of integrins is deeply modified, and the cytoskeleton is
throughout remodeled, due to the down-regulation of cytokeratins
(CK) and the up-regulation of vimentin. The production of MMPs is
also greatly enhanced, thus enabling cells to massively degrade the
ECM [152,153]. The expression of prototypical EMT features by
neoplastic bile ducts is a well-established fact, generally predicting

metastatic behavior and poor survival [63,154]. CCA cells, especially
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those located at the invasive front, typically exhibit an elongated,
spindle-shaped morphology, and express high levels of N-cadherin,
vimentin, S100A4, and nuclear [3-catenin, and low levels of E-cadherin
and CK19. Overexpression of EMT master transcription factors is also
frequently observed [75,154,155].

Although there is still a long way to go, the molecular
mechanisms orchestrating this pro-invasive phenotypic switch are
gradually emerging. They rely on secreted factors permeating the
tumor microenvironment, as well as on aberrantly expressed
intracellular players that directly or indirectly interact with the EMT
machinery. For instance, TGF-B1 [156-160] and EGF-like family
members (notably, EGF and HB-EGF) [73,161-163] are prototypical
EMT inducers that are generally overexpressed by either CCA cells or
reactive stromal cells, and are well-known to provide malignant
cholangiocytes with strong migratory and invasive capabilities.
Similarly, TAM-derived TNF-a up-regulates the expression of Snail and
ZEB2 [100,101], and dramatically enhances the production of MMP-9
by activating focal adhesion kinase [164], and promoting the
expression of COX-2 [165]. Other pro-invasive microenvironmental
cues encompass IL-6 [166,167], SDF-1 [78,79,168-170], HGF
[171,172] and FGF-19 [173]. On the other hand, stochastic mutations
and oncogenic pathways may deleteriously impinge on the expression
or activity of several intracellular proteins and miRNAs that in turn can

potentially modulate the invasive potential of CCA cells. In this context,
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pro-invasive transcription factors such as Notch1 [145,174-177], YAP
[178], and sal-like protein (SALL)4 [179,180], which are typically up-
regulated in CCA, are suggested to play a prominent role. For example,
SALL4 may unleash the pro-metastatic PI3K/Akt and Wnt/(-catenin
pathways by down-regulating phosphatase and tensin homolog, a
negative regulator of Akt, and up-regulating BMI-1, an epigenetic
repressor of Wnt inhibitors [180]. Conversely, the E3 ubiquitin ligase
F-box and WD repeat domain-containing (FBXW)7 [181], and the
MAPK kinase kinase (MAP3K)4 [155] counteract the invasive
functions of CCA cells and consistently, are frequently down-regulated
in neoplastic bile ducts. FBXW7 keeps at bay the protein levels of its
direct target mTOR, which can otherwise induce EMT through ZEB1
up-regulation [181]; MAP3K4 triggers the activation of p38 MAPK,
which then prevents nuclear factor kB from entering the nucleus and

promoting Snail expression [155].
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Scope of the thesis

During my PhD studies, I sought to dissect the nature and the
biological relevance of the dense, multifaceted paracrine
communications between stromal and cancer cells in CCA, in an effort
to unveil the intimate molecular mechanisms driving tumor

progression.

Chapter 2: Leukemia inhibitory factor protects
cholangiocarcinoma cells from drug-induced apoptosis via a
PI3K/AKT-dependent Mcl-1 activation.

Leukemia inhibitory factor (LIF) is a pleiotropic cytokine
belonging to the IL-6 family, which can be secreted by both epithelial
and stromal cell types (e.g., fibroblasts, monocytes, macrophages), and
whose pro-oncogenic activity has been described in several human
cancers. Our aim was to investigate the role of LIF in the progression
of CCA, by evaluating the expression of LIF and its receptor in tumor
tissue and cell lines, and testing the effects of LIF on the hallmarks of
cancer, in vitro. In addition, we also intended to dissect the signaling

pathways triggered by LIF in CCA cells.
Chapter 3: Low-dose paclitaxel reduces S100A4 nuclear

import to inhibit invasion and hematogenous metastasis of

cholangiocarcinoma.
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EMT of cancer cells is a paramount process underlying
carcinoma invasion and metastasis, and is widely recognized as a
classic readout of tumor-stroma interactions. In a previous study, our
group has revealed that in CCA, nuclear expression of the EMT-related
protein S100A4 is both a powerful predictor of poor outcome, and a
mechanistic determinant of cancer cell invasiveness. In this work, we
aimed at clarifying the mechanisms underlying the pro-metastatic
activity of nuclear S100A4 in CCA cells, as well as the mechanisms
responsible for its nuclear import. Since studies from the early ‘90s
have described the ability of paclitaxel (PTX) to downregulate the
expression of S100A4 in mouse melanoma cells, we preliminary
assessed whether PTX could be useful in modulating the intracellular

levels of S100A4 in our cell lines.

Chapter 4: Platelet-derived growth factor D enables
cancer-associated fibroblasts to promote tumor
lymphangiogenesis in cholangiocarcinoma.

CAFs are recognized to play a major role in the induction of
lymphangiogenesis in several human cancers, mainly due to a broad
secretion of VEGFs. In a previous study, our group has identified PDGF-
DD as a paramount mediator of fibroblasts recruitment by CCA cells.
Interestingly, PDGF ligands, especially PDGF-BB, have been reported
to stimulate the production of VEGFs in a variety of cell systems,

including hepatic stellate cells and pulmonary fibroblasts. In this
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study, we therefore tested the hypothesis that PDGF-DD may also
endow CAFs with pro-lymphangiogenic functions. To this end, we
measured the secretion of various lymphangiogenic growth factors by
human fibroblasts upon PDGF-DD treatment (with a focus on the
intracellular pathways activated downstream of PDGFRf), and
evaluated the effects of conditioned medium from PDGF-DD-treated
fibroblasts on the behavior of LECs, in terms of motility and

tubulogenesis.
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ABSTRACT

Cholangiocarcinoma (CCA) is an aggressive, strongly chemoresistant
liver malignancy. Leukemia inhibitory factor (LIF), an interleukin 6
family cytokine, promotes the progression of various carcinomas. To
investigate the role of LIF in CCA, we first evaluated the expression of
LIF and its receptor (LIFR) in human samples. LIF secretion and LIFR
expression were then assessed in established and primary human CCA
cell lines. In CCA cells, we tested the effects of LIF on proliferation,
invasion, induction of a stem cell-like phenotype, and chemotherapy-
induced (gemcitabine+cisplatin) apoptosis. To dissect the intracellular
mechanisms activated in CCA cells in response to LIF, we evaluated the
expression levels of pSTAT3, pERK1/2, and pAKT, as well as of pro-
apoptotic (Bax) and anti-apoptotic (Mcl-1) proteins. LIF effect on
chemotherapy-induced apoptosis was further evaluated after LIFR
silencing and Mcl-1 inactivation. Results showed that LIF and LIFR
expression were higher in neoplastic than in control cholangiocytes. Of
note, LIF was also expressed by tumor stromal cells. LIF had no effects
on CCA cell proliferation, invasion, and stemness signatures, but it
effectively counteracted drug-induced apoptosis. Upon LIF
stimulation, decreased apoptosis was associated with both AKT
activation and Mcl-1 up-regulation, an effect abrogated by PI3K
inhibition. LIFR silencing and Mcl-1 blockade restored drug-induced
apoptosis. In conclusion, autocrine and paracrine LIF signaling

promotes chemoresistance in CCA by up-regulating Mcl-1 via a novel
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STAT3- and MAPK-independent, PI3K/AKT-dependent pathway.
Targeting LIF signaling may increase CCA responsiveness to

chemotherapy.

INTRODUCTION

Cholangiocarcinoma (CCA) is a highly aggressive cancer arising
from epithelial cells lining intrahepatic (iCCA) or extrahepatic (eCCA)
bile ducts. Although considered a rare tumor, incidence of CCA
(particularly of iCCA) has steadily increased over the last few decades
[1]. Despite this trend, treatment options remain limited to surgical
resection and liver transplantation, and the overall survival beyond a
year from diagnosis still remains less than 5% [1,2]. In fact, resection
can only be offered to a minority of patients (20-40%) because of a
propensity for early intrahepatic or lymph node metastatic
dissemination, whereas liver transplant is available only for carefully
selected cases in a few, highly-specialized liver centers [2,3]. Both
procedures are further complicated by high rates of recurrence [2,3].
For patients ineligible for surgery, palliation including radiotherapy,
photodynamic therapy or stenting to relieve biliary obstruction, may
provide some benefit [2,4]. Notably, chemotherapy is recognized as
largely ineffective, due to the high resistance of CCA cells to drug
cytotoxicity [5]. A recent study shows that combined administration of

gemcitabine (GEM) and cisplatin (CDDP) in the treatment of advanced
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CCA increases patient overall survival of about four months compared
with patients treated with GEM alone [6].

Although the mechanisms of chemoresistance in CCA are
poorly understood, the extensive desmoplastic reaction typical of CCA
has been suggested to play a role. In fact, the close interplay between
the tumor epithelium and surrounding stromal cells, especially cancer-
associated fibroblasts (CAF) and tumor-associated macrophages
(TAM), may endow CCA cells with several malignant properties,
including enhanced proliferation, motility, invasiveness, and
resistance to apoptosis [7,8]. Among the cytokines released within the
tumor microenvironment, interleukin (IL)-6 plays a pivotal role in CCA
pathogenesis, as a potent stimulator of cancer growth [9,10].

Leukemia inhibitory factor (LIF) is a pleiotropic pro-
inflammatory cytokine belonging to the IL-6 superfamily that is
secreted by a variety of epithelial and stromal cells (e.g., fibroblasts,
monocytes, macrophages, T-cells), albeit generally at very low levels
[11]. However, LIF secretion may be potently stimulated by various
pro-inflammatory cytokines, such as IL-6, IL-1 and tumor necrosis
factor (TNF)-a, leading to elevated serum LIF levels in cancer patients
[12,13]. LIF effects on cell functions are multifaceted, and still not
extensively detailed. These effects closely depend on cell maturity and
cell type, and may influence the balance between maintenance of
pluripotency and differentiation, as well as the balance between

proliferation and apoptosis [11,13,14]. Following LIF binding, the low-
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affinity LIF receptor (LIFR) dimerizes with glycoprotein (gp)130 to
form a high-affinity complex that transduces LIF signal through
different intracellular pathways, in particular Janus kinase (JAK)-
signal transducer and activator of transcription (STAT), mitogen-
activated protein kinase (MAPK), and phosphatidylinositol-3 kinase
(PI3K)/AKT pathways [15]. An increasing number of studies describe
LIF as an important player in the pathogenesis and metastatic spread
of various epithelial cancers [16-19]. Moreover, LIF and LIFR/gp130
were found to be expressed in the majority of 30 human carcinoma cell
lines of different origin. However, LIF effects on cancer cell behavior
were extremely variable, and often conflicting. For instance, LIF
promoted proliferation in breast and pancreatic carcinomas, but
triggered apoptosis in colon and gastric carcinomas. Of note, these
effects were strictly influenced by the signaling pathways activated
downstream of LIFR [20].

To date, very little is known about the role of LIF in CCA.
Therefore, in this study, we evaluated: 1) the distribution of LIF, LIFR,
and gp130 in human CCA liver tissue derived from surgical resection;
2) the secretion of LIF and the expression of LIFR in primary and
established human CCA cell lines; 3) the functional effects of LIF on
CCA cells with respect to: a) cell proliferation and invasion, b) cell
viability and apoptosis in response to the chemotherapeutic agents

currently used in CCA (GEM, CDDP), c) the induction of a stem cell-like
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phenotype; d) the expression of pro- and anti-apoptotic proteins; and

e) the downstream effectors of the signal transduction.

RESULTS

LIF, LIFR and gp130 were more extensively expressed by
neoplastic bile ducts compared to peritumoral tissue. Analysis of
histological sections from resected human CCA liver revealed a
significantly more extensive immunoreactivity of LIF (p<0.001) and
LIFR (p<0.001) (Table 1) on bile ducts in tumoral areas (Figure 14, 1C)
compared with matched, peritumoral tissue (Figure 1B, 1D). Bile ducts
of peritumoral areas were LIF-negative in all 12 samples, whereas
17/19 (89%) of neoplastic tissue contained LIF-positive bile ducts of
different degree (Table 1). Similarly, the tumor reactive stroma
surrounding the neoplastic bile ducts showed more extensive LIF
immunoreactivity than the peribiliary stroma in peritumoral tissue
(p<0.001) (Table 1). Immunofluorescence studies revealed that in the
tumor reactive stroma, LIF was expressed by inflammatory cells
(CD45-positive), likely including macrophages, lymphocytes and
neutrophils as evaluated by immunoperoxidase, as well as by CAF
(alpha smooth muscle actin (a-SMA)-positive) (Figure 1G, 1H). Only
4/12 peritumoral samples (33%) had extensive (>30%) LIFR staining
in bile ducts, whereas extensive LIFR positivity in neoplastic bile ducts
was presentin 17/19 (89%) CCA samples (Table 1). Gp130 expression
on bile ducts in CCA and peritumoral tissue paralleled that of LIFR
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(Figure 1E, 1F). By categorizing the CCA areas, a significantly higher
extent of LIF staining in ductular-like than in mucin-producing
tumoral bile ducts was determined (Supplementary Figure 14, 1C); in
contrast, no significant difference in the extent of LIFR staining was

found between the two CCA subtypes (Supplementary Figure 1B, 1C).

LIF
BILE DUCTS STROMAL CELLS
Score CCA Peritumoral CCA Peritumoral
1] 2 12 1 7
1 7 0 8 4
2 9 0 8 1
3 1 0 2 0
Total 19 12 19 12
LIFR
BILE DUCTS
Score CCA Peritumoral
0 1 2
1 1 6
2 5 3
3 12 1
Total 19 12

Table 1. Extent of LIF-positive and LIFR-positive bile ducts/stromal cells in CCA
and peritumoral areas of resected liver tissue sections. (0 = <5%; 1 = 5-30%; 2
=30-70%; 3 = >70% area of positive ducts).
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Peritumoral

Figure 1. LIF, LIFR and gp130 immunohistochemical expression in CCA and
peritumoral areas of human liver samples. In CCA bile ducts, the extensiveness of
LIF (A) expression was heterogeneously distributed among samples, whereas the
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staining of LIFR (C) and gp130 (E) was more homogeneous. In contrast, LIF (B), LIFR
(D), and gp130 (F) immunoreactivity was significantly less in bile ducts of matched
peritumoral tissues. By immunohistochemistry (A, black arrows and inset) and dual
immunofluorescence (G and H), we demonstrated that LIF (green) was also
extensively expressed by CD45-positive cells (red, G) and a-SMA-positive cells (red,
H) that juxtaposed neoplastic biliary structures. Original magnification: A-H, 200x;
insets, 400x.

LIFR protein expression was greater in CCA cells than in controls.
Relative amounts of LIFR protein obtained from primary and
established CCA cell lines and control cholangiocytes were evaluated
by Western blotting (WB). Although LIFR protein expression levels
were heterogeneous among CCA cells, the average level was 7 times

greater than that of controls (1.05 + 0.56 vs. 0.14 = 0.03) (Figure 2A).

LIF secretion by cholangiocytes was variable. Using ELISA, no
significant difference was found between the amount of LIF secreted
by primary neoplastic or control cholangiocytes (29.9 + 28.7 vs. 20.7 =
0.3 pg/mL). However, the amount of LIF secreted by primary CCA cells
was extremely variable, ranging from 0 to 95.7 pg/mL (Figure 2B).
Among the established CCA cell lines, HuCCT-1 (iCCA) and TFK-1
(eCCA) cells expressed LIFR and secreted LIF (Figure 2A, 2B), as
confirmed by immunofluorescence in cultured cells (Figure 2C, 2D).
Therefore, these cell lines were selected for subsequent in vitro
experiments. Data on LIFR expression and LIF secretion (obtained by

WB analysis and ELISA, respectively) were further confirmed by real-
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time PCR in established and primary CCA cell lines, as well as in control

cholangiocytes (Supplementary Figure 24, 2B).

A B
25 1 100 -
*
21 = 80
<1.5‘ :50
< S
€ 14 5 40 -
- o
“w
E? o - 0
0 0 T v

Primary Primary  Established Primary Primary  Established
controls CCA CCA controls CCA CCA

HuCCTA1 TFK1 HuCCT-1 TFKA1

Figure 2. LIFR and LIF expression in human primary and established CCA cell
lines. As evaluated by WB, LIFR protein levels were higher although variable in
primary (n = 7) and established (n = 3) CCA cell lines compared with control
cholangiocytes (n = 2) (A). Using ELISA, LIF was found to be secreted by both
neoplastic and control cholangiocytes, though with a large variability (B). Among the
established CCA cell lines, only HuCCT-1 and TFK-1 cells expressed LIFR (C) and LIF
(D), as shown by immunocytochemistry. Original magnification: 200x; *p<0.05 vs.
primary controls.

LIF did not promote proliferation and invasion of established CCA
cell lines, but it protected them from apoptosis induced by
chemotherapeutic agents. HuCCT-1 and TFK-1 cells challenged with

increasing doses of recombinant human (rh)LIF did not show any
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significant increase in the proliferative rate, except for a minimal
change with the lowest dose in TFK-1 cells (Supplementary Figure 4A,
4B). Additionally, no change in invasive functions was observed with
both CCA cell lines in response to rhLIF (Supplementary Figure 4E, 4F).
To understand whether LIF may stimulate CCA cell proliferation in an
autocrine fashion, thereby precluding further stimulation by
exogenous LIF, we performed an MTS assay in CCA cells with genetic
inactivation of LIFR. Upon transfection of 3 different siRNAs, the extent
of the reduction in LIFR expression in HuCCT-1 and TFK-1 cells was
evaluated by both real-time PCR and WB (Supplementary Figure 3).
Using the 2 most effective siRNAs (siRNA1 and siRNA2), the effect of
autocrine LIF on cell proliferation was evaluated by comparing
silenced cells with scrambled controls in the absence of rhLIF
treatment. No decrease in the proliferative rate was found in LIFR
silenced cells compared with scrambled controls (Supplementary
Figure 4C, 4D). We next turned at evaluating whether LIF can protect
CCA cells from the cytotoxic effects of chemotherapeutic drugs
currently used in the treatment of CCA. To this end, HuCCT-1 and TFK-
1 cells were treated with CDDP, GEM, and GEM+CDDP after a pre-
incubation with/without rhLIF, and their viability was then assessed
by MTS. A drug-induced decrease in cell viability by 34-89% and 23-
64% was observed in HuCCT-1 and TFK-1 cells, respectively (Table 2).
This cytotoxic effect was significantly counteracted by rhLIF, which

augmented cell viability by up to 69.0 + 36.7% in HuCCT-1 (Figure 3A)
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and 73.1 + 17.7% in TFK-1 (Figure 3B) cells. To understand whether
LIF-mediated cytoprotection relies on the ability of LIF to hinder
apoptosis, we assessed the levels of active caspases 3/7, whose up-
regulation is a hallmark of an ongoing apoptotic process. As expected,
a marked increase in the activation of caspase 3/7 was observed in
CCA cells exposed to GEM+CDDP. However, pre-treatment with rhLIF
significantly reduced caspases 3/7 activity by 24% in HuCCT-1 and
22% in TFK-1 cells compared with cells challenged with GEM+CDDP
in the absence of rhLIF pre-treatment (Figure 3C, 3D). The ability of
LIF to exert anti-apoptotic effects in CCA was further confirmed in cells
silenced for LIFR. Genetic inactivation of LIFR in cells exposed to rhLIF
resulted in an increased drug-induced activation of caspases 3/7,
comparable to that observed in cells without rhLIF pre-treatment

(Figure 3C, 3D).

