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ARTICLE INFO ABSTRACT
Keywords: Cholangiopathies encompass a heterogeneous group of disorders affecting biliary epithelial cells (i.e. cho-
microRNAs langiocytes). Early diagnosis, prognosis and treatment still remain clinically challenging for most of these dis-
EXtraceu_“lar V_eSideS eases and are critical for adequate patient care. In the past decade, extensive research has emphasized
g}'wlang_‘ol’ath‘es microRNAs (miRs) as potential non-invasive biomarkers and tools to accurately identify, predict and treat
iagnosis

cholangiopathies. MiRs can be released extracellularly conjugated with lipoproteins or encapsulated in extra-
cellular vesicles (EVs). Research on EVs is also gaining attention since they are present in multiple biological
fluids and may represent a relevant source of novel non-invasive biomarkers and be vehicles for new therapeutic
approaches. This review highlights the most promising candidate miRs and EV-related biomarkers in cho-
langiopathies, as well as their relevant roles in biliary pathophysiology. This article is part of a Special Issue
entitled: Cholangiocytes in Health and Disease edited by Jesus Banales, Marco Marzioni, Nicholas LaRusso and
Peter Jansen.

Research strategy: PubMed search (April 2017) was done with the following terms: “microRNA”, “miRNA”,
“miR”, “extracellular vesicles”, “EV”, “exosomes”, “primary biliary cholangitis”, “primary biliary cholangitis”,
“PBC”, “primary sclerosing cholangitis”, “PSC”, “cholangiocarcinoma”, “CCA”, “biliary atresia”, “BA”, “poly-

cystic liver diseases”, “PLD”, “cholangiopathies”, “cholestatic liver disease”. Most significant articles in full-text
English were selected. The reference lists of selected papers were also considered.

Pathogenesis
Therapy
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1. Introduction

Bile duct epithelial cells (i.e. cholangiocytes) are important in health
and disease. They represent a small proportion (3-5%) of the total liver
cell population but, nonetheless, play essential roles for normal liver
function including the alkalization and fluidization of the primary bile
produced by hepatocytes. Biliary diseases, also termed as cholangio-
pathies, encompass a wide spectrum of etiologies comprising genetic,
infectious, immune-mediated, drug-induced, vascular, neoplastic or
idiopathic. Although their pathogenesis still remains obscure, chronic
inflammation and cholestasis seem to be common events that exacer-
bate the wound-healing response leading to the development of liver
fibrosis and cirrhosis. Most cholangiopathies lack valid diagnostic and/
or prognostic biomarkers, as well as adequate targets for therapy, de-
manding the need for further research. In the last years, the discovery of
microRNAs (miRs) has represented a revolution and a paradigm shift
(Fig. 1), postulating them as promising biomarkers and targets/tools for
therapy. These small (18-23 nucleotides) endogenous non-coding RNAs
play significant roles in most physiological and pathological cellular
events including proliferation, differentiation, migration, senescence
and survival, by regulating post-transcriptional gene expression [1,2].
Cholangiopathies display aberrant miR signatures in cholangiocytes,
immune cells, liver tissue and biological fluids among others, eviden-
cing their potential value in diagnosis, prognosis and therapy [3-5].
MiRs can be released into the extracellular medium associated with
lipoproteins or encapsulated in extracellular vesicles (EVs), thus parti-
cipating in intercellular communication (Fig. 2) [6]. EVs are small lipid-
enclosed spheres secreted by many cell types and found in multiple
biological fluids including bile, blood and urine. There are different
types of EVs according to their origin, size, molecular composition and
biological function. Regarding their origin, EVs are classified into
exosomes, plasma membrane-derived vesicles and apoptotic bodies.
Besides miRs, they can also contain other nucleic acids, lipids and
proteins. To date, the most studied EVs are exosomes, which are re-
leased extracellularly upon exocytic fusion of endosome-derived mul-
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the exosomal content can be further delivered into recipient cells where
it can regulate gene expression and cellular functions. Changes in the
transcriptomic and proteomic EV content have been reported in dif-
ferent cholangiopathies, pointing out their potential value as non-in-
vasive biomarkers (Fig. 1) [7].

This review provides current knowledge on the role of miRs and EVs
in the pathogenesis of biliary diseases, and their potential therapeutic
value. Moreover, the most promising miRs and EV-related biomarkers
as new non-invasive diagnostic and prognostic tools, and their ther-
apeutic value will be discussed. Finally, future directions on basic and
clinical investigations will be highlighted.

2. MicroRNAs in cholangiopathies
2.1. Fibro-inflammatory cholangiopathies

Primary biliary cholangitis (PBC), primary sclerosing cholangitis
(PSC) and biliary atresia (BA) are cholangiopathies characterized by
chronic inflammation, cholestasis and biliary fibrosis. Along the disease
progression, cirrhosis, portal hypertension and, ultimately, liver failure
may arise in these three disorders.

2.1.1. Primary biliary cholangitis (PBC)

PBC is a chronic cholestatic liver