GEM (30 uM) CDDP (17 pM) Mix
HuCCT-1 38.32+2.40 65.66 +4.10 10.87 + 1.07
TFK-1 62.03+7.21 77.16 +4.54 35.79+5.36

GEM, gemcitabine; CDDP, cisplatin; Mix, GEM + CDDP

Table 2. Percentage of viable CCA cells following a 24-hour treatment with
chemotherapeutic drugs normalized to untreated cells (MTS assay).
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Figure 3. Effects of rhLIF on cell viability and apoptosis of CCA cells challenged
with chemotherapeutic agents (GEM, CDDP, or GEM+CDDP). As evaluated by
MTS assay, the pre-treatment of HuCCT-1 (A) and TFK-1 (B) cells with rhLIF was able
to significantly counteract the cytotoxic effect of the chemotherapeutic agents, GEM,
CDDP and GEM+CDDP (Mix). As assessed by caspase GLO 3/7 assay, the activation of
caspases 3/7 in response to Mix in both CCA cell lines (C and D, pale gray columns)
was significantly reduced by the pre-treatment with rhLIF (100 ng/mL) (C and D,
black columns). In addition, the reduction of LIFR expression by two specific siRNAs
was able to abolish the anti-apoptotic effects of rhLIF (C and D, dark gray columns).
*p<0.05 vs. untreated; *p<0.01 vs. untreated; °p<0.05 vs Mix treatment; §p<0.05 vs.
Scr treated with Mix; n = minimum of 3 in duplicate.

LIF did not induce a stem cell-like phenotype in established CCA
cell lines. To evaluate whether the anti-apoptotic functions of LIF are
associated with the induction of a stem cell-like phenotype, as
described for LIF in malignant melanoma [17], we evaluated the gene

expression of two well-recognized stem cell markers, i.e. Nanog and
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Oct4, following rhLIF stimulation. However, no significant up-
regulation of either stem cell marker was detected in rhLIF-treated

cells compared to untreated cells (Supplementary Figure 54, 5B).

In CCA cells, LIF induced Mcl-1 up-regulation via PI3K/AKT,
without activating STAT3 or ERK1/2. To dissect the intracellular
signaling mediating the protective effect of LIF against drug-induced
apoptosis in CCA cells, the relative expression levels of pBax (pro-
apoptotic protein), Bcl-2, and Mcl-1 (anti-apoptotic proteins) were
analyzed by WB in rhLIF-treated HuCCT-1 and TFK-1 cells. Compared
with untreated cells, pBax levels remained unchanged (Supplementary
Figure 6A, 6B), whereas Mcl-1 levels significantly increased in both
CCA cell lines (Figure 4A, 4B). In contrast with pBax and Mcl-1, Bcl-2
was not expressed in either HuCCT-1 or TFK-1 cells (data not shown).
rhLIF did not induce any significant changes in the phosphorylation
levels of STAT3 (Figure 5A, 5B) or extracellular signal-regulated
kinase (ERK)1/2 (or p44/42 MAPK) (Figure 5C, 5D), two well-known
intracellular effectors of LIF [21], in either CCA cell line. In contrast,
rhLIF potently stimulated the phosphorylation of AKT (Figure 5E, 5F).
The key role of the PI3K/AKT axis in mediating LIF-induced Mcl-1 up-
regulation was revealed by treating CCA cells with LY294002, a
specific PI3K inhibitor, which significantly reduced Mcl-1 expression

in rhLIF-treated HuCCT-1 and TFK-1 cells (Figure 4C, 4D).
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In CCA cells, Mcl-1 inactivation abrogated the cytoprotective
effects of LIF against chemotherapy-induced apoptosis. To
understand whether Mcl-1 plays a central role in the LIF-dependent
protection of CCA cells from the cytotoxic effects of chemotherapeutic
drugs, we evaluated drug-induced apoptosis in HuCCT-1 and TFK-1
cells treated with the selective Mcl-1 inhibitor UMI-77. At our given
dosage (10 uM) [22], UMI-77 did not induce any change in cell viability
(data not shown), nor affect Mcl-1 expression in both cell lines (data
not shown). By caspase 3/7 activation assay, we showed that the
extent of apoptosis in GEM+CDDP-treated cells exposed to UMI-77 and
rhLIF was comparable to that observed in GEM+CDDP-treated cells
without rhLIF exposure (Figure 4C, 4D). Overall, these data point to a
Mcl-1-mediated anti-apoptotic effect of LIF against chemotherapy
toxicity in CCA, which occurs in a PI3K/AKT-dependent, STAT3- and

MAPK-independent manner.
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Figure 4. Mcl-1 up-regulation mediates the anti-apoptotic effects of rhLIF in
CCA cells. By WB, we found that rhLIF induced a significant up-regulation of Mcl-1
(anti-apoptotic protein) (A and B, black columns) in both HuCCT-1 (A) and TFK-1 (B)
cells compared with untreated cells. This effect was abrogated by the specific PI3K
inhibitor LY294002 (A and B, gray columns). Representative blots are shown below
each respective graph. Interestingly, the protective effect of rhLIF pre-treatment
against GEM+CDDP (Mix) cytotoxicity (C and D, black columns) was abolished by
UMI-77, a selective small molecule inhibitor of Mcl-1 (C and D, dark gray columns).
*p<0.05 vs. untreated; “p<0.01 vs. untreated; ¢p<0.01 vs. LIF 10 without LY294002;
°p<0.05 vs. LIF 100; §p<0.05 vs Mix treatment; §§p < 0.01 vs Mix treatment; n =
minimum of 3.
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Figure 5. rhLIF acts through a STAT3- and ERK1/2-independent, AKT-
dependent pathway. By WB, we showed that rhLIF did not modify the
phosphorylation levels of STAT3 (A and B) or ERK1/2 (C and D) in either HuCCT-1
(A and C) or TFK-1 (B and D) cell lines, but it significantly promoted the
phosphorylation of AKT (E and F) compared with untreated cells. Representative

blots are shown below each respective graph. *p<0.05 vs. untreated; n = minimum
of 3.

DISCUSSION
In this study, we investigated the role of LIF in CCA, a

malignancy with extremely poor prognosis, with a view to unveiling
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molecular mechanisms responsible for its peculiar aggressiveness,
possibly amenable to therapeutic intervention. We demonstrated that
in CCA, 1) LIF is de novo expressed both in the bile ducts (especially in
the ductular-like rather than in the mucin-producing subtype) and in
the stromal compartment; 2) its cognate receptor LIFR is selectively
up-regulated in neoplastic cholangiocytes; 3) LIF aids neoplastic
cholangiocytes to resist apoptosis induced by the chemotherapeutic
agents GEM and CDDP, without affecting cell proliferation, invasion or
the gain of stemness signatures; 4) anti-apoptotic effects of LIF are
largely mediated by Mcl-1, through activation of the PI3K/AKT
pathway, without the involvement of the conventional LIF
downstream effectors STAT3 and ERK1/2.

In CCA tissue, both cholangiocytes and stromal cells (CAF and
inflammatory cells) proved to be a source of LIF. Conversely, LIF was
not expressed by bile ducts in the peritumoral regions. In tumor
epithelia, LIF expression was heterogeneous, with a greater
extensiveness in areas exhibiting a ductular phenotype. These findings
are consistent with a recent study showing that LIF is overexpressed
in CCA in conjunction with oncostatin M, another IL-6 family member
that is closely related to LIF, with pleiotropic functions in cell
differentiation, proliferation and invasion [23]. In culture conditions,
we could confirm that LIF was variably secreted by CCA cells, in
keeping with the heterogeneous distribution observed in histological

specimens. Interestingly, LIF secretion may be induced by pro-
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inflammatory cytokines typically released by macrophages and
activated T-cells populating  the local inflammatory
microenvironment, such as TNF-a, IL-6, IL-1B and transforming
growth factor (TGF)-f, [12,13,25], as well as by hypoxia, which is a
typical feature of CCA [17]. Once secreted, LIF itself may induce the
expression of LIFR by malignant cells, thus stimulating a positive loop
[12,17]. Indeed, our immunohistochemical, WB, and real-time PCR
data showed that LIFR was selectively up-regulated in CCA bile ducts.
Of note, LIF receptor complex also consists of gp130, which, unlike
LIFR, can be expressed by every cell type within the human body [26].
Nevertheless, we verified the expression of gp130, and found that it
displayed a profile similar to LIFR. Overall, the de novo expression of
LIF and the up-regulation of its receptor in neoplastic bile ducts, along
with LIF overexpression in the tumor reactive stroma, indicate the
presence of autocrine and paracrine LIF-mediated mechanisms in CCA.
Znoyko et al. suggested that an autocrine LIF/LIFR axis is also active
in reactive ductules of cirrhotic livers, likely acting as an important
signal for ductular reaction [27]. It is interesting to note thatin our CCA
series, LIF expression was more prevalent in the tumoral areas
characterized by a ductular-like appearance, rather than by a mucin-
producing phenotype. These two specific iCCA phenotypes have been
recently proposed to originate from topographically distinct
cholangiocyte subpopulations, i.e. the major hilar ducts for the mucin-

producing form, and the smaller ducts associated with hepatic
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progenitor cells for the ductular-like variant [28]. Further studies are
warranted to understand whether LIF expression may indeed
represent a signature of an iCCA subtype arising from hepatic
progenitor cells.

Despite the observation that LIF was prevalently expressed in
the ductular-like areas of CCA, we found that LIF did not exert any
proliferative or pro-invasive effects in CCA cells. The effects of LIF on
neoplastic cells are highly variable, and its failure to stimulate
proliferation or invasiveness has been already reported in other
epithelial cancers [20]. The nature of the functional effects of LIF in
different cancer cell types is actually dependent upon the signal
transduction pathways that may be activated downstream of its
receptor [11]. Our data illustrate that LIF enabled CCA cells to
overcome apoptosis induced by GEM and CDDP, which have been
recently proposed in the treatment of advanced CCA [6]. In CCA cells
that were exposed to GEM+CDDP, LIF could enhance their viability by
up to 73% compared with LIF-untreated cells. In accordance with
these findings, LIF was able to hamper the increase of active caspases
3/7 induced by GEM+CDDP by 22-24% in both CCA cells. Of note,
activation of caspase 3/7 is a fundamental step initiating the cascade
of events ultimately leading to apoptotic cell death. The relevance of
LIF signaling in conferring anti-apoptotic properties upon CCA cells
was confirmed by the restoration of GEM+CDDP cytotoxicity when

LIFR was silenced.
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To study the mechanisms underlying the resistance to drug-
induced apoptosis mediated by LIF, we first evaluated the possible
involvement of LIF in inducing a stem cell-like phenotype in CCA cells.
Cancer stem cells have an unlimited capacity for self-renewal, and an
impressive capacity for drug resistance. Therefore, their activation in
CCA may largely account for the failure of current chemotherapies. LIF
has been recently reported to regulate the expression of stemness-
related transcription factors, including Nanog and Oct4, in malignant
melanoma [17]. Importantly, Nanog and Oct4 are recognized as
inducers of a stem cell-like phenotype in multiple types of human
cancer, and their expression was found to correlate with resistance to
gemcitabine or cisplatin treatment [29,30]. However, in our
experimental conditions, LIF failed to modulate their gene expression
levels, implying that its anti-apoptotic functions are unlikely to be
related to a dedifferentiation of CCA cells to a cancer stem cell
phenotype. Therefore, we turned to study the balance between pro-
apoptotic and anti-apoptotic proteins of the Bcl-2 family. The anti-
apoptotic Bcl-2 family member Mcl-1 is known to act as a critical
survival factor in both hematogenous and solid tumors, and is
currently regarded as a major oncogene [31]. Importantly, its
expression has been widely documented in both normal and malignant
cholangiocytes [32]. In this study, we demonstrated that Mcl-1
expression by CCA cells can be further augmented by LIF treatment,

whereas the expression of the pro-apoptotic protein pBax remained
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unchanged, suggesting that this dysregulation may be responsible for
apoptosis evasion induced by LIF. JAK/STAT3, MAPK and PI3K are
common downstream effectors of LIFR [15,16,33], and they have all
been reported to mediate the IL-6-induced Mcl-1 up-regulation in CCA
cells [9,10,33]. In our model, LIF was unable to significantly alter the
levels of either pSTAT3 or pERK1/2. Conversely, LIF stimulation
increased the expression of pAKT in both CCA cell lines, and treatment
of CCA cells with LY294002, a specific PI3K inhibitor, effectively
prevented LIF from up-regulating Mcl-1. This demonstrates that the
positive modulation of Mcl-1 expression in CCA cells is dependent
upon PI3K/AKT activation, as reported in breast cancer [16],
nasopharyngeal carcinoma [18], and rhabdomyosarcoma cells [34].
Pro-survival effects of LIF have also been reported in colorectal cancer
cells, where LIF can negatively regulate the tumor suppressor p53
through a STAT3-dependent pathway [35]. In our experimental
conditions, Mcl-1 inactivation by UMI-77 restored the sensitivity of
CCA cells challenged with LIF to chemotherapeutic agents. This finding
is in accordance with recent data indicating that maritoclax, a similar
selective inhibitor of Mcl-1 triggering its proteosomal degradation, is
able to enhance apoptosis induction by the small-molecule Bcl-2
inhibitor ABT-737 in melanoma cells [36].

Overall, our results indicate that in CCA, LIF signaling may be a
critical mechanism promoting cancer growth and progression. In fact,

LIF is able to protect CCA cells from chemotherapy-induced apoptosis,
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via a STAT3- and MAPK-independent, PI3K/AKT-dependent Mcl-1 up-
regulation. The pro-oncogenic effects of LIF rely on its broad secretion
by both cancer and reactive stromal cells, as well as on the aberrant
expression of its receptor by neoplastic bile ducts (Figure 6). In
particular, these pro-oncogenic effects are prominent in the ductular-
like areas of iCCA. Importantly, LIF-mediated paracrine effects
highlight the ability of the tumor reactive stroma to promote
therapeutic resistance in epithelial cancers with abundant
desmoplasia. Since our histological samples were obtained from
patients undergoing surgical resection, and in our center
chemotherapy is only reserved for those with advanced CCA (which
generally do not perform histological evaluation), correlating
LIF/LIFR expression with clinical data was not possible in the present
study. However, we demonstrated that the downstream effectors of
LIF signaling could represent innovative molecular targets amenable
to therapeutic modulation, with a view to increasing CCA

responsiveness to conventional chemotherapy.
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Figure 6. The working model illustrating the molecular mechanisms
underlying the protective effects of LIF against chemotherapy in neoplastic
cholangiocytes. In CCA cells, LIFR is up-regulated under the influence of LIF
released by both neoplastic cholangiocytes themselves (autocrine loop) and reactive
stromal cells, such as CAF and TAM (paracrine loop). When LIFR dimerizes with
gp130, LIF signaling is transduced through the PI3K/AKT pathway to increase the
expression levels of the anti-apoptotic protein Mcl-1, which confers resistance
against chemotherapeutic agents by hampering the activation of caspases 3/7.
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MATERIALS AND METHODS

Tissue samples. Formalin-fixed, paraffin-embedded sections of
surgically resected CCA liver from 19 patients were included in the
immunohistochemical study and compared with the corresponding
peritumoral areas where available (n = 12). The patients were
predominantly male (12/19), with a median age of 64 years (min 35;
max 81), and 63% (12/19) were iCCA. CCA areas were then
categorized as ductular-like or mucin-producing according to Komuta

[28].

Cell lines. Three established human CCA cell lines were used: EGI-1,
TFK-1 (both eCCA, purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen, DSMZ, Germany), and HuCCT-1
(iCCA, from Health Science Research Resource Bank, HSRRB, Japan),
along with primary biliary cell preparations obtained from surgically
resected human iCCA liver samples (n = 7), as previously described
[37]. Human cholangiocytes isolated from liver explants of alcoholic
liver cirrhosis (n = 2) served as controls. All specimens were reviewed
by the same dedicated pathologist (AF) to confirm diagnosis. Local
regional ethical committee approval was obtained for tissue collection

and cell preparations.
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LIF, LIFR and gp130 expression in tissues. By
immunohistochemistry, we evaluated the expression of LIF, LIFR and
gp130 in bile ducts and the stroma, in both neoplastic and matched
peritumoral areas. Further details are provided in the supplementary
section. The extent of immunoreactivity was scored by two
independent observers (SDM, MC) as: 0 = < 5%; 1 = 5-30%; 2 = 30-
70%; 3 = > 70% area of positive cells, as previously reported [38]. In
selected tissue specimens, dual immunofluorescence for LIF and «a-
SMA (myofibroblast marker) or CD45 (inflammatory cell marker) was
performed to assess the specific contribution of different stromal cell

types to LIF production.

LIF and LIFR expression in cells. To evaluate whether
immunohistochemical findings were consistent with in vitro data, LIF
and LIFR expression was then assessed in cultured cholangiocytes by
immunocytochemistry. LIFR protein expression was also assessed by
WB in both established and primary CCA cell lines. Furthermore, gene
expression of LIF and LIFR in CCA cell lines was evaluated by real-time

PCR. Further details are provided in the supplementary section.
LIF secretion by cultured cholangiocytes. The supernatants of CCA

and control cholangiocytes cultured for 24 h at a density of 5x10* were

analyzed for the presence of secreted LIF using an ELISA kit, according
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to the supplier's instructions (Raybiotech, Milan). For each

experiment, a LIF standard curve was generated.

Cell proliferation. HuCCT-1 and TFK-1 cells were cultured at a
density of 1x104 for 48 h with/without exposure to increasing doses
(0.1, 1, 10, 100 ng/mL) of recombinant human LIF (rhLIF,
R&DSystems). Proliferation activity was assessed by MTS assay
according to the supplier's instructions (CellTiter 96 AQueous One

Solution Cell Proliferation Assay, Promega).

Cell viability. MTS assay was also used to assess whether LIF (24 h
pre-treatmentat0.1, 1, 10, 100 ng/mL) affected the viability of HuCCT-
1 and TFK-1 cells in response to a 24 h treatment with cisplatin, 17 uM
(CDDP; Sigma-Aldrich) [39] and gemcitabine, 30 uM (GEM; Sigma-
Aldrich) [40], either alone or in combination (GEM+CDDP).

Stem cell-like phenotyping. Real-time PCR was used to assess LIF
effect (100 ng/mL) on Nanog and Oct4 gene expression. RNA was
isolated from cultured cells, as previously described [41]. Further

details are available in the supplementary section.
Cell invasiveness. The invasiveness of HuCCT-1 and TFK-1 cells was

assessed by Boyden chamber assay, as previously described [42].

Methodology is detailed in the supplementary section.
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Downstream effectors of LIF signaling in CCA cells. After exposure
of HuCCT-1 and TFK-1 cells to rhLIF (10, 100 ng/mL) for 15 min
(STAT3, pSTAT3, ERK1/2, pERK1/2, AKT, pAKT) or 24 h (Bax, pBax,
Bcl-2 and Mcl-1), the expression level of different proteins of interest
was evaluated by WB (see the supplementary section). To unravel the
pathway regulating Mcl-1 expression, its protein expression was also
measured in CCA cells pre-treated with the PI3K chemical inhibitor
LY294002 (10 uM, Sigma) [43] for 10 mins, and then treated with
rhLIF plus LY294002 for 24 h.

Activation of caspases 3/7. HuCCT-1 and TFK-1 cells were seeded
into a 96-well plate at a density of 1x10* per well with/without rhLIF
(100 ng/mL) for 24 h, prior to treatment with GEM+CDDP for 12 h. The
luminescence-based solution Caspase-Glo 3/7 (Promega) was then
used to assess activation of caspases 3/7. Luciferase reaction was

evaluated using a microplate reader (BMG Labtech).

Mcl-1 inactivation. Apoptotic response following GEM+CDDP
treatment, assessed as described above (i.e., activation of caspases
3/7), was also evaluated upon Mcl-1 inhibition in HuCCT-1 and TFK-1
cells. We used a novel, selective, small molecule inhibitor of Mcl-1,
UMI-77 (10 uM), for 24 h [22]. Antagonism of Mcl-1 by UMI-77 does
not rely on the down-regulation of its expression, but on the ability of

UMI-77 to block the heterodimerization of Mcl-1 with pro-apoptotic
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members of the Bcl-2 family, including Bax and Bak [22, 44].
Specifically, the inhibitory effect of UMI-77 is related to its binding to
the BH3-binding groove of Mcl-1.

Silencing of LIFR. Gene silencing was performed using commercially
available siRNAs against LIFR, and scramble RNA was used as a control
(Life Technologies). HuCCT-1 and TFK-1 cell lines were transfected
using Lipofectamine 2000 transfection reagent (Life Technologies).

Further details are provided in the supplementary section.

Statistical analyses. Results are shown as the mean #* standard
deviation. Statistical comparisons were made using Student's t-test.
Statistical analyses were performed using SPSS 20.0 software (IBM

Corp.). A p value < 0.05 was considered significant.
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SUPPLEMENTARY MATERIALS AND METHODS

Immunohistochemistry and immunofluorescence. For
immunohistochemical staining, after deparaffinization, sections were
rehydrated in alcohol and endogenous peroxidase activity was
quenched with methanol containing 3% H202 for 30 mins. Antigen
retrieval was performed by steam-heating the slides for 20 mins in
either 10 mmol/L citrate buffer (pH 6) for LIF or 1.27 mM
ethylenediaminetetraacetic acid buffer (pH 8) for LIFR and gp130.
Blocking was achieved wusing UltraVision protein block
(ThermoScientific) for 8 mins. The sections were incubated with
primary antibodies against LIF (1:50, Santa Cruz), LIFR (1:80, Santa
Cruz) and gp130 (1:25, Santa Cruz) overnight at 4°C. After rinsing with
phosphate-buffered saline 1M (PBS) supplemented with 0.05%
Tween20 (PBS-T; both Sigma), slides were incubated for 30 mins at
room temperature with EnVision horseradish peroxidase (HRP)-
conjugated secondary antibody (DAKO). All antibodies were diluted in
PBS. Specimens were developed using 3,3-diaminobenzedine

tetrahydrochloride 0.04 mg/mL (Sigma) with H202 0.01% diluted in
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PBS and counterstained with Gill's Hematoxylin N°2 (Sigma).
Specimens were analyzed with an Eclipse EB00 microscope (Nikon)
and LuciaG 5.0 software (Nikon), and images were collected with a
digital camera (Nikon, DS-U1). For immunofluorescence, sections
were deparaffinized and rehydrated as described above. Antigen
retrieval was performed as above using 10 mmol/L citrate buffer (pH
6). Blocking was achieved as above. The sections were incubated with
primary antibodies against LIF (1:50, Santa Cruz), and CD45 (1:300,
DAKO) or a-SMA (1:100, DAKO) overnight at 4°C. Slides were then
incubated for 30 mins at room temperature with the respective
secondary Alexa Fluor 488- or 594-conjugated antibody (1:500, Life
Technologies) and mounted with Vectastain + DAPI (Vector

Laboratories).

Immunocytochemistry. After fixation with 4% paraformaldehyde
(Carlo Erba), cells were incubated overnight at 4°C with primary
antibodies against LIF (1:100), and LIFR (1:100). After washing with
PBS-T, the cells were incubated for 30 mins at room temperature with
the appropriate Alexa Fluor 488 secondary antibody (1:500, Life

Technologies) and then mounted with Vectastain + DAPL.

ELISA for LIF quantification. Cells were seeded into a 24-well plate

at 5 x 10% per well. After 24 h, supernatants were harvested, stored at
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-80°C and then the ELISA was developed according to the supplier

(RayBiotech). A calibration curve was generated for each experiment.

Western blotting (WB). Equal concentrations of total lysate obtained
from cultured cells were electrophoresed on a 4-12% NuPAGE®
Novex Bis-Tris gel (Life Technologies) and proteins were transferred
to a nitrocellulose membrane (Life Technologies). The membrane was
then blocked with 5% non-fat dry milk (Euroclone) in Tris-buffered
saline (TBS) supplemented with 0.1% Tween-20 (TBS-T) for 1 hour
and then incubated overnight at 4°C with rabbit anti-LIFR (1:1000,
Santa Cruz), rabbit anti-Bax (1:500, Santa Cruz), rabbit anti-
phosphorylated Bax (pBax) (1:1000; Bioss), rabbit anti-B-cell
lymphoma (Bcl)-2 (1:500, Santa Cruz), rabbit anti-myeloid cell
leukemia (Mcl)-1 (1:1000, Cell Signaling), rabbit anti-STAT3, rabbit
anti-phosphorylated STAT3 (pSTAT3) (both 1:1000, Cell Signaling),
rabbit anti-AKT (1:1000, Cell Signaling), rabbit anti-phosphorylated
AKT 1/2/3 (pAKT) (1:1000, Santa Cruz), rabbit anti-ERK1/2 (1:1000,
Cell Signaling), and rabbit anti-phosphorylated ERK1/2 (pERK1/2)
(1:1000, Cell Signaling). As a reference protein, mouse anti-GAPDH
(1:10000, Santa Cruz) was used. The membrane was washed 3 times
with TBS-T before incubation with goat anti-mouse (1:2000, Sigma) or
goat anti-rabbit (1:2000, Bio-Rad) HRP-conjugated secondary
antibodies for 1 hour. Proteins were visualized using enhanced

chemiluminescence (SuperSignal West Pico, Thermo Scientific).
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Stem cell-like phenotyping. Briefly, untreated and rhLIF-treated
(100 ng/mL for 24 hours) HuCCT-1 and TFK-1 cells were homogenized
in 1 mL TRIzol® Reagent (Life Technologies). Template
complementary DNA was obtained by reverse transcription using 0.5
ug of total RNA, Superscript II reverse transcriptase (Life
Technologies), random hexamers (50 pmol), and oligo-dT primers
(100 pmol) (Promega). Relative transcript levels were quantified
using Tagman gene expression probes for human Nanog and Oct4 (Life
Technologies) and the real-time PCR was performed on an ABI 7500
thermocycler (Applied Biosystems). The relative expression of each

gene was normalized against that of GAPDH.

Gene expression of LIF and LIFR. Using the same approach described
for stem-cell phenotyping, we quantified the relative expression levels
of LIF and LIFR in established and primary CCA cell lines using specific
Tagman gene expression commercially available probes (Life

Technologies).

Cell invasiveness. Briefly, 5 x 104 cells were re-suspended in serum-
free medium and seeded over a polyvinylpyrrolidone-free
polycarbonate, 8 pm-pore membrane (Transwell, Costar) coated with
50 pg/mL Matrigel, within a Boyden microchamber. The lower
chambers contained serum-free medium with/without rhLIF (10, 100

ng/mL). After 48 h, cells on the upper surface of the membrane were
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removed with a cotton swab whilst cells that adhered to the lower
surface were fixed and stained using a Diff-Quick Staining Set (Medion
Diagnostics); ten random fields of each membrane were photographed

to count the number of clearly discernible nuclei.

Silencing of LIFR. Gene silencing of LIFR was performed using
commercially available siRNAs against LIFR; scramble RNA served as
a control (both Life Technologies). HuCCT-1 and TFK-1 cell lines were
transfected using 20 pM of siRNA and Lipofectamine 2000 transfection
reagent (Life Technologies) 24 h after plating. Transfection efficiency

was assessed by WB and real-time PCR for LIFR.
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SUPPLEMENTARY FIGURES
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Supplementary Figure 1. Extensiveness of LIF and LIFR expression in ductular-
like and mucin-producing areas of CCA. LIF expression was more extensive in
ductular-like than in mucin-producing CCA bile ducts (A), whereas no significant
difference in LIFR staining was observed between the two CCA phenotypes (B).
Representative micrographs illustrating LIF and LIFR staining in sequential sections
of mucin-producing (upper panels) and ductular-like (lower panels) CCA areas are
shown (C). Original magnification: 200x; *p<0.05.
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Supplementary Figure 2. LIFR and LIF gene expression quantification in
human primary control and neoplastic cholangiocytes, and established CCA
cell lines. To confirm data obtained by WB and ELISA, the gene expression of LIFR
(A) and LIF (B) was assessed in primary (n = 7) and established (n = 3) CCA cell lines,
and in control cholangiocytes (n = 2) by real-time PCR. The results show increased
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Supplementary Figure 3. Effects of siRNA on LIFR expression in CCA cells. The
ability of three different siRNAs (siRNA1, siRNA2, and siRNA3) to suppress LIFR
expression was evaluated by both WB and real-time PCR in HuCCT-1 (A and C) and
TFK-1 (B and D) cells. All siRNAs induced a pronounced reduction in protein (A and
B) and mRNA levels (C and D) of LIFR. Therefore, siRNA1 and siRNA2 were selected
for the experiments on cell proliferation (shown in Supplementary Figure 4C, 4D)
and drug-induced cytotoxicity (shown in Figure 3C, 3D).
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Supplementary Figure 4. LIF did not affect cell proliferation and invasion of
HuCCT-1 and TFK-1 cells. By MTS assay, we found that HuCCT-1 (A) and TFK-1 (B)
cells challenged with rhLIF at increasing doses did not show any relevant change in
cell proliferation, except for a minimal increase with the lowest dose in TFK-1
("p<0.01 vs. LIF 0; n = 3 in duplicate). Interestingly, in the absence of rhLIF
stimulation, LIFR silencing did not reduce cell proliferation of HuCCT-1 (C) and TFK-
1 (D) cells compared with scrambled cells, thus ruling out a possible constitutive
activation of cell proliferation triggered by autocrine LIF. Additionally, no effects
were observed on cell invasion with either HuCCT-1 (E) or TFK-1 (F) cells upon LIF
stimulation, as assessed in Boyden chamber assays (n = minimum of 3). Micrographs
of representative fields of invaded cells in response to medium alone or LIF
supplementation are illustrated. Original magnification: 100x.
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Supplementary Figure 5. rhLIF did not increase gene expression of Nanog and
Oct4 in HuCCT-1 and TFK-1 cells. By real-time PCR, we found that rhLIF
stimulation (100 ng/mL) was unable to change Nanog and Oct4 mRNA levels in
HuCCT-1 (A) and TFK-1 (B) cells (n = 3).
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Supplementary Figure 6. Effects of rhLIF on Bax phosphorylation in CCA cells.
By WB, we showed that rhLIF did not modify pBax:Bax ratio (pro-apoptotic) in either
HuCCT-1 (A) or TFK-1 (B) cells compared with untreated cells. Representative blots
are shown below each respective graph (n = 3).
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ABSTRACT

Nuclear expression of the calcium-binding protein S100A4 is a
biomarker of increased invasiveness in cholangiocarcinoma (CCA), a
primary liver cancer with scarce treatment opportunities and dismal
prognosis. In this study, we provide evidence that targeting S100A4
nuclear import by low dose paclitaxel (PTX), a microtubule stabilizing
agent, inhibits CCA invasiveness and metastatic spread.
Administration of low dose PTX to established (EGI-1) and primary
(CCA-TV3) CCA cell lines expressing nuclear S100A4 triggered a
marked reduction in nuclear expression of S100A4 without modifying
its cytoplasmic levels, an effect associated with a significant decrease
in cell migration and invasiveness. While low dose PTX did not affect
cellular proliferation, apoptosis or cytoskeletal integrity, it
significantly reduced SUMOylation of S100A4, a critical
posttranslational modification that directs its trafficking to the
nucleus. This effect of lose dose PTX was reproduced by ginkolic acid,
a specific SUMOylation inhibitor. Downregulation of nuclear S100A4
by low dose PTX was associated with a strong reduction in RhoA and
Cdc42 GTPase activity, MT1-MMP expression and MMP-9 secretion. In
a SCID mouse xenograft model, low dose metronomic PTX treatment
decreased lung dissemination of EGI-1 cells without significantly
affecting their local tumor growth. In the tumor mass, nuclear S100A4
expression by CCA cells was significantly reduced, whereas rates of

proliferation and apoptosis were unchanged. Overall, our findings
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highlight nuclear S100A4 as a candidate therapeutic target in CCA and
establish a mechanistic rationale for the use of low dose PTX in

blocking metastatic progression of cholangiocarcinoma.

INTRODUCTION

Cholangiocarcinoma (CCA), a malignancy arising from either
the intrahepatic or the extrahepatic bile ducts, still carries a severe
prognosis. CCA is responsible for the 10-20% of deaths related to
primary liver tumors [1]. In the Western countries, its incidence is
steadily increasing in the last decades [1,2], but, unfortunately, the
prognosis of CCA has not changed, with less than 5% of patients
surviving up to 5 years from diagnosis [1]. At the time of diagnosis, less
than 30% of patients are eligible for surgical resection or liver
transplantation, the only potentially curative strategies. Thus, in 70%
of patients the stage is advanced, because of the tumor invasiveness
and early extrahepatic dissemination. Furthermore, success of
curative treatments is hindered by the high rate of recurrence, with a
5-year survival after resection around 20-40% [3]. Combined cisplatin
and gemcitabine therapy, the current standard of care for advanced
CCA, increases patient’s overall survival by less than four months with
respect to gemcitabine alone [4]. The lack of effective treatments
reflects the deep gap in knowledge on the molecular mechanisms

underlying CCA invasiveness. Better understanding of these
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mechanisms is needed to predict the invasiveness of the individual
tumor and to devise molecular targeted therapy [5].

Among the biomarkers of increased tumour invasiveness,
S100A4 has drawn particular attention in the last few years. S100A4,
a low molecular weight, cytoskeleton-associated calcium-binding
protein, is normally expressed by mesenchymal (mostly fibroblasts
and macrophages), but not by epithelial cells. S100A4 may handle
different functions depending upon its cellular localization. When
localized in the cytoplasm, it may interact with cytoskeleton and
plasma membrane proteins (including actin, non-muscle myosin-IIA
and -IIB, p53, liprin-f1, methionine aminopeptidase-2) [6], thereby
contributing to the regulation of cell proliferation, survival,
differentiation, as well as cell reshaping and cytoskeletal
rearrangement. When translocated to the nucleus, S100A4 may act as
transcription factor for several genes, including those encoding
adherence junction proteins, thus controlling cell motility [7]. A
number of studies have shown that S100A4 is a marker of poor
prognosis in breast and colon cancers [7,8]. We have shown that in
CCA patients undergoing surgical resection, nuclear expression of
S100A4 in tumor cells is a strong, independent prognostic marker of
poor outcome in terms of both metastasization and tumor-related
death [9]. Furthermore, S100A4 lentiviral silencing significantly
reduced motility and invasive capabilities of CCA cells [9], suggesting

that nuclear expression of S100A4 is not merely a marker of cancer
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invasiveness, but is a key determinant of the metastatic phenotype of
CCA.

Aim of this study was to understand the mechanisms by which
nuclear S100A4 induces an invasive phenotype in CCA and the
mechanism regulating nuclear translocation of S100A4. Unfortunately,
mechanisms governing S100A4 expression in the nucleus remain
elusive, and there are no strategies to selectively target S100A4
nuclear import. In planning our experiments, we came across studies
from the early ‘90s showing that paclitaxel (PTX) was able to reduce
the expression of S100A4 in the B16 murine melanoma cells [10,11].
PTX is a semisynthetic derivative of taxol, a natural diterpene alkaloid,
isolated from the bark of Taxus brevifolia. Because of its anti-
proliferative and pro-apoptotic effects, PTX is currently used in
chemotherapy protocols for the treatment of ovary, lung, thyroid and
breast carcinomas [12]. Our study shows that low dose PTX inhibits
tumor invasiveness and hematogenous metastases by blocking

SUMOylation-dependent S100A4 nuclear import in CCA.

MATERIALS AND METHODS

Human established and primary CCA cell lines. The S100A4-
expressing established CCA cell lines, EGI-1 (both in the nucleus and in
the cytoplasm) and TFK-1 (only in the cytoplasm), both obtained from
extrahepatic CCA [9], were purchased from Deutsche Sammlung von

Mikroorganismen und Zellkulturen (DSMZ, Germany). The primary
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CCA cell line CCA-TV3 was isolated from a human sample derived from
surgical resection of an intrahepatic mass-forming CCA, histologically
categorized as cholangiocellular carcinoma (grading G3), performed in
Treviso Regional Hospital (MM, TS) as described [13]. Local regional
ethical committee approval was obtained for tissue collection and cell
preparation. Cultured cells were grown in RPMI1680 supplemented
with 10% FBS and 1% penicillin at 37°C in a 5% CO2 atmosphere, and
then frozen at low passages (<5). After any resuscitation, cell
authentication was performed by checking morphology and by
evaluating their immunophenotype as characterized by our previous
studies [9,13], including cytokeratin (K)-7, K19, EpCAM (clone
HEA125), E-cadherin, B-catenin and S100A4. Following experiments
were run in cultured cells with <20 passages. Mycoplasma

contamination was excluded using a specific biochemical test (Lonza).

Treatment with PTX. In all experiments, cultured CCA cells were
seeded and grown for 24h (otherwise differently indicated) before
exposure for 24h to PTX at low doses (1.5 and 15nM, diluted in DMSO,
Sigma), except for assessment of cell proliferation, viability, apoptosis
and cytoskeletal integrity, where high doses (150 and 1500nM) were

further tested. Untreated CCA cells served as controls.

Expression of S100A4. Differential expression of S100A4 was

evaluated in cytoplasmic and nuclear cell fractions by Western blotting
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(WB) using the same primary antibody (DAKO, 1:2000) and the NePer

Kit (Pierce) as detection system, as already performed by us [9,13].

Membrane-type 1 (MT1) matrix metalloproteinase (MMP)
expression. MT1-MMP expression was evaluated by WB in total lysate
of EGI-1 before and after PTX treatment using an anti-MT1-MMP
monoclonal antibody (Millipore, 1:500). The membrane expression
levels of MT1-MMP were then evaluated by assessing the fluorescence
intensity profile on cultured cells in five random fields for each

experiment [14]. See supplemental section for details.

Cell proliferation and cell viability. They were evaluated by BRDU
(GE healthcare) and MTS (Promega) respectively, while cell apoptosis
was assessed by immunofluorescence for cleaved caspase-3 (Cell

Signaling). See supplemental section for details.

Cytoskeletal integrity assessment. In PTX-treated CCA cells, actin
filaments were stained by Alexa Fluor 488-conjugated phalloidin
(Invitrogen), and then the percentage of cells showing a damaged
cytoskeleton on the total cultured cells, was evaluated [15]. In
additional experiments, we assessed the expression of 3-tubulin by
WB in EGI-1 cells before and after exposure to PTX at different doses,
in microtubule fractions purified by ultracentrifugation (Cytoskeleton

Inc).
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Cell migration (wound healing) assay. See supplemental materials

for details.

Cell invasion (Boyden chamber) assay. It was performed as

previously described [9,13].

Rho-A, Rac-1 and Cdc-42 GTP levels. See supplemental section for
details.

MMP-9 secretion. Since ELISA assessed both pro and active MMP-9
forms (RayBiotech), we performed gelatin zymography in EGI-1 with
and without PTX treatment to see whether MMP-9 was actually active.

See supplement for details.

SUMOylation assay. CCA cells were seeded in a 6-well plate and let to
grow until confluence, before exposure to PTX. Cell lysates were
prepared using Cellytic (Sigma) and 200l (1mg/ml) were loaded into
column coated with VIVAbind SUMO matrix (VivaBioscience), to
capture SUMOylated proteins. SUMOylated protein fraction was then
eluted and analyzed by WB (1:1000). Amount of SUMOylated S100A4
was then related to that of total S100A4 (flow through) and compared

with controls.
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SUMO E1, E2, and E3 enzyme expression. In CCA cells cultured and
exposed to PTX as before, expression levels of the three enzymatic
subunits, E1 (activating enzyme), E2 (conjugating enzyme) and E3
(ligase), involved in SUMO modification, were measured by Real-Time
PCR using specific probes (LifeTechnologies) and compared to

untreated cells.

Effects of ginkolic acid (GA) on S100A4 nuclearization, and on CCA
cell viability and migration. Selected effects of GA, a well-established
SUMOylation inhibitor, on nuclearization of S100A4 (by WB), cell
viability (by MTS assay) and migration (by wound healing assay) of
CCA cells were studied and compared with PTX. Given the toxicity of
GA, a preliminary dose-response experiment of cell viability was run
treating EGI-1 with increasing concentrations of GA (1, 10, 100uM) for
72h [16].

Xenotransplantation experiments in severe combined immune-
deficient (SCID) mice. EGI-1 (500.000 cells suspended in PBS 100pul)
were injected into the spleen of SCID mice (6-8 weeks old; Charles
River Laboratories), after transduction with a lentiviral vector
encoding the firefly luciferase gene to enable detection of tumor
engraftment by in vivo bioluminescence imaging. Tumor engraftment
was checked at weekly intervals using the Living Image® software

(Xenogen), and considered positive when reaching an average of at
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least 103 p/sec/cm?/sr, according to our previous studies [9,13]. CCA
cells injected intrasplenically are delivered straight into the liver
through the portal venous axis, giving rise to orthotopic CCAs.
Procedures involving animals and their care were conform to the
institutional guidelines that comply with national and international
laws and policies (EEC Council Directive 86/609, O] L 358, December
12, 1987), and approved by the Ethical Committee of the University of

Padua.

Low dose metronomic (LDM) PTX treatment of SCID mice
xenotransplanted with human EGI-1 cells. Once tumor engraftment
was confirmed by bioluminescence imaging (time 0), we started
metronomic infusion of PTX (diluted in a 50%/50% solution of
Cremophor EL (BASF) and ethanol (Carlo Erba) (vehicle)) for 2 weeks
at the dosage of 2.6mg/kg/die by i.p. injection using micro-osmotic
pumps (Alzet 1004, Durec). Mice were randomly divided into 2
experimental groups: a) controls (vehicle only, n=14); b) LDM PTX
(n=10). After the first week of treatment, mice were checked by
bioluminescence imaging (time 1) to detect metastatic spread, as
previously performed [9,13]. At the end of treatment (time 2), after a
further bioluminescence analysis, mice were anesthetized and
sacrificed for necroscopic examination and sample harvesting from
spleen (to evaluate the tumor mass at the site of injection) and lungs

(to evaluate hematogenous metastases). Tissue samples were fixed in
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buffered formalin and embedded in paraffin for immunohistochemical

analysis. The xenograft model is illustrated in Supplementary Fig. 1A.

Assessment of the tumor growth in the site of engraftment. The
tumor growth in the site of injection was evaluated in paraffin-
embedded sections obtained from the tumor-bearing spleen, collected
at the time of sacrifice. The tumor mass area was measured using an

electronic caliper and expressed in mm?2.

Metastasis analysis. Serial sections from 10 different cutting plans at
a 200um-interval were taken from lungs of sacrificed mice and stained
by H&E (Supplementary Fig. 1B). In the same section,
immunohistochemistry for human mitochondria (1:100, Millipore)
was performed to detect two different types of metastatic invasion,
isolated tumor cells (ITC), represented by single cells or small clumps
up to 5 cells, and micro metastases (MM), larger clusters containing
more than 5 cells [17-19]. Immunohistochemistry for human
mitochondria provides a useful tool to improve human cancer cell
detection in xenograft models. The metastases were expressed as total
number of human mitochondria-expressing cells in the 10 cutting

plans.

Immunohistochemistry for S100A4, p-Hist3 and CC3 in SCID mice

spleen specimens. See supplemental section for details.
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Statistical analysis. In vitro experiments. Results were shown as the
mean * standard deviation (SD). Statistical comparisons were made
using Student’s t-test. Statistical analyses were performed using SPSS
20.0 software (IBM Corp.). A 2-tailed p value <0.05 was considered
significant. In vivo experiments. Continuous data were shown as
mean+SD, and categorical data as counts and percentages.
Distributions of tumor size, number of MM and ITC in lung samples
were graphically displayed by box plots and scatter dot plots
comparing the two groups (PTX vs vehicle). One-sample Kolmogorov-
Smirnov test was used to check distributions for normality, while
Levene's statistic for homogeneity of variances. Mean differences
between the two groups were analyzed with the two independent
samples t-test or Welch's test, according to distributions
characteristics. Welch's t-test is an adaptation of Student's t-test and is
more reliable when the two samples have unequal variances and
unequal sample sizes. Data were collected and reviewed in Microsoft
Excel, and statistical analysis was performed using SPSS 20.0 software.

All 2-tailed p<0.05 were considered statistically significant.

RESULTS

Low dose PTX decreased expression of S100A4 in the nucleus but
not in the cytoplasm of EGI-1 and primary CCA cell lines. As
previously shown [9], EGI-1 cells constitutively expressed S100A4 in

the nucleus, and therefore represent a good model to study the effects
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of its nuclear down-modulation. Treatment with low dose PTX (1.5 and
15nM) induced a significant and marked reduction in S100A4 nuclear
expression (of about 60 and 80%, with respect to controls,
respectively) (Fig. 1A), without modifying its cytoplasmic expression
(Fig. 1B). This finding was further confirmed in primary CCA cell lines
(CCA-TV3) obtained from a surgical sample similarly expressing
S100A4 in the nucleus; PTX induced a dose-dependent reduction in the
nuclear levels of S100A4 of 38% (1.5nM) and 62% (15nM) as
compared with controls, again without affecting the cytoplasmic

fraction (Fig. 1C,D).
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Figure 1. Low dose PTX reduced nuclear but not cytoplasmic S100A4
expression in established (EGI-1) and primary (CCA-TV3) CCA cell lines.
Treatment with PTX at low doses (1.5, 15nM) induced a significant reduction in the
nuclear (A and C) but not in the cytoplasmic S100A4 content (B and D), with respect
to controls, in both cell lines. Below each column plot, representative blots of S100A4
together with histone H3 and GAPDH (markers of nuclear and cytoplasmic fractions,
respectively), are shown (n=5 for EGI-1; n=3 for CCA-TV3). *p<0.05 vs Ctrl, **p<0.01
vs Ctrl.

Low dose PTX reduced cell motility and invasiveness of EGI-1 and
primary CCA cell lines, without affecting cell proliferation, cell
viability and apoptosis. Following exposure to PTX at 1.5 and 15nM,
both EGI-1 (Fig. 2A) and CCA-TV3 cells (Supplementary Fig. 2A)
showed a significant dose-dependent reduction in cell motility,
compared with controls. Cell motility and cell invasiveness of EGI-1
and CCA-TV3 were also significantly reduced in a dose-dependent
manner by low dose PTX (Fig. 2B and Supplementary Fig. 2B,
respectively). Interestingly, by comparing PTX 1.5 and 15nM effects on
CCA cells, we found that the degree of cell motility inhibition paralleled
the extent of S100A4 nuclear reduction (Fig. 2ZA-B). In contrast, low
dose PTX did not induce significant change in cell proliferation (Fig. 3A
for EGI-1, Supplementary Fig. 3A for CCA-TV3), cell viability (Fig. 3B
for EGI-1, Supplementary Fig. 3B for CCA-TV3) and apoptosis (Fig. 3C
for EGI-1, Supplementary Fig. 3C for CCA-TV3). Cell proliferation,
viability and apoptosis were instead strongly affected by high dose
PTX (Fig. 3A-C, Supplementary Fig. 3A-C) in both CCA cell lines. These

data indicate that in CCA cells, nuclear expression of S100A4 exerts
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clear pro-motile and pro-invasive effects, without influencing the

proliferation/apoptosis balance.
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Figure 2. Low dose PTX reduced motility and invasiveness of EGI-1 cells. In the
wound healing assay, cell motility of EGI-1 significantly decreased in a dose-
dependent fashion, following PTX 1.5 (dotted line) and 15nM (dashed line) exposure,
compared with controls (continue line) (n=12) (A). In Boyden chambers coated with
Matrigel, the same PTX dose regimens significantly attenuated the invasive
properties of EGI-1, with respect to controls (n=6) (B). Representative images of
scratch and transwell filter are shown below their respective plot. *p<0,05 vs Ctrl;
**p<0.01 vs Ctrl.
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Figure 3. In contrast with high doses, low dose PTX did not affect cell
proliferation, viability, and apoptosis of EGI-1 cells. Effects of low dose PTX (1.5,
15nM) on cell proliferation (BRDU incorporation, A), viability (MTS assay, B), and
apoptosis (CC3 immunofluorescence, C) were evaluated in EGI-1 and compared with
effects of higher doses (150, 1500nM) and with untreated cells. In contrast with the
highest doses, these cell activities were not affected by low dose PTX (n=6 in all
experiments). **p<0.01 vs Ctrl.

Low dose PTX reduced Rho-A and Cdc-42 activation and MMP-9
secretion in EGI-1 cells. To better understand the mechanisms
promoting cell motility and invasiveness dependent upon S100A4
nuclearization, we turned to study the effects of low dose PTX on the
activity of small Rho GTPases, the expression of MT1-MMP and the
secretion of MMP-9. Small Rho GTPases are key effectors of cell

motility by inducing the formation of stress fibers (Rho-A),
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lamellipodia (Rac-1) and filopodia (Cdc-42) [20]. MMP-9 on the other
hand, is a proteolytic enzyme secreted by many cancer cell types: it
potently stimulates matrix degradation, facilitating the invasive
migration of tumoral cells from the primary site of growth [21]. Its
activation depends upon the expression of membrane-anchored MMP,
particularly of MT1-MMP, whose expression at the surface of cancer
cells is critical for breaking the basement membrane [22]. Since EGI-1
phenocopied the behavior of primary CCA-TV3 cell line, the following
experiments were performed in EGI-1 only. As compared with
controls, EGI-1 treated with low dose PTX showed a significant
reduction in Rho-A (Fig. 4A) and Cdc-42 (Fig. 4B) GTP levels, but not
in Rac-1 (Supplementary Fig. 4). As evaluated by WB and
immunofluorescence on cultured EGI-1, MT1-MMP expression
significantly decreased after PTX treatment (inhibition of 40 and 46%
with 1.5, and of 50 and 49% with 15nM, for WB and
immunofluorescence, respectively) (Fig. 4C-D). Similarly, MMP-9
secretion and activation were inhibited by challenging CCA cell
cultures with PTX, as shown by ELISA (inhibition of 57% with 1.5, and
of 72% with 15nM) and gel zymography (Fig. 4E-F).
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Figure 4. Low dose PTX inhibited Rho-A and Cdc-42 GTP levels, together with
MT1-MMP expression and MMP-9 secretion. By G-LISA assay, low dose PTX (1.5,
15nM) significantly reduced Rho-A (A) and Cdc-42 (B) GTP levels in EGI-1, with
respect to controls (n=3, in duplicate). Low dose PTX strongly inhibited MT1-MMP
expression (WB, C), specifically on its membrane localization (fluorescence intensity
profile, D) (n=3, for both experiments). Low dose PTX blunted both secretion (ELISA,
E) (n=5, in duplicate) and activation (gelatin zymography, F) of MMP-9. *p<0.05 vs
Ctrl, **p<0.01 vs Ctrl.

Low dose PTX did not induce cytoskeletal damage in EGI-1 cells.
S100A4 is normally associated to cytoskeletal fibers. To study if low
dose PTX altered cytoskeletal integrity, we performed phalloidin
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fluorescence in dose-dependent experiments, ranging from 1.5-15nM
to 150-1500nM. In contrast with high dose PTX, which induced actin
fiber changes (shortening, thickening, fragmentation often leading to
dense coiling, accumulating in the perinuclear area) in 16% (150nM)
and 32% (1500nM) of cultured EGI-1, more than 90% of cells treated
with low dose PTX showed preserved cytoskeletal structure
(Supplementary Fig. 5). These data indicate that effects of low dose
PTX on cell motility and invasiveness are not due to a cytoskeletal
damage. Next, we sought to understand the mechanisms regulating the

nuclear import of S100A4.

PTX selectively reduced the SUMOylation fraction of S100A4, a
critical mechanism for cell invasiveness of EGI-1 cells. Post-
translational modification by small ubiquitin-like modifier (SUMO) of
target proteins is an important mechanism directing their intracellular
shuttling. We showed that EGI-1 contained much higher amounts of
SUMOylated S100A4 than TFK-1, a CCA cell line expressing S100A4
only in the cytoplasm, where instead un-SUMOylated S100A4 was
detected (Supplementary Fig. 6A). Furthermore, after treatment with
low dose PTX, EGI-1 showed a marked reduction selectively in the
SUMOylated fraction of S100A4 as compared with controls, whereas
the S100A4 unSUMOylated levels remained unchanged (Fig. 5A).
SUMO inhibition by PTX was not associated with decreased mRNA

expression levels of the three SUMO E components of the SUMOylating
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complex (Supplementary Fig. 6B-D). To study if inhibition of
SUMOylation halted cell invasive capabilities, EGI-1 were treated with
GA, a specific natural inhibitor of the E1 subunit. Preliminary dose-
response experiments to assess toxicity levels of GA on EGI-1 cells
identified 1uM as the dose devoid of effects on cell viability (not
shown), and therefore used onwards. Consistent with our hypothesis,
GA significantly reduced cell motility of EGI-1 with respect to controls
(Fig. 5B), an effect associated with a significant reduction (37%) in the
nuclear expression of S100A4 of an extent comparable to PTX 1.5nM,

without affecting the cytoplasmic levels of S100A4 (Fig. 5C,D).
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Figure 5. SUMOylation of S100A4 was modulated by low dose PTX and led
motility and S100A4 nuclear import in EGI-1 cells. By SUMOylation assay, EGI-1
exposed to PTX 1.5 and 15nM showed a stark reduction in the amount of SUMOylated
S100A4 compared with controls, without changes in the total amount of un-
SUMOylated S100A4 protein (flow through) (A). PTX effects were reproduced by
ginkolicacid (GA, 1pM), a specific SUMOylation inhibitor, which significantly reduced
EGI-1 cell migration (B, dotted line, n=12). This effect was associated with a
significant decrease in the nuclear S100A4 (C) compared with controls, whilst the
cytoplasmic fraction was unaffected (D). Below each column plot, representative
blots of S100A4 together with histone H3 (nuclear marker) and GAPDH (cytoplasmic
marker), are shown (n=6). *p<0.05 vs Ctrl.

PTX treatment reduced lung metastasization but not the tumor
growth at the site of injection in the experimental model of CCA.
Altogether, the in vitro data suggest that the SUMOylation-dependent
nuclear import of S100A4 is indeed a mechanistic determinant of the
invasive phenotype of CCA cells, which can be inhibited by PTX at nM
doses without altering the cytoskeletal integrity, as well as the
proliferation and/or apoptosis activities. To test in vivo whether
targeting nuclear S100A4 by low dose PTX is therapeutically relevant
to reduce CCA invasiveness, we moved to the experimental model of
CCA generated by EGI-1 cell xenotransplantation in the SCID mouse
[9,13]. To reproduce the small nM doses of PTX able to hamper S100A4
nuclear entry in CCA cells in vitro, alow dose metronomic regimen was
chosen for drug infusion in xenografted mice (LDM PTX). To assess
specific effects on cancer invasiveness, the treatment was started upon
successful EGI-1 cell engraftment as confirmed by bioluminescence

imaging (on average 29.75%4.53 days after intrasplenic injection).
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Notably, before starting LDM PTX, the levels of photon emission were
comparable between the two groups. With respect to control animals,
LDM PTX did not significantly reduce neither photon emission from
the spleen through the treatment time (Supplementary Fig. 7A,B), nor
the size of the splenic tumor mass at the time of sacrifice
(Supplementary Fig. 7C). Immunohistochemistry in tissue sections
obtained from the tumor mass confirmed that LDM PTX was effective
in decreasing S100A4 expression in the nucleus of engrafted EGI-1
cells compared with controls (Fig. 6A), however, the expression of p-
Hist3 (proliferation marker) and CC3 (apoptosis marker) did not
significantly differ between LDM PTX-treated and control mice (Fig.
6B,C). These findings indicate that LDM PTX reproduces the down-
modulating effects on S100A4 nuclear expression by EGI-1 shown in
vitro, without causing a dysregulation in the proliferation/apoptosis
balance of CCA cells. In contrast, LDM PTX significantly halted
metastatic dissemination. Immunohistochemistry for human
mitochondria revealed that both ITC and MM in the lung were
significantly reduced by PTX treatment (Fig. 7A,B). These data further
prove the functional impact of S100A4 nuclear expression on CCA
biology as mechanism specifically driving hematogenous

metastasization, without stimulating tumorigenesis.
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Figure 6. LDM PTX reduced nuclear S100A4 expression without affecting
proliferation and apoptosis of xenotransplanted EGI-1 cells, in vivo. Nuclear
immunoreactivity for S100A4 was significantly reduced in the tumor mass at the site
of injection (spleen) of LDM PTX-treated mice (n=10) with respect to vehicle-treated
controls (n=14) (A). Conversely, LDM PTX did not modify neither cell proliferation
(immunohistochemistry for p-Hist3, B) nor apoptosis (immunohistochemistry for
CC3, C) in the splenic mass compared with controls. Representative micrographs of
spleen sections immunostained for S100A4, p-Hist3 and CC3 are shown in the right
side of the plot (immunoperoxidase; A, M=100x; B, C, M=200x; insets, M=200x).
**p<0.01 vs Ctrl.
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Figure 7. LDM PTX inhibited lung metastatic colonization of EGI-1 cells, in vivo.
A significant reduction in the number of both ITC (A) and MM (B) was found in
treated mice (n=10) with respect to controls (n=14). Representative micrographs of
ITC and MM (black arrows) derived from EGI-1 cell dissemination to the lung
parenchyma after xenograft in SCID mice undergoing LDM PTX and in controls,
identified by the specific immunoreactivity for human mitochondria, are shown
below their respective dot plot. *p<0.05 vs Ctrl; Immunoperoxidase; original
magnification, M=400x (ITC), M=200x (MM).

DISCUSSION

An unmet need in CCA, as in other malignancies whose dismal
prognosis relates to limited therapeutic approaches, is the
development of biomarkers able to identify patients most likely to take
advantage of curative treatments. Biomarkers may also represent
disease-relevant targets for therapeutic interventions [9]. Our
previous studies showed that nuclear expression of S100A4 in cancer
cells of resected CCA (nearly a half) identified a more invasive clinical

phenotype, characterized by increased metastasization and reduced
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survival after surgery [9]. Of note, a worse prognosis after surgery was
still observed even when S100A4 nuclear expression was scattered,
limited to less than 30% of the neoplastic ducts [9]. The aim of the
present study was to understand the mechanisms by which nuclear
expression of S100A4 promotes cancer invasiveness, and to elucidate
the mechanism regulating nuclear translocation of S100A4. We also
wanted to understand if these mechanisms are putative target for
therapeutic intervention.

We initially found that PTX given in vitro at low doses (1.5 and
15nM) was able to effectively and selectively down-regulate S100A4
expression in the nucleus of CCA cells, leaving cytoplasmic expression
unaffected. Then, by combining in vitro and in vivo techniques, we
showed that: a) PTX-induced down-regulation of nuclear S100A4 was
associated with a reduction in motility and invasiveness of CCA cells,
in activity of Rho-A and Cdc-42, and in secretion of MMP-9; b) at the
doses able to down-regulate nuclear expression of S100A4, PTX did
not affect cell proliferation, apoptosis, and cytoskeletal architecture; c)
the nuclear translocation of S100A4 was regulated by SUMOylation, a
post-translational mechanism that was affected by PTX; d) in SCID
mice xenografted with human nuclear S100A4-expressing CCA cells,
down-regulation of nuclear S100A4 by LDM PTX was associated with
a reduction in hematogenous metastasization.

The biological functions of S100A4 are largely unknown. They

depend on its interacting partners, which are mainly located in the
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cytoplasm, where S100A4 is commonly expressed. In the nucleus,
interacting partners have not been characterized yet, opening the
possibility that nuclear S100A4 may act independently as
transcription factor [7].

Earlier studies showed that in mouse melanoma cells, taxol at
conventional doses, reduced the total amount of S100A4, an effect
associated with maintenance in the GO phase of the cells and increased
expression of p53 [10,11]. We initially found that in CCA cells, low
doses of PTX (1.5-15nM) induced a marked reduction in S100A4
selectively in the nucleus, without altering its cytoplasmic expression.
This effect, obtained in an established CCA cell line (EGI-1) was
reproduced in a primary CCA cell line derived from a patient
undergoing surgical resection. The nuclear down-regulation of
S100A4 was biologically relevant since it associated with a strong
inhibition of the motile and invasive properties displayed by CCA cells
in culture. Interestingly, at the same small doses, PTX did not exert
anti-proliferative and pro-apoptotic functions, nor it affected cell
viability or the integrity of the actin cytoskeletal filaments of cultured
CCA cells. All these cytotoxic effects were instead induced by PTX at
higher doses (150-1500nM), coupled with pronounced anti-
proliferative and pro-apoptotic activities, in line with the mechanism
of action supporting the current indications of PTX for the
chemotherapeutic treatment of several aggressive carcinomas, from

ovary, to breast and thyroid cancer [23,24]. The lack of pro-
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proliferative stimuli when S100A4 translocates into the nucleus has
been recently shown also in colorectal cancer cells [25]. In this study,
although S100A4 translocated into the nucleus in a cell cycle-
dependent fashion, being most prominent in the G2/M phase,
lentiviral silencing of nuclear S100A4 did not induce changes in cell
proliferation. Our findings are consistent with these observations, and
confirm that nuclear S100A4 confers specific pro-invasive functions.
Among putative molecular players mediating the effects of
nuclear S100A4 on cell motility and invasiveness, we focused on the
small G proteins (GTPases) belonging to the Rho family and on matrix
metalloproteinases (MMPs). The small Rho GTPases are recognized as
key effectors able to activate invasion and metastasis programs
[20,26]. In EGI-1 cells, inhibition of SI00A4 nuclear import by low dose
PTX significantly reduced the activation of Rho-A and Cdc-42. In cancer
cells, Cdc-42 is one of the factors involved in the formation of
specialized plasma-membrane actin-based microdomains combining
adhesive properties with matrix degrading activities, called
invadopodia, which support cancer invasion by dismantling the
basement membrane and then by invading the stromal environment
mostly composed of fibrillar type I collagen. A main component of
invadopodia is the transmembrane metalloproteinase MT1-MMP,
whose function is essential for the in situ to invasive carcinoma
transition in breast cancer [14]. MT1-MMP promotes the activation of

several soluble MMPs, such as MMP-2 and MMP-9. Our data indicate
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that EGI-1 cells constitutively expressed MT1-MMP and MMP-9, but
not MMP-2, and when exposed to low dose PTX, they showed a
significant dose-dependent reduction in the surface expression of
MT1-MMP along with the ability to secrete MMP-9. Interestingly, the
interplay between Rho-A and Cdc-42 regulates the delivery and
accumulation of MMPs at the invading surface [27]. Furthermore, since
MMP-9 secretion can be also modulated by the activation of the Rho-
A/ROCK signaling [21], and the membrane translocation of MT1-MMP
is directly regulated by Cdc-42 [28], we suggest the cooperation of
Rho-A/MMP-9 and Cdc-42/MT1-MMP pathways to form invadopodia
activated by nuclear S100A4.

Cytoskeletal damages induced by PTX, a well-established
depolymerizing agent [29], could in theory influence the nuclear
translocation of S100A4. From this point of view, it is important to
underline that structural cytoskeleton alterations were absent with
low dose PTX, in contrast with what coherently observed with high
dose PTX. The mechanisms regulating S100A4 entry into the nucleus
remain enigmatic. Notably, S100A4 does not possess nuclear docking
sites or nuclear import sequences. In human chondrocytes,
nuclearization of S100A4 was induced by IL-13 through a
SUMOylation-dependent mechanism [30]. SUMOylation is a post-
translational mechanism similar to ubiquitination, operated by SUMO
proteins, and involved in several biological functions, including

protein stability, DNA repair, cell cycle regulation, apoptosis, nuclear
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transport and gene transcription [31]. The SUMOylation processes are
catalyzed by three enzymes, SUMO E1, E2 and E3, acting as pacemaker
of the cascade reaction leading to the modification of their substrate
protein [32]. Components of the SUMOylation machinery have been
found deregulated in several human cancers, and are emerging as
relevant players in tumour invasiveness and in epithelial-
mesenchymal transition [33]. We found that EGI-1 (expressing
S100A4 the nucleus) contained higher amounts of SUMOylated
S100A4 with respect to TFK-1 (expressing S100A4 only in the
cytoplasm). Then, in EGI-1 treated with low dose PTX, down-
regulation of nuclear S100A4 was associated with a significant, dose-
dependent reduction in the S100A4 SUMOylated fraction, without
changes in the un-SUMOylated subset. These effects occurred without
affecting the expression levels of E1, E2, E3 subunits of the
SUMOylating complex, thus suggesting a functional inhibitory
mechanism, similar to GA. GA is a natural compound derived from
Gingko biloba that specifically inhibits the first step of the
SUMOylation reaction by directly binding E1 and inhibiting the
formation of the E1-SUMO intermediate [16]. Of note, also the
reduction in nuclear levels of S100A4 induced by GA significantly
inhibited EGI-1 cell motility, to an extent comparable to PTX. This
observation confirms the relevance of SUMOylation in mediating the
pro-oncogenic functions of S100A4 when translocated into the

nucleus.
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To translate the results of the in vitro experiments, we turned
to an experimental model of CCA generated by xenotransplantation of
human EGI-1 cells into the spleen of SCID mice, as we performed in
previous studies [9,13]. Because of its short half-life [34], PTX was
administered to xenografted SCID mice with a LDM infusion.
Continuous delivery of PTX by LDM ensured the achievement of
constant low concentrations of PTX comparable with the small doses
used for the in vitro experiments [34]. To evaluate specific effects on
tumor invasion, LDM PTX was started only after human CCA cell
engraftment was confirmed by bioluminescence imaging. At the end of
treatment, histological evaluation of the splenic tumor showed in the
LDM PTX-treated group, a significant reduction in the amount of
nuclear S100A4-expressing EGI-1 cells. In line with what observed in
vitro, down-regulation of S100A4 was not associated with reduced
tumour cell proliferation (p-Hist3) or with increased apoptosis (CC3)
of CCA cells. Therefore, our experimental model is ideal to study if
pharmacologic targeting of nuclear S100A4 is a useful strategy to
inhibit invasiveness and metastasization. We found that LDM PTX did
not affect the growth of the tumor at the site of injection, but caused a
significant reduction in both ITC and MM in the lungs, where EGI-1
cells metastatise following a hematogenous route through the portal
vein and the hepatic veins. This finding is of great clinical value,

because the lung is the site most frequently involved in the
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extrahepatic progression of CCA, fostered by a specific mechanism of
vascular encasement by tumor cells [5].

It is important to underline that PTX may exert additional
functions not related to modulation of S100A4 nuclear transport that
potentially may contribute to its anti-invasive effects. These are largely
dependent upon PTX ability to promote microtubule polymerization
and stabilization, which inhibits mitosis and leads to apoptosis. While
these mechanisms of action are well evident at the conventional doses,
at the much lower doses used in the current study, they do not seem to
occur. Recent studies performed in ovarian carcinoma cells indicate
that alternatively, PTX may inhibit the expression of other critical
molecular factors of tumor progression, such as hypoxia-inducible
factor-1a and vascular endothelial growth factor [35].

In conclusion, this study unveils a specific role of SUMOylation-
dependent nuclear import of S100A4 in CCA on hematogenous
metastasization. The small GTPases Cdc-42 and Rho-A, in concert with
MT1-MMP and MMP-9, are the molecular effectors mediating the pro-
invasive functions promoted by S100A4 nuclearization. Bearing in
mind the potential toxic effects of PTX in patients with overt cirrhosis
and cholestasis [36], these mechanisms represents a promising
therapeutic target aimed at preventing metastatic dissemination after

detection of the tumor.
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SUPPLEMENTARY MATERIALS AND METHODS

Cell apoptosis. Since in some treatments with rapid cytotoxicity,
reduction in mitochondrial activity does not affect cell survival and
therefore, analysis of cell viability by MTS might underestimate the
number of dead cells, cell apoptosis was assessed by
immunofluorescence for cleaved caspase 3 (CC3, 1:500, rabbit, Cell
Signaling) and then developed. Results were expressed as percentage
of cells with positive cytoplasmic staining for CC3 on the total number
of cells, in 20 random fields taken at 200x magnification, by two

independent observers (MC, LS) as previously described [9].
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Cell migration (wound healing) assay. CCA cell lines were seeded in
a 6-well plate, grown until confluence, and then starved for 24h. Each
cell monolayer was scratched three times with a sterile p200 tip, and
three micrographs were taken at t=0h for each wound. Then, on the
same scratched area, micrographs were taken again at 24h and 72h to
measure the distance between the wound margins using LuciaG 5.0
software (Nikon), and expressed by normalizing each time point to

t=0h [9,13].

Membrane-type 1 (MT1) matrix metalloproteinase (MMP)
expression. To assess the membrane expression levels of MT1-MMP,
immunofluorescence staining was analyzed using the LuciaG 5.0
software (Nikon). After selecting a region of interest between two
adjacent tumor cells, the relative labeling intensity was evaluated on
either red (MT1-MMP, red line) or blue (DAPI, nuclei, blue line)
channels, and the higher peak of red fluorescence was measured

(Supplemental Fig. 4B).

Activity of Rho-A, Rac-1 and Cdc-42 GTPase. CCA cells were seeded
and cultured for three days to reach at least the 70% of confluence to
assess Rho-A and Rac-1 GTP levels, and the 20-30% of confluence for
Cdc-42 GTP levels. Then, confluent cells were exposed to PTX, and
proteins were extracted to perform the G-LISA assay according to the

supplier (Cytoskeleton Inc.).
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MMP-9 secretion. Fifty-thousand cells were seeded on a 24-well plate
and then treated with PTX. Supernatant was harvested, stored at -
80°C, and ELISA performed to quantify both the pro and the active
MMP-9 forms (RayBiotech).

Gelatin zymography assay. One hundred pg of total protein lysate
was loaded on each well of a 10% Tris-Glycine + 0.1% Gelatin gel
(LifeTechnologies) and proteins were run for 90mins using a Tris-
Glycine Buffer. Gels were then incubated with renaturing buffer for
30min at room temperature (LifeTechnologies), and incubated in
developing buffer (LifeTechnologies) for 4h at 37°C. Finally, gels were
stained for 30min with Coomassie Brilliant blue (Bio-Rad) and

pictures were taken using the Gel Logic 100 Imaging System (Kodak).

Immunohistochemistry for S100A4, p-Hist3 and CC3 in SCID mice
spleen specimens. The sections derived from spleen were
immunostained for S100A4 (1:400), p-Hist3 (1:50, rabbit, Cell
Signaling), and CC3 (1:300), developed with DAB and H202 0.01% and
counterstained with Gill's Haematoxylin N°2 (Sigma). All antibodies
were diluted in PBS 1M, and supplemented with 1% BSA and 0.05%
Tween20 (Sigma). Results were expressed as percentage of positive
cells/field at 200x in 10 randomly taken fields, as previously
performed [9]. Positive staining for S100A4 and p-Hist3 was

considered as expression of intense brown staining in the nucleus,
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whereas positivity for CC3 was represented by granular brown

staining in the cytoplasm of EGI-1 cells.

SUPPLEMENTARY FIGURES
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Supplementary Figure 1. Schedule of treatment with low dose metronomic PTX
and assessment by bioluminescence analysis in SCID mice xenografted with
EGI-1 cells. See text for detail.
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Supplementary Figure 2. Low dose PTX reduced motility and invasiveness of
CCA-TV3 cells. Consistent with data obtained with EGI-1 cells, by wound-healing
assay, cell motility of CCA-TV3 cells significantly decreased, in a dose-dependent
fashion, following PTX 1.5 (dotted line) and 15nM (dashed line) exposure compared
with untreated controls (continue line) (n=4) (A). Similar to EGI-1 cells, the same
PTX dose regimens significantly blunted the invasive abilities of CCA-TV3 cells, with
respect to controls in Boyden chambers coated with Matrigel, (n=3) (B).
Representative images of scratch and transwell filter are shown below their
respective plot. *p<0,05 vs Ctrl; **p<0.01 vs Ctrl.
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Supplementary Figure 3. In contrast with high doses, low dose PTX did not
affect cell proliferation, viability, and apoptosis of CCA-TV3 cells. Concomitant
effects of low dose PTX (1.5 and 15nM) on cell proliferation (BRDU incorporation,
A), viability (MTS assay, B), and apoptosis (CC3 immunofluorescence in cultured
cells, C) were also evaluated in CCA-TV3 cells and compared with the effects of higher
doses (150 and 1500nM) and with untreated controls. In contrast with high doses,
these cell activities were not affected by low dose PTX (n=3 in all experiments), in
accordance with what observed in EGI-1 cells. **p<0.01 vs Ctrl.
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Supplementary Figure 4. Low dose PTX did not affect Rac-1 GTP levels, while it
reduced the MT1-MMP membrane expression. By G-LISA assay, low dose PTX
(1.5 and 15nM) did not modify Rac-1 GTP levels in EGI-1 cells, with respect to
untreated controls (A, n=3, in duplicate). In contrast, the same PTX doses
significantly blunted the expression of MT1-MMP (red) at the membrane level of EGI-
1 cells, as shown by immunofluorescence analysis of cultured cells; representative
plots are given above each micrograph. Red line depicts the fluorescence intensity
profile of MT1-MMP through the cell area, while blue line represents the intensity of
nuclear staining (DAPI); peak of red line corresponds to the lowest level of blue
staining, according to a membrane localization of MT1-MMP. Original magnification:
400x (B).
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Supplementary Figure 5. Low dose PTX did not affect cytoskeletal integrity of
EGI-1 cells. By phalloidin staining, only a small percentage of EGI-1 cells challenged
with low dose PTX (1.5, 15nM), displayed structural alterations of the actin
filaments, which instead were observed in a larger subset of EGI-1 cells exposed to
high dose PTX (150, 1500nM). No differences in damaged cells between low dose
PTX and untreated cells could be observed (n=3, percentage of apoptotic cells
expressed as black area of the column) (A). Representative immunofluorescence for
FITC-conjugated phalloidin (green) in cultured cells treated with increasing doses of
PTX are shown below each column plot; perinuclear condensation, a hallmark of
cytoskeletal disaggregation, is clearly observed in single cells treated with PTX
150nM (white arrow), whereas cytoplasm shrinkage is evident in cells treated with
PTX 1500nM. Original magnification, M=400x (B). WB for -tubulin in microtubule
fractions purified by ultracentrifugation shows lack of expression indicating
cytoskeletal damage in cells exposed to PTX 150 e PTX 1500nM (C).
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Supplementary Figure 6. EGI-1 cells but not TFK-1 cells contained SUMOylated
S100A4; inhibitory effects of low dose PTX on SUMOylating complex did not
associate with any deregulation of SUMO E subunits. By SUMOylation assay,
SUMOylated S100A4 could be detected only in EGI-1 cells (expressing S100A4 in the
nucleus), whereas it was absent in TFK-1 cells, a CCA cell line where S100A4
expression is limited to the cytoplasm. Accordingly, un-SUMOylated S100A4 could
be detected in either cell lines, as shown by the band present in the flow through
fraction (A). By Real time PCR, mRNA expression levels of each SUMOylating complex
subunit in EGI-1 cells (B, E1; C, E2; D, E3) were not affected by treatment with low
dose PTX.
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Supplementary Figure 7. LDM PTX did not affect the splenic tumor mass in SCID
mice xenotransplanted with EGI-1 cells, in vivo. SCID mice xenografted by
intrasplenic injection of EGI-1 cells transduced with a lentiviral vector encoding the
firefly luciferase gene were treated with LDM PTX or vehicle after confirming tumor
engraftment by bioluminescence imaging. No statistically significant differences
between LDM PTX treated mice and controls were observed both in the level of
photon emission (A, representative images taken at the beginning (T0) and at the
end (T2) of treatment; B, bioluminescence curve during the treatment) and in the
size of the splenic tumor mass measured at necroscopic examination (C).
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ABSTRACT

Background and aims. In cholangiocarcinoma (CCA), early
metastatic spreading via lymphatic vessels often precludes curative
surgery. CCA invasiveness is fostered by the strong stromal reaction,
enriched in cancer-associated fibroblasts (CAF) and lymphatic
endothelial cells (LEC). Since platelet-derived growth factor (PDGF)-D
secreted by CCA cells recruits CAF, here we investigated its role in
promoting CCA-associated lymphangiogenesis. Methods. Human CCA
specimens were immunostained for D2-40 (LEC marker), a-SMA
(CAF), and for vascular endothelial growth factors (VEGF-A and VEGF-
C), and their cognate receptors VEGFR2 and VEGFR3
(lymphangiogenesis). VEGF-A and VEGF-C secretion (ELISA) was
evaluated in human fibroblasts challenged with PDGF-D, with or
without inhibitors of PDGFRf (imatinib). Using human LEC exposed to
conditioned medium from  PDGF-D-stimulated fibroblasts
(with/without imatinib), we assessed migration (Boyden chambers),
3D wvascular assembly (AngioTool), trans-endothelial electric
resistance and trans-endothelial migration of CCA cells (EGI-1).
Results. In CCA specimens, CAF and LEC laid closely adjacent,
reciprocally expressing VEGF-A/VEGF-C (CAF), and VEGFR2/VEGFR3
(LEC). Upon stimulation with PDGF-D, fibroblasts secreted increased
levels of VEGF-A and VEGF-C. PDGF-D-stimulated fibroblasts induced
LEC recruitment and 3D vascular assembly, increased LEC monolayer

permeability, and promoted trans-endothelial migration of CCA cells,
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all effects suppressed by imatinib. In a syngeneic rat model of CCA, CAF
depletion induced by navitoclax was associated to a markedly
decreased lymphatic vascularization. Conclusion. PDGF-D secreted by
CCA enables CAF to produce VEGF-A and VEGF-C, thus promoting the
expansion of the lymphatic vasculature and tumor cell intravasation,
likely responsible for the early metastatic dissemination observed in
CCA, which may eventually be blocked by inducing CAF apoptosis or
by inhibiting PDGFR} signalling.

INTRODUCTION

Cholangiocarcinoma (CCA), originating from the intrahepatic or
extrahepatic bile ducts, is one of the epithelial malignancy with the
worst outcome worldwide [1]. Although the epidemiological impact of
CCA has become stronger in the last decade, effective treatments are
still scarce and limited to surgical resection and, in a few cases, liver
transplant [1-3]. However, only less than one third of patients are
actually eligible for curative surgery at the time of diagnosis, due to a
proclivity for early lymph node metastatization [1,4]. Although
mechanisms promoting CCA invasiveness are still unclear [5], the
lymphatic ~ vasculature developing  within  the tumor
microenvironment provides an important initial route of metastatic
dissemination. Indeed, several lines of evidence indicate that the
expansion of the lymphatic bed correlates with both increased

metastatization and poor prognosis in CCA patients [6-8].
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Tumor-associated lymphangiogenesis is driven by a number of
soluble mediators, including vascular endothelial growth factor
(VEGF)-A, VEGF-C, VEGF-D, angiopoietin (Ang)-1 and Ang-2, together
with their cognate receptors VEGFR2 (for VEGF-A, VEGF-C and VEGF-
D), VEGFR3 (for VEGF-C and VEGF-D), and Tie2 (for angiopoietins)
[9,10]. Although VEGF ligands can be expressed by the cancer cells
themselves, inflammatory cells and fibroblasts accumulating nearby
the tumor represent the main source of VEGF [11]. In fact, as in other
ductal carcinomas with pronounced invasiveness (e.g., breast and
pancreatic cancer) [12,13], the neoplastic growth of bile ducts occurs
in close contiguity with a rich stromal reaction, termed tumor reactive
stroma, mainly composed of cancer-associated fibroblasts (CAF),
tumor-associated macrophages, and lymphatic endothelial cells (LEC)
[14-16].

Within the tumor reactive stroma, a multitude of paracrine
signals is mutually exchanged between the cancer and stromal
compartment, aimed at fostering local invasiveness and metastatic
spread of the epithelial counterpart [5,11,17]. CAF are the most
represented cell type in the tumor reactive stroma. Recently, we
demonstrated that in CCA, they are locally recruited by malignant
cholangiocytes via the secretion of platelet-derived growth factor
(PDGF)-D [18]. In fact, PDGF-D is specifically produced by CCA cells
upon hypoxic stimulus, and can bind to its cognate receptor PDGFRf3

expressed by CAF [18]. The concept that CAF are essential drivers of
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CCA aggressiveness has been highlighted by the finding that in a
syngeneic rat model of CCA, selective CAF depletion achieved by
navitoclax (i.e., a specific inhibitor of the anti-apoptotic proteins Bcl-2,
Bcl-w and Bcl-xL) markedly suppressed tumor growth and improved
host survival [19].

In the present study, we hypothesized that, in addition to
inducing CAF accumulation within the tumor stroma, PDGF-D may
stimulate their pro-lymphangiogenic abilities, eventually promoting
the chemotaxis of LEC, and their assembly in a proper vascular system
favoring CCA cell intravasation. Furthermore, we tested the hypothesis
that depletion of CAF by navitoclax would lead to a reduction in the

lymphatic vascularization of the tumor mass, in vivo.

MATERIALS AND METHODS

Cell lines. Human fibroblasts, obtained from liver explants of primary
sclerosing cholangitis, as previously published [18], and the
commercially available human lymphatic endothelial cells (LEC,
purchased from ScienCell™) and EGI-1 cells (PDGF-D expressing
extrahepatic CCA cell line, purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen) were used. Phenotypic
characterization of cultured fibroblasts reproduced that of CAF, as
they expressed alpha-smooth muscle actin (a-SMA), fibroblast specific
protein-1 (FSP-1), vimentin and PDGFR}, consistent with an activated
phenotype. See Supplemental Materials for details.
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Human tissue samples and immunohistochemistry. Paraffin-
embedded histological samples of surgically resected intrahepatic CCA
(n=6) and hepatocellular carcinoma (HCC) (n=6) were obtained from
archival tissues from Ca’ Foncello Regional Hospital (Treviso, Italy).
Local regional ethical committee approval was obtained for tissue
collection. Tissue specimens were immunostained for D2-40
(lymphatic vessel marker) and CD34 (blood vessel marker), to
evaluate lymphatic microvessel density (LMVD) and blood
microvessel density (BMVD), respectively. In CCA slides, double
immunostaining for D2-40 and a-SMA (CAF marker) was performed to
evaluate the spatial relationship between CAF and LEC, whereas dual
immunofluorescence, with antibodies against VEGF-A, VEGF-C,
VEGFR2, or VEGFR3, matched with D2-40, a-SMA, or cytokeratin (K)19
antibodies, was performed to assess expression of lymphangiogenesis
growth factors and receptors. Further details are given in

Supplementary Methods and Supplementary Table 1.

Syngeneic rodent model of CCA. To evaluate whether targeting CAF
affects tumor lymphangiogenesis in vivo, we used the syngeneic rat
model of CCA, generated by intrahepatic transplantation of neoplastic
cholangiocytes (BDEneu rat cells) into Fischer 344 male rats, where
CAF were selectively depleted by navitoclax [19]. 8um-cut cryostat
liver sections obtained from rats harboring syngeneic CCA, with (n=6)

and without (n=6) treatment with navitoclax, were studied by
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immunohistochemistry and dual immunofluorescence for PDGF-D, a-
SMA, and Lyve-1 (LEC marker in rat) (same protocol as above) to
evaluate whether, in conditions of PDGF-D expression by CCA cells,
CAF reduction was associated to a decreased LMVD. See details in

Supplemental Materials.

Lymphangiogenic growth factors quantification. ELISA was
performed in fibroblast supernatant following exposure to
recombinant human (rh) PDGF-D (100ng/ml, 24h, R&D Systems) to
assess the secretion of lymphangiogenic growth factors VEGF-A, VEGF-
C, VEGF-D, Ang-1 or Ang-2. The intracellular pathway activated by
PDGF-D was dissected by assessing the secretory levels before and
after inhibition of PDGFRP (imatinib mesylate, IM), and its
intracellular transducers, i.e., extracellular-regulated kinase (ERK)
(U0126) and c-Jun N-terminal kinase (JNK) (SP600125). See

Supplemental Material for details.

Western blotting (WB). WB was performed to assess the
directionality of the PDGF-D-induced cross talk involving CAF and LEC,
by evaluating PDGFR[, VEGFR2 and VEGFR3 expression in LEC and
fibroblasts. Details of WB experiments are described in

Supplementary Methods and Supplementary Table 1.
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In vitro assessment of lymphangiogenesis. The effects of
conditioned medium harvested from PDGF-D-stimulated fibroblasts
on LEC migration and 3D tube formation were studied as reported
in Supplemental Materials, with/without antagonism of PDGFRf (on
fibroblasts), VEGFR2 and VEGFR3 (on LEC). VEGF-A and VEGF-C

served as positive controls.

In vitro assessment of lymphatic intravasation by CCA cells. Under
the same conditions reported above, we evaluated the
transendothelial resistance (TEER) of LEC monolayers, and the
transendothelial migration (TrEM) of EGI-1 cells transduced with a
lentiviral vector encoding EGFP reporter gene, as previously

performed [18]. See Supplementary Methods.

MTS assay. See Supplementary Methods.

Statistical Analysis. Results are shown as the mean #* standard
deviation. Statistical comparisons were performed using Student’s t-

test. A p value <0.05 was considered significant.

RESULTS
Lymphatic Microvascular Density (LMVD) rather than Blood
Microvascular Density (BMVD) is increased in CCA compared

with HCC. To evaluate the extent of tumor-associated
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lymphangiogenesis and angiogenesis, we quantified the density of D2-
40* lymphatic vessels (LMVD) and CD34+ blood vessels (BMVD) in
human specimens of CCA and HCC, a primary liver malignancy
characterized by a rich blood vascularization. With respect to HCC,
where high BMVD was associated with negligible LMVD, CCA showed
a marked increase in LMVD, but alower BMVD (Fig. 1A,B). Specifically,
in CCA samples, LMVD was comparable to BMVD, thus confirming that
the expansion of the lymphatic vasculature is a defining feature of
desmoplastic CCA, in contrast with the scarcity of lymphatic vessels

observed in HCC.
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Figure 1. In CCA, lymphatic microvascular density (LMVD) is much more
preponderant than in HCC, at variance with blood microvascular density
(BMVD). In human archival paraffin sections, LMVD was more extensively
represented in CCA with respect to HCC, as shown by IHC for D2-40 (lymphatic
endothelial cell marker) (A). On the contrary, BMVD, evaluated as number of CD34+*
(blood endothelial cell marker) cells, was increased in HCC samples (B). Below the
plots, representative pictures of D2-40+* (A), and CD34* (B) structures are shown for
CCA and HCC. n=6; *p<0.01; Original magnification: 200x.
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In human CCA specimens, CAF and LEC are in close vicinity and
reciprocally express VEGF ligands and receptors. We then
investigated the spatial relationship between the prominent lymphatic
vasculature and CAF in CCA. Double immunostaining for a-SMA (CAF
marker) and D2-40 (LEC marker) revealed that CAF and LEC laid in
close vicinity within the tumor reactive stroma of human CCA (Fig. 2A).
By dual immunofluorescence, we further observed that CAF expressed
VEGF-A and VEGF-C, whereas their cognate receptors VEGFRZ and
VEGFR3 were reciprocally expressed by LEC (Fig. 2B-E). Some extra-
CAF immunostaining for VEGF-A and VEGF-C could be observed in
inflammatory cells populating the tumor stroma. However, in
neoplastic bile ducts, VEGF-A expression was scattered, whereas
VEGF-C was consistently negative (Fig. 2F,G). Overall, these data are
consistent with the hypothesis that a paracrine mechanism directed
from CAF to LEC is responsible for the development of a rich lymphatic

plexus within the tumor microenvironment.
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Figure 2. In human CCA specimens, cancer-associated fibroblasts (CAF) and
lymphatic endothelial cells (LEC) are in close contiguity, and reciprocally
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express VEGF ligands and receptors. Within the TRS of CCA, LEC were localized in
close proximity to CAF, as shown by dual IHC for D2-40 (blue) and a-SMA (brown)
(A, see inset for details). Moreover, a-SMA* CAF (red) expressed VEGF-A and VEGF-
C (green) (B,D), while D2-40* LEC (red) expressed VEGFR2 and VEGFR3 (green)
(C,E). K19+ neoplastic cholangiocytes (red) showed a patchy expression of VEGF-A
(green), whilst VEGF-C (green) was not expressed (F,G). Original magnification: A-D,
F-G, 200x; E, 400x. Inset in A: 400x.

PDGF-D stimulates the secretion of VEGF-A and VEGF-C, but not of
VEGF-D, Ang-1 and Ang-2 by human fibroblasts. To assess whether
PDGF-D could provide fibroblasts with pro-lymphangiogenic
functions, we challenged primary human fibroblasts with PDGF-D, and
then we evaluated the secretion of paramount lymphangiogenic
growth factors, i.e.,, VEGF-A, VEGF-C, VEGF-D, Ang-1 and Ang-2, by
ELISA. PDGF-D-treated fibroblasts showed a significant and marked
increased secretion of both VEGF-A and VEGF-C. Ang-1 was insensitive
to PDGF-D stimulation, and remained at much lower levels (Table 1).
Of note, VEGF-D and Ang-2 secretion was not detectable, no matter the

exposure to PDGF-D.

Ctrl PDGF-D
Ang-1 190.57 + 84.68 162.27 +84.10
Ang-2 ND ND
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VEGF-A 188.51 + 87.56 1152.48 £ 297.11**

VEGF-C 696.47 £119.20 1715.30 £ 579.83**

VEGF-D ND ND

Table 1. Assessment of lymphangiogenic growth factors secreted in the
supernatant by cultured human fibroblasts exposed to PDGF-D. **p<0.01 vs
Ctrl; ND: not detectable.

ERK and JNK signaling mediates the PDGF-D-induced secretion of
VEGF-A and VEGF-C by fibroblasts. We next investigated the
signaling pathways regulating VEGF-A and VEGF-C secretion by
fibroblasts upon stimulation with PDGF-D. To this end, VEGF-A and
VEGF-C were assessed in supernatants harvested from fibroblasts
challenged with PDGF-D, with or without inhibitors of PDGFRJ
(imatinib mesylate), and of its downstream effectors ERK (U0126) and
JNK (SP600125). PDGFRP antagonism, as well as ERK or JNK
inhibition, significantly counteracted the increase in VEGF-A and
VEGF-C secretion induced by PDGF-D, with comparable decreasing
effects (Fig. 3A,B). Overall, these data indicate that two distinct and
likely redundant signaling pathways are activated in fibroblasts upon
PDGF-D/PDGFRf binding, and cooperate to promote VEGF-A and
VEGF-C secretion. These findings are in line with previous
observations performed in osteoblasts [20] and pericytes [21], with

PDGFR} activation dependent upon PDGF-B stimulation.

186



1600 - .

% 1200
(-3
o
E
2 800
<
'8
2 400 |
] FTT ﬁ
0 :
ctl  PDGF-D PDGF D+ PDGF-D + PDGF-D +
ERK Inhib. JNK Inhib.
B 2500 - *x
% 2000 |
s A
£ 1500
B
2
G 1000
|19
2
£ 500
0 : :

Ctrl PDGF-D PDGF D+ PDGF D+ PDGF D+
ERK Inib.  JNK Inib.

Figure 3. PDGF-D-stimulated secretion of VEGF-A and VEGF-C by human
fibroblasts is dependent on ERK and JNK activation. While evaluating the
intracellular signaling mediating VEGF-A and VEGF-C secretion by fibroblasts, we
found that ERK and JNK inhibition abrogated the stimulatory effects of PDGF-D on
both VEGF-A (A) and VEGF-C (B) secretory levels, similarly to what observed with
imatinib mesylate (IM) (PDGFRf inhibitor). n=6 *p<0.05 vs Ctrl; **p<0.01 vs Ctrl;
Ap<0.05 vs PDGF-D; " p<0.01 vs PDGF-D.

The migration of LEC was potently stimulated by conditioned
medium (CM) collected from fibroblasts challenged with PDGF-D.
LEC migration is a prerequisite for tumor lymphangiogenesis [10]. To
understand whether PDGF-D endowed fibroblasts with the ability to
stimulate the chemotaxis of LEC, we studied LEC migration in Boyden

chambers. We found that CM harvested from fibroblasts treated with
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PDGF-D significantly increased the migration of LEC compared to
controls, an effect completely abolished by challenging fibroblasts
with imatinib mesylate. The recruiting effect of the CM from PDGF-D-
stimulated fibroblasts on LEC was comparable to that exerted by
VEGF-A or VEGF-C (Fig. 4A,B). Of note, WB analysis confirmed that LEC
expressed VEGFR2 and VEGFR3, but not PDGFR(, thus ruling out the
possibility that they were influenced by residual exogenous PDGF-D
potentially present in the CM (Supplementary Fig.1).

1200 4
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Number of migrated LEC

Ctl  VEGF-A VEGF-C (PDGF D) (PDGF D+
Im) CM

(PDGF-D) CM | (PDGF-D + Im) CM

Figure 4. Upon PDGF-D stimulation, cultured human fibroblasts promote LEC
recruitment, in vitro. Conditioned medium (CM) from fibroblasts exposed to PDGF-
D, referred to as (PDGF-D) CM, potently stimulated LEC migration, an effect
prevented by PDGFRf antagonism with imatinib mesylate (Im), referred to as
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(PDGF-D+Im) CM (A). Representative pictures of Boyden Chamber inserts
(magnification = 200x) (B). n=6 **p<0.01 vs Ctrl; **p<0.01 vs (PDGF-D) CM.

Conditioned medium from PDGF-D-treated fibroblasts
stimulated tubulogenesis in three-dimensional cultures of LEC.
After showing the recruiting effect on LEC, we sought to evaluate
whether, upon PDGF-D stimulation, fibroblasts could also prompt LEC
to generate branched tubular structures. To this end, we generated 3D
cultures of LEC, we exposed them to CM from PDGF-D-treated
fibroblasts, and then we performed an AngioTool software-based
tubulization assay in order to evaluate the percentage of area covered
by vessels, the length of branches, and the number of junctions
between branches [22]. Compared to controls, CM from PDGF-D-
stimulated fibroblasts significantly increased all three morphometric
parameters, similarly to VEGF-A and VEGF-C. Importantly, these
effects were hampered by antagonizing either PDGFRf on fibroblasts,
or VEGFR2 (by SU5416) and VEGFR3 (by SAR131675) on LEC (Fig. 5A-
D). Of note, SU5416 and SAR131675 were not cytotoxic on LEC at the
chosen experimental doses, as shown by a dose-response MTS assay
(Supplementary Fig. 2A,B). It must be borne in mind that VEGF-C can
act by binding to either VEGFR2 or VEGFR3, whereas VEGF-A only
binds to VEGFR2 [23]. Altogether, these data suggest that, following
PDGF-D  stimulation, fibroblasts can potently = promote

lymphangiogenesis.
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Figure 5. Upon PDGF-D stimulation, cultured human fibroblasts exert multiple
lymphangiogenetic functions, inducing lumen formation, tubular branching
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and tubular lengthening of cultured LEC, in vitro. Representative micrographs of
LEC tubulization and branching in a fibronectin/matrigel sandwich for each
treatment condition (A). CM from PDGF-D-treated fibroblasts, referred to as (PDGF-
D) CM, induced 3D-cultured LEC to increase significantly the vessel area (B), the
vessel length (C) and the number of junctions (D), with respect to controls. These
effects were significantly attenuated by PDGFRB antagonism in PDGF-D-treated
fibroblasts, referred to as (PDGF-D + IM) CM, as well as by pre-treatment of LEC with
inhibitors of either VEGFR2, referred to as (PDGF-D) CM + aVEGFR2, or VEGFR3,
referred to as (PDGF-D) CM + aVEGFR3. n=minimum 4 experiments; **p<0.01 vs
Ctrl; *p<0.05 vs (PDGF-D) CM; ~"p<0.01 vs (PDGF-D) CM. Original magnification:
200x.

The permeability of LEC monolayers was markedly enhanced by
conditioned medium from fibroblasts stimulated by PDGF-D. The
high permeability of the lymphatic vasculature caused by defective
tight junctions is conducive to tumor cell invasion [10,24]. Thus, to
evaluate the effect of PDGF-D-stimulated fibroblasts on the
permeability of lymphatic vessels, we allowed LEC to become
confluent, and then we measured the TEER across the endothelial
monolayer. We found that the TEER was significantly impaired by CM
from PDGF-D-stimulated fibroblasts (Fig. 6A), and this effect could be
prevented by treating fibroblasts with imatinib mesylate.
Interestingly, exogenous VEGF-C increased the permeability of LEC
monolayer, whereas VEGF-A did not. Consistently, VEGFR3 but not
VEGFR2 antagonism on LEC challenged with CM from PDGF-D-
stimulated fibroblasts restored the TEER to basal levels (Fig. 6A).
Overall, these results suggest that fibroblasts treated with PDGF-D can

dampen the integrity of the lymphatic endothelial barrier by secreting
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VEGF-C, which is indeed capable of triggering the formation of

intercellular gaps between adjacent LEC [10].

Conditioned medium from PDGF-D-treated fibroblasts supported
the trans-endothelial migration of CCA cells across LEC
monolayers. After showing that the permeability of LEC monolayers
increased upon exposure to CM from PDGF-D-treated fibroblasts, we
sought to determine whether the migration of CCA cells through the
endothelial barrier was actually promoted as well. We seeded EGFP-
expressing EGI-1 cells on the top of a LEC monolayer concurrently
exposed to CM from PDGF-D-stimulated fibroblasts, and found that the
number of trans-LEC migrated CCA cells was considerably increased,
compared with controls. This effect was almost completely inhibited
by antagonizing either PDGFR[ on fibroblasts, or VEGFR3 (but not
VEGFR2) on LEC (Fig. 6B, and Supplementary Fig. 3).
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Figure 6. Upon PDGF-D stimulation, cultured human fibroblasts reduce trans-
endothelial resistance of LEC monolayers (TEER) and stimulate trans-
endothelial migration (TrEM) of CCA cells (EGI-1-EGFP). CM from PDGF-D-
treated fibroblasts, referred to as (PDGF-D) CM, dramatically impaired the integrity
of the lymphatic endothelial barrier, more effectively than VEGF-C and VEGF-A. This
effect was only partially counteracted by the concomitant treatment with aVEGFR2,
referred to as (PDGF-D) CM + aVEGFR2, but completely abrogated by the
supplementation with aVEGFR3, referred to as (PDGF-D) CM + aVEGFR3, as well as
by PDGFRf antagonism in PDGF-D-treated fibroblasts, referred to as (PDGF-D + IM)
CM (A). In TrEM experiments, CM from PDGF-D-treated fibroblasts enabled the CCA
cell line EGI-1-EGFP to more easily cross the LEC monolayer (similar to VEGF-A and
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VEGF-C), an effect blunted by the treatment of PDGF-D-stimulated fibroblasts with
PDGFR{ antagonist, or by the treatment of LEC with a VEGFR3, but not with aVEGFR2
(B). n=minimum 7 experiments in duplicate *p<0.05 vs Ctrl, **p<0.01 vs Ctrl,
~p<0.05 vs (PDGF-D) CM, **p<0.01 vs (PDGF-D) CM.

Reduction of CAF by navitoclax markedly decreases the lymphatic
vascularization in a syngeneic rat model of CCA. To confirm in vivo
the strategic role played by CAF in directing tumor lymphangiogenesis,
we used a well-established syngeneic rat model of CCA [19,25,26],
featuring an intense expression of PDGF-D by CCA cells. Selective
apoptotic depletion of CAF induced by navitoclax was accompanied by
a significant decrease in the LMVD compared to control rats, without
affecting the expression of PDGF-D by tumoral cholangiocytes (Fig. 7
and Supplementary Fig. 4). These data pinpoints the concept that CAF
may represent a valuable target to hamper lymphatic dissemination in

CCA.
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Figure 7. In a syngeneic rat model of CCA, targeting CAF by navitoclax
correlates with a decreased lymphatic vascularization. In Fischer 344 male rats
transplanted with BDE-neu rat CCA cells, selective depletion of a-SMA* CAF (graph
left-sided) by navitoclax treatment was accompanied by a significant decrease in D2-
40* LEC (graph right-sided) compared to untreated rats. In the top, representative
images of CCA sections, with dual immunofluorescence for «-SMA (red) and D2-40
(green), show the stark difference between navitoclax and vehicle groups (n=6 each
group). Original magnification: 100x. **p<0.01 vs Vehicle.

CONCLUSIONS

The generation of an exuberant lymphatic plexus within the
tumor reactive stroma is a key event in CCA progression. Indeed, early
metastatic dissemination through the lymphatic vessels occurs in 60-

70% of CCA patients, often precluding curative surgery [27,28].

However, the molecular mechanisms modulating lymphangiogenesis
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in CCA are still poorly elucidated, and more generally, tumor-
associated lymphangiogenesis is still a major gap in knowledge in
cancer research.

Among the multiple factors mediating the mutual epithelial-
mesenchymal interactions typically fueling CCA aggressiveness, PDGF-
D is attracting considerable interest, owing to its key role in the
generation of the tumor reactive stroma, and its potential druggability
[14,18]. As shown in different settings, PDGF-D exerts a repertoire of
functions related to tumor-promotion, by fostering cancer cell
proliferation and invasiveness, fibroblast recruitment and activation,
and aberrant extracellular matrix deposition [18,29-31]. In this study,
we provide evidence that in CCA, cancer cell-derived PDGF-D (which
we previously showed to be up-regulated in malignant cholangiocytes
under hypoxic conditions) triggers a multi-step paracrine sequence
centered on CAF. This extensive paracrine signaling eventually leads
to a massive recruitment of LEC, as well as to their assembly in highly
branched and leaky tubular structures that can be easily invaded by
cancer cells for their metastatic dissemination. Therefore, this model
provides novel molecular insights into tumoral lymphangiogenesis in
CCA.

First, we observed that CCA samples displayed a striking
expansion of the lymphatic vascular bed compared to HCC, in sharp
contrast to blood vessels, which were instead, much less represented.

These findings lend strong support to the notion that the lymphatic
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rather than the blood vasculature represents a preferential route for
CCA cells to escape from the primary site of growth. Moreover, we
found that the lymphatic structures thriving within CCA stroma were
closely surrounded by CAF. This strict physical proximity was most
likely related to the reciprocal expression of VEGF-A and VEGF-C
(which were negligibly expressed in malignant cholangiocytes) by
CAF, and of their cognate receptors VEGFR2 and VEGFR3 by LEC,
suggesting the existence of an intimate cross talk between the two cell
types. It is interesting to note that a similar pattern of expression was
found in other desmoplastic epithelial cancers, such as colorectal [32]
and ovarian [33] carcinomas.

In an effort to reproduce the biological interactions occurring
within the tumor microenvironment, we next challenged human
fibroblasts with recombinant PDGF-D. The modulatory effects of PDGF
family members (especially, PDGF-B) on the secretion of VEGF ligands
have been documented in various cell types, including hepatic stellate
cells [34] and pulmonary fibroblasts [35]. However, no study has ever
focused on the pro-lymphangiogenic properties of PDGF-D.
Nonetheless, it was previously shown that PDGFR[ inhibition reduced
VEGF, Ang-1, and Ang-2 mRNA expression in a mouse model of corneal
neovascularization [36]. In our study, we demonstrated that PDGF-D
potently elicits the secretion of VEGF-A and VEGF-C by fibroblasts,
without affecting the release of other lymphangiogenic growth factors,

such as VEGF-D, Ang-1, and Ang-2. In particular, the PDGF-D-
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dependent production of both VEGF isoforms by fibroblasts was
mediated by two partially redundant pathways, namely ERK and JNK.
The latter are renowned downstream effectors of PDGFR[3 activation,
well-known to regulate the secretion of several growth factors,
including VEGF, though their involvement has been investigated so far
more in epithelial than in mesenchymal cells. Overall, these data add
another piece to the puzzle of the pleiotropic functions played by CAF
in response to the PDGF-D signaling originating from CCA cells: CAF
are not only simply attracted, but are also empowered to direct tumor
lymphangiogenesis.

To further address this issue, we assessed the influence of CM
harvested from PDGF-D-stimulated fibroblasts on LEC motility,
vascular assembly and permeability. In order to rule out confounding
effects possibly related to the presence of residual exogenous PDGF-D,
we preliminarily evaluated the expression of PDGFRf on LEC. We
found that LEC did not express PDGFRp, while strongly expressing
VEGFR2 and VEGFR3. It is fair to note that these findings are in
contrast with data published in other studies. For instance, Cao et al.
reported PDGFRf expression on LEC; however, they used LEC of
murine and rat origin, and moreover, they evaluated PDGFR[
expression only at the mRNA and not at the protein level [37]. Other
studies in mice similarly described PDGFRf expression on LEC, but
only on LEC from large vessels; conversely, PDGFR[ expression was

consistently negative on LEC lining the small vessels [38].
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To evaluate the lymphangiogenic properties of CM from PDGF-
D-treated fibroblasts, we employed the classic Boyden chamber
system and the AngioTool software, which allows for a quick and
reproducible quantification of different vessel morphological and
spatial parameters, including vessel length, the percentage of area
covered by vessels, and the number of branch points [39]. We found
that cultured LEC exposed to CM from PDGF-D-stimulated fibroblasts
were chemotactically recruited to aptly assemble branched vascular
networks. Of note, the larger surface area covered by lymphatic
structures increases the likelihood of contact with tumor cells, thereby
favoring their access to lymphatics. This feature is regarded as a
readout of paramount importance for lymph node metastatization
[10,40].

In our model, enhanced lymphangiogenesis was dependent on
the sequential activation of PDGFRf on fibroblasts, and of VEGFR2 or
VEGFR3 on LEC. In this regard, it is worth noting that the blockade of
PDGFR} resulted in a stronger inhibition of tubulogenesis compared
to the specific antagonism of VEGFR2 or VEGFR3, thus suggesting that
additional soluble factors released from PDGF-D-stimulated
fibroblasts might act in concert with VEGF-A and VEGF-C to promote
tumor lymphangiogenesis in CCA.

Although the correlation between the expression of
lymphangiogenic growth factors and the propensity of the tumor to

develop lymph node metastasis has been described in different cancer
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types [41-43], the molecular mechanisms driving the lymphatic
invasion of tumor cells remain elusive. Thus, to evaluate whether the
pro-lymphangiogenic functions of CAF could also favor the entry of
invasive cancer cells into the lymphatic vessels, we assessed the TEER
across LEC monolayers, and the trans-LEC monolayer migration of
CCA cells. Indeed, LEC monolayers challenged with CM from PDGF-D-
stimulated fibroblasts showed an increased permeability compared to
controls, in accordance with the observation that in colorectal cancer,
VEGF-C makes the lymphatic endothelial barrier looser by weakening
tight and adherent junctions [44]. Furthermore, CCA cells were able to
cross LEC monolayers more easily upon exposure to CM from PDGF-D-
stimulated fibroblasts. Of note, both effects were reverted by
antagonizing either PDGFRP on fibroblasts, or VEGFR3, but not
VEGFRZ, on LEC. This suggests that albeit VEGF-C and VEGF-A possess
partially overlapping functions in the initial establishment of the
lymphatic vascular network, the increase in endothelial permeability
is a specific effect of VEGF-C. Taken together, these data suggest that
PDGF-D is indeed a key factor secreted by CCA cells to recruit CAF and
then shape them into potent pro-lymphangiogenic players, an
essential step for permitting the lymphatic invasion and dissemination
of tumor cells.

To confirm that CAFs are central actors in tumor
lymphangiogenesis in CCA, we turned to a syngeneic rat model of CCA

[25,26]. This animal model is characterized by a highly desmoplastic
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tumor mass expressing PDGF-D (Supplementary Fig. 4), as well as by
early metastatization. Selective reduction of CAF was obtained by
treating rats with the anti-apoptotic protein inhibitor navitoclax [19].
Importantly, CAF depletion was paralleled by a stark decrease in the
lymphatic vascular bed, thus supporting the great translational
relevance of our working model.

In conclusion, our results unveil the presence of a paracrine
sequence within the tumor reactive stroma of CCA, unleashed by
PDGF-D, involving CCA cells, CAF and LEC, and able to orchestrate
tumor-associated lymphangiogenesis and tumor cell intravasation
(Fig. 8). This process is likely a pre-requisite for the dissemination of
cancer cells to the regional lymph nodes, which is an early, frequent
and feared event in CCA, placing the patient out of potential curative
approaches. This working model provides a series of putative
molecular targets amenable to therapeutic intervention, with the
ultimate aim of halting the metastatic dissemination of CCA. Several
small molecules are currently available to interfere with the different
arms of the described paracrine mechanism, encompassing VEGFR
inhibitors, PDGFR inhibitors, and inhibitors of CAF-specific anti-
apoptotic proteins. For instance, regorafenib (or BAY 73-4506), a
multi-kinase inhibitor already approved for the treatment of
sorafenib-resistant HCC, definitely deserves our attention. In fact,
regorafenib may allow to “kill two birds with one stone”, thanks to its

ability to concurrently inhibit VEGFR-2 and -3, and PDGFR [45]. Of
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note, regorafenib is already under phase II clinical trials for the
treatment of CCA patients who did not benefit from first-line

chemotherapy [46].

SAR131675

) | L}
CCA CAF LEC

Figure 8. Molecular players mediating the pro-lymphangiogenic crosstalk
among CCA cells, CAF and LEC. Upon being released by CCA cells, PDGF-D binds to
PDGFRp expressed on the surface of CAF, thereby triggering the activation of ERK
and JNK pathways, which promote the secretion of VEGF-A and VEGF-C. Then, CAF-
derived VEGF ligands trigger the activation of VEGFR2 (cognate receptor for VEGF-
A and VEGF-C) and VEGFR3 (cognate receptor for VEGF-C) on the surface of LEC,
which are thus induced to migrate and assemble highly branched and leaky vascular
structures. The latter can be easily invaded by neoplastic cells, ultimately allowing
for CCA metastatic spread.
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SUPPLEMENTARY MATERIALS AND METHODS

Cell lines. Human fibroblasts were seeded on plastic 25cm? flasks
(Falcon®) and cultured in Dulbecco's Modified Eagle's medium
(DMEM, Euroclone®) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (Euroclone®). Human
lymphatic endothelial cells (LEC, purchased from ScienCell™) were
seeded in 25cm? flasks (Falcon®) pre-coated with fibronectin 2pg/cm?
(ScienCell™), and cultured in Endothelial Cell Basal Medium (ECM,
ScienCell™) supplemented with 5% FBS (ScienCell™), 1%
penicillin/streptomycin (ScienCell™) and 1% endothelial cell growth
supplement (ECGS, ScienCell™). LEC were used until passage number
10. EGI-1 cells (PDGF-D expressing extrahepatic CCA cell line,

purchased from Deutsche Sammlung von Mikroorganismen und
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Zellkulturen) were seeded in 25cm? flasks (Falcon®) and cultured in
RPMI-1640 Medium (Gibco™) supplemented with 10% FBS and 1%
penicillin/streptomycin (Euroclone®). All cell lines were maintained

in an incubator at 37°C and 5% CO2z atmosphere (Galaxy S, RS Biotech).

Immunohistochemical staining. Briefly, after deparaffinization
using xylene, sections were rehydrated in absolute ethanol and then
washed in tap water; endogenous peroxidase activity was quenched
incubating slides with methanol containing 10% H202 for 30 minutes.
Antigen retrieval was performed by heating the slides in a steamer for
20 minutes in 10 mmol/L citrate buffer (pH 6) (Carlo Erba). Blocking
of the aspecifics was achieved using UltraVision protein block
(ThermoScientific) for 8 minutes. The sections were then incubated
overnight at 4°C with primary antibodies against CD34 or D2-40
diluted in PBS + BSA 1% (Sigma-Aldrich®). After rinsing with
phosphate-buffered saline (PBS) 1M supplemented with 0.05%
Tween20 (PBS-T; both Sigma), slides were incubated for 30 minutes
at room temperature with the specific horseradish peroxidase (HRP)-
conjugated secondary antibody (EnVision, DAKO). Specimens were
developed using 3,3-diaminobenzedine tetrahydrochloride 0.04
mg/mL (DAB, Sigma) with H202 0.01% diluted in PBS, counterstained
with Gill’s Hematoxylin N°2 (Sigma), and mounted using EuKitt (Bio-
optica). Following immunostaining, lymphatic microvascular density

(LMVD) and blood miscrovascular density (BMVD) were measured in
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CCA and HCC samples using an Eclipse EB00 microscope (Nikon).
Briefly, 10 randomly taken micrographs were collected from each
sample using a cooled digital camera (Nikon, DS-U1) and then

analyzed using LuciaG 5.0 software, as previously described [1].

Double immunohistochemical staining. To match two antibodies
developed in the same animal, we used a double immunohistochemical
approach. Following deparaffinization and hydratation, as above
described, CCA slides were incubated for 1h at room temperature with
antibody against a-SMA and, following incubation with an appropriate
HRP-conjugated secondary antibody, they were developed with DAB.
Slides were then washed with distilled water for 15 min and then with
PBS-T and incubated overnight at 4°C with antibody against D2-40.
Following washing with PBS-T and incubation with the secondary
antibody, staining was developed using TrueBlue (KPL), and then

mounted as above described.

Double immunofluorescent staining. Briefly, following
deparaffinization and hydratation, as above described, antigen
retrieval was performed using 10 mmol/L citrate buffer (pH 6).
Selected sections from CCA samples were incubated overnight at 4°C
with primary antibodies against VEGF-A, VEGF-C, VEGFR2 or VEGFR3,
together with antibodies against D2-40, a-SMA, or K19. Following

washing in PBS-T, slides were then incubated for 30 minutes at room
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temperature with the respective secondary Alexa Fluor 488- or 594-
conjugated antibody (1:500, Life Technologies) and mounted with
VECTASHIELD® Mounting Medium with DAPI (Vector Laboratories).

ELISA. Fibroblasts were seeded into a 24-well plate, and once
confluent, were starved for 24h, before being exposed to recombinant
human (rh) PDGF-D (100ng/ml, 24h, R&D Systems). To quantify the
secretion of VEGF-A, VEGF-C, VEGF-D, Ang-1 or Ang-2, cultured
fibroblast supernatants were harvested, stored at -80°C, and then
analyzed by ELISA assay according to the supplier's instructions
(RayBiotech). Absorbance levels were detected with FLUO Star Omega
(BMG Labtech, Euroclone®). A calibration curve was generated for
each experiment, and concentration levels were expressed in relation
to the protein content of each experiment. In PDGF-D-stimulated
fibroblasts, secretory levels were measured with or without treatment
with imatinib mesylate (IM, PDGFRf inhibitor, 1uM, 24h, Cayman
Chemical Company), U0126 (ERK inhibitor, 10uM, 24h, Sigma-
Aldrich®), and SP600125 (JNK inhibitor, 10uM, 24h, Sigma-Aldrich®),
in order to dissect the intracellular pathways activated downstream of

PDGFRp, mediating the pro-lymphangiogenic functions of fibroblasts.
Western blotting. The expression of PDGFRf, VEGFR2 and VEGFR3

was evaluated in untreated LEC and fibroblasts seeded into a 6-well

plate. Total protein content (CelLytic M, Sigma) was obtained from
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fibroblasts and LEC according to the supplier's instructions. Protein
concentration was evaluated by Bradford assay (Sigma). Anti-PDGFRS,
anti-VEGFR2, anti-VEGFR3, and anti-GAPDH were used as primary
antibodies. Equal concentrations of protein lysates were
electrophoresed on a 4-12% NuPAGE® Novex Bis-Tris gel (Life
Technologies) with MES (NuPage® Novex, Life Technologies in 500ml
di H20mQ) for 40 minutes at 200 volt and 120 ampere and proteins
were transferred to a nitrocellulose membrane (Life Technologies) for
60 minutes at 30 volt and 170 ampere. The membrane was then
blocked with 5% non-fat dry milk (Euroclone) in Tris-buffered saline
(TBS) supplemented with 0.1% Tween-20 (TBS-T) for 1 hour and then
incubated overnight at 4°C with the primary antibody diluted in TBS-
T + nonfat dry milk 5%. The membrane was washed 3 times with TBS-
T before incubation with anti-rabbit (1:2000, Bio-Rad) or anti-mouse
(1:2000, Sigma) HRP-conjugated secondary antibodies for 1 hour.
Proteins were visualized using enhanced chemiluminescence
(SuperSignal West Pico, Thermo Scientific). Bands were quantified
with Image] and results were normalized versus reference proteins

(GAPDH).

LEC migration assay. To assess the migratory abilities of LEC elicited
by PDGF-D-stimulated fibroblasts, we used 6.5mm Transwell® with
8.0um Pore Polycarbonate Membrane Insert (Corning), as previously

described [2,3]. 5x10* LEC in ECM medium + 0,5% FBS were added to
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the upper chamber, whereas the lower chamber was filled with DMEM
+ 0,5% FBS harvested from fibroblasts challenged with PDGF-D
(100ng/ml, 24h), with or without IM (1uM, 24h) (conditioned
medium, CM). DMEM + 0,5% FBS from untreated fibroblasts and
DMEM + 0.5% FBS supplemented with rh VEGF-A (100ng/ml, 24h,
R&D Systems) or VEGF-C (100ng/ml, 24h, R&D Systems) served as
negative and positive controls, respectively. After 24h, cells on the
upper surface of the membrane were removed with a cotton swab,
whereas cells adherent to the lower surface were fixed and stained
using a Diff-Quick Staining Set (Medion Diagnostics). Finally, 10
random fields of each membrane were photographed at 10x

magnification to count the number of clearly discernible nuclei.

Tube formation assay. To evaluate whether fibroblasts exposed to
PDGF-D could also direct LEC to get-together in proper vascular
structures, we performed a tube formation assay. LEC were re-
suspended in ECM + 0,5% FBS, and seeded into a 24-well plate
(Falcon®) at a density of 5x104 cells/well. Each well was pre-coated
with fibronectin 2pg/cm?. After a 24h incubation, cultured LEC were
covered with matrigel (Corning®) diluted at a 1:1 ratio in ECM + 0,5%
FBS. Once matrigel solidified, cells were exposed to CM from
fibroblasts challenged with PDGF-D (100ng/ml, 24h), with or without
IM (1pM, 24h), and compared to cells exposed to medium from

untreated fibroblasts, as negative control. Treatments with rhVEGF-A
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(100ng/ml, 24h) or rhVEGF-C (100ng/ml, 24h) were used as positive
controls. LEC exposed to CM from PDGF-D-treated fibroblasts were
also simultaneously treated with antagonists of VEGFR2 (SU5416,
1uM, Sigma) or VEGFR3 (SAR131675, 15nM, Selleckchem). After a 24h
exposure, analysis was performed in 5 random photos at 10x
magnification (obtained through the same tools reported above for
immunohistochemistry), by quantifying three parameters of
tubulogenesis: a) length of vascular branches, b) number of junctions
between branches, and c) luminal vascular area, using the AngioTool

software, as described elsewhere [4].

Evaluation of trans-endothelial resistance (TEER). The following
experiments were performed to understand whether, upon PDGF-D
stimulation, fibroblasts could favor the lymphatic intravasation of CCA
cells. To this end, 5x104 LEC were seeded into a 24-well plate over a
0.4um pore membrane (Corning) pre-coated with fibronectin
2pg/cm?. Once LEC reached confluence, they were treated as reported
for tube formation assay. Trans-endothelial electric resistance (TEER)
was then evaluated by a Epithelial Volt/Ohm Meter (EVOM, World
Precision Instruments) equipped with an STX2 electrode at different
time points (0, 30, 60, 120, 360 min). To confirm the integrity of LEC
monolayers, we ensured that TEER values at t=0 were higher than

1pQ/pum2,
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Evaluation of trans-endothelial migration (TrEM). 5x104 LEC were
seeded over an 8.0um pore polycarbonate membrane (Corning) pre-
coated with fibronectin 2pg/cm?. Once confluent, LEC were treated as
reported for tube formation assay, and 5x10% EGI-1 cells were seeded
on the top of the endothelial monolayer. After 6h, cells on the upper
surface of the membrane were removed, while cells on the lower side
were fixed with ice-cold methanol and mounted with VECTASHIELD®
Mounting Medium with DAPI (Vector Laboratories). To discriminate
CCA cells from LEC, EGI-1 cells were originally transduced with a
lentiviral vector encoding EGFP reporter gene, as previously
performed [2,3]. The number of EGFP-positive cells was counted in 10

random pictures of each membrane taken at 10X magnification [5].

MTS assay. CellTiter 96® AQueous One Solution Cell Proliferation
Assay (MTS) (Promega) was used to assess whether SU5416 (0,1uM, 1
uM, and 5 pM) and SAR131675 (1nM, 15nM, and 30nM) could affect
LEC viability in response to a 24h treatment [6]. LEC were re-
suspended in 0,5% FBS culture medium, and seeded into a 96-well
plate at a density of 1x104 cells/well. After a 24h incubation, cells were
treated with SU5416 or SAR131675 diluted in 0,5% FBS culture
medium. After treatment, 20ul of CellTiter 96® AQueous One Solution
Reagent (Promega) were added to each well, and the plate was

incubated at 37°C for 1 hour in a 5% CO:2 atmosphere. 490nm
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absorbance was evaluated using FLUO Star Omega (BMG Labtech,

Euroclone®). Each experiment was made in duplicate.

SUPPLEMENTARY FIGURES AND TABLES

VEGFR2

VEGFR3

Figure S1. Opposite pattern of expression of VEGFR2, VEGFR3 and PDGFRf on
LEC compared with fibroblasts. In contrast to fibroblasts, LEC expressed VEGFR2
and VEGFR3 (A), whereas they did not express PDGFR (B), thereby indicating their
unresponsiveness to PDGF-D.
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Figure S2. LEC viability is not affected by VEGFR2 or VEGFR3 antagonists. By
MTS assay we evaluated the dose-response treatments of SU5416 (VEGFR2
inhibitor) (A) and of SAR131675 (VEGFR3 inhibitor) (B) on cultured LEC. No toxic
effects could be observed with either compounds at the different concentrations
tested in LEC cell experiments.
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Figure S3. Trans-endothelial migration of EGI-1-EGFP cells is potently induced
by CM from PDGF-D-stimulated fibroblasts. Representative micrographs of
Boyden chamber experiments evaluating the amount of EGI-1-EGFP cells (green)
crossing a LEC monolayer exposed to CM from fibroblasts challenged with PDGF-D,
alone, (PDGF-D) CM, or in combination with IM, (PDGF-D + IM) CM, in the
presence/absence of VEGFR2, (PDGF-D) CM + aVEGFR2, or VEGFR3, (PDGF-D) CM +
aVEGFR3, antagonists. Nuclear marker, DAPI (blue). Original magnification: 200x.
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Figure S4. In a syngeneic rat model of CCA, targeting CAF by navitoclax did not
affect PDGF-D expression by tumoral cells. In Fischer 344 male rats transplanted
with BDE-neu rat CCA cells, treatment with navitoclax induced a selective depletion
of CAF, without affecting PDGF-D expression by tumoral cells. In the top,
representative images of CCA sections immunostained for PDGF-D, showing the
comparable levels of expression by PDGF-D* tumoral areas between the two groups
(n=6 each group). Original magnification: 100x.

(IHC/IF)
Antibod Isot dilution; (WE) Supplier
¥ o . uto , dilution uppiie
antigen retrieval
-SMA
* Mouse | 1:200; 10mmol/L
(clone monoclonal citrate pH 6 DAKO
1A4) P
Rabbi
Actin abbit 1:5000 Sigma-Aldrich
polyclonal
CD34
(clone Mouse 1:50; 10mmol/L Leica
QBEnd/10) monoclonal citrate pH 6 Biosystems
M 1:100; 1 1/L
D2-40 ouse QO, Ommol/ DAKO
monoclonal citrate pH 6
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GAPDH
Mouse Santa Cruz
(clone monoclonal 1:5000 Biotechnolo
0411) &
K19
Mouse
(clone monoclonal 1:100 (frozen) DAKO
RCK108)
Rabbit
Lyve-1 abbl 1:100 (frozen) Acris
polyclonal
Rabbit
PDGF-D abbl 1:100 (frozen) Invitrogen
polyclonal
Rabbit
PDGFRp abbl 1:1000 | Cell Signaling
polyclonal
VEGF-A Rabbit 1:190; 10mmol/L .Santa Cruz
polyclonal citrate pH 6 Biotechnology
VEGE-C Rabbit 1:190; 10mmol/L .Santa Cruz
polyclonal citrate pH 6 Biotechnology
Rabbi 1:100; 1 1/L
VEGFR2 abbit 00; 10mmol/L | 1 550 | cell Signaling
polyclonal citrate pH 6
VEGFR3 Rabbit 1:190; 10mmol/L 1:500 .Santa Cruz
polyclonal citrate pH 6 Biotechnology

Supplementary Table 1. List of primary antibodies.
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CHAPTER 5

Summary, conclusions and future perspectives
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During my PhD studies, I sought to gain insights into the
molecular mechanisms underpinning the progression of
cholangiocarcinoma (CCA), particularly focusing on the deleterious
contribution of the tumor microenvironment, which is currently
recognized as a driving force behind the emergence of the hallmarks
of cancer [1-3]. Specifically, the studies presented here dissected the
tumor-stroma interplay from various points of view. On the one hand
(Chapters 2 and 3), we shed light on pro-oncogenic signaling systems
that are deleteriously fueled by the crosstalk between the tumor and
its stromal neighborhood, and provide CCA cells with enhanced
aggressiveness. On the other hand (Chapter 4), we highlighted the
capability of CCA cells to trigger a multi-step paracrine cascade that
involve different stromal components, and ultimately give rise to a
microenvironment conducive to tumor progression. Hopefully, a
comprehensive understanding of the dense, multifaceted paracrine
communications between cancer and reactive stromal cells in CCA will
considerably help to identify prognostically relevant molecular
signatures, as well as innovative therapeutic targets, with the ultimate
goal to improve the management of this devastating malignancy.

In the first study, we demonstrated that the pleiotropic
cytokine leukemia inhibitory factor (LIF) may strengthen the
chemoresistant phenotype of CCA cells, through autocrine and
paracrine mechanisms. Indeed, LIF is both overexpressed by CCA cells,

and abundantly produced by cancer-associated fibroblasts (CAFs) and
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inflammatory cells populating the tumor microenvironment. In
addition, the cognate receptor for LIF is selectively up-regulated in
neoplastic bile ducts. At the functional level, LIF enables CCA cells to
escape from apoptosis induced by the combination of cisplatin and
gemcitabine (i.e., the first-line chemotherapy regimen for patients
with advanced CCA), an effect mediated by the up-regulation of the
anti-apoptotic protein myeloid cell leukemia (Mcl)-1. As already
discussed, the unbalance between anti-apoptotic and pro-apoptotic
members of the Bcl-2 family is a primary mechanism of
chemoresistance in several tumors, including CCA [4,5], and LIF seems
to play a relevant role in this context. In our model, Mcl-1 up-
regulation occurs downstream of the activation of the PI3K/Akt
pathway, which in turn has been widely recognized as a paramount
pro-oncogenic signaling network in human cancer [6]. It is important
to underline that both pro-inflammatory cytokines [7,8], and
intratumoral hypoxia [9] could be responsible for the overproduction
of LIF in CCA, in line with the notion that the tumor reactive stroma
(TRS) is an hectic microenvironment whose different (cellular and
non-cellular) components support each other in fueling tumor
progression.

In the second study, we showed that the nuclear import of the
calcium-binding protein S100A4 confers strong metastatic properties
upon CCA cells, an effect mediated by the activation of the small Rho
GTPases RhoA and Cdc42, the overproduction of matrix
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metalloproteinase (MMP)-9, and the enhanced expression of
membrane-type (MT)1-MMP. Of note, RhoA and Cdc42 are key
effectors of cell motility [10,11], whereas the proteolytic activity of
MMP-9 and MT1-MMP is essential for massively degrading the
extracellular matrix, and thus enabling a pervasive migration [12].
Importantly, we unveiled that the translocation of S100A4 into the
nucleus of CCA cells is strictly dependent on its SUMOylation, a post-
translational modification that may alter the activity, subcellular
localization, or stability of several substrate proteins, mainly involved
in gene transcription and DNA repair [13]. In experimental models of
CCA, we finally proved that the pharmacological inhibition of S100A4
nuclearization by paclitaxel at nanomolar doses did not tackle tumor
growth, but effectively halted the hematogenous metastasization to
the lungs, which represent the preferential site of distant metastases
in CCA patients [14]. Although we did not provide direct evidence that
the nuclear expression of S100A4 in CCA cells is fostered by
microenvironmental signals, it is worth considering that the up-
regulation of epithelial-to-mesenchymal transition biomarkers,
including S100A4, is a classic readout of tumor-stroma interactions
[15] and moreover, in human chondrocytes, the SUMOylation-
dependent nuclear entry of S100A4 can be potently stimulated by the
pro-inflammatory cytokine interleukin 13 [16].

In the third study, we revealed that platelet-derived growth
factor (PDGF)-DD, which is overexpressed by CCA cells under severe
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hypoxia and exert motogenic effects on CAFs [17], is also able to endow
fibroblasts with the ability to overproduce vascular endothelial
growth factor (VEGF)-A and VEGF-C, which may then stimulate the
chemotaxis of lymphatic endothelial cells (LECs), alongside their
assembly in highly branched tubular structures. Specifically, PDGF-DD
binds to its cognate receptor PDGFR[3 on the surface of CAFs, thereby
activating ERK and JNK signaling cascades, whereas VEGF ligands bind
to VEGFR-2 (VEGF-A, VEGF-C) and VEGFR-3 (VEGF-C) on the surface
of LECs. Therefore, tumor-derived PDGF-DD not only plays a
prominent role in supporting fibroblast enrichment within the tumor
microenvironment [17], but also molds the behavior of CAFs so that
they can orchestrate lymphangiogenesis. As previously discussed, the
establishment of an abnormally rich lymphatic vasculature is a
histological hallmark of CCA, underlying its early metastatic spread
[1,18,19]. In line with the notion that VEGF-C may also impair the
integrity of lymphatic vessels by introducing intercellular gaps
[20,21], we additionally found that PDGF-DD-treated fibroblasts could
increase the permeability of LEC monolayers, ultimately favoring the
trans-endothelial migration of CCA cells. It is finally worth noting that
inflammatory cells represent an additional source of PDGF-DD [17]
and, alongside CCA cells, may even contribute to the biosynthesis of
VEGFs [22]. Overall, this further highlights that in CCA, the generation

of a pro-metastatic microenvironment is finely orchestrated by the
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redundant and synergistic activities of the cancer cells and their
surrounding stromal cell populations.

Curative therapies for the management of CCA basically consist
of surgical resection by partial hepatectomy and orthotopic liver
transplantation. However, only a minority of patients can benefit from
these treatment options, since CCA is frequently diagnosed at
advanced stages [4]. Unfortunately, conventional chemotherapy is
traditionally ineffective and so far, clinical trials with molecular
targeted therapies failed to provide substantial survival benefits
[23,24]. This paucity of potentially curative treatments ultimately
results in a grim prognosis, which makes CCA a global health problem,
especially considering its increasing incidence in Western Countries
[4]. The development of effective pharmacological approaches to the
management of CCA has been limited not only by the pronounced
inter-tumor heterogeneity [24], but also by the fact that anti-cancer
therapies have been classically designed to target intrinsic traits of
neoplastic cells, without taking due account of the surrounding
microenvironment [2]. However, we and others have provided
evidence that reactive stromal cells may take a leading role in CCA
progression, by both directly fostering cancer cell survival and
invasiveness, and setting up a microenvironment conducive to
metastatic dissemination. Therefore, interfering with the epithelial-
mesenchymal crosstalk within CCA microenvironment might

substantially hinder tumor progression, by deadening a driving force
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behind the emergence of aggressive tumor phenotypes. Basically, the
therapeutic targeting of the tumor stroma should seek to reduce the
amount of reactive stromal cells or alternatively, to quench the pro-
oncogenic pathways that they contribute to activate [2]. In this regard,
in the studies presented here, we shed light on a wide range of putative
novel targets potentially amenable to therapeutic modulation. For
instance, targeting the LIF /PI3K/Mcl-1 axis could represents a feasible
strategy to overcome CCA chemoresistance, whereas a selective
reduction in S100A4 nuclear import by low-dose paclitaxel seems to
be a promising approach to undermine CCA invasiveness. On the other
hand, the therapeutic interference with either PDGF-DD/PDGFRf or
VEGF/VEGFR signaling systems should disrupt the crosstalk among
CCA cells, CAFs and LECs, eventually preventing cancer cells to
disseminate at distance through the lymphatic network. Interestingly,
small molecules targeting some of the above mentioned molecular
players are already approved for use or under clinical trials in other
types of cancer. These include, for example, MK2206 (Akt inhibitor),
MIK665 (Mcl-1 inhibitor), imatinib mesylate (PDGFRf inhibitor), and
fruquintinib (VEGFRs inhibitor). However, further studies are
required to understand whether such TRS-oriented therapies could
actually be successful in treating CCA, either alone or in combination
with conventional anti-cancer treatments. It is also worth noting that
several molecules may serve as both therapeutic targets and

prognostic/predictive markers, and S100A4 is paradigmatic of this
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concept. Indeed, our group previously found that nuclear expression
of S100A4 by neoplastic bile ducts was associated with poor outcome,
in terms of both metastasization and tumor-related death, thereby
representing a promising tool in clinical decision-making [25]. In
summary, the understanding of the dynamic and intricate interplay
between CCA cells and the wide web of neighboring stromal
components is undoubtedly an issue of great translational significance,
with a view to open novel therapeutic avenues in CCA, as well as in
other epithelial neoplasms characterized by an abundant stroma, such

as breast and pancreatic cancers.
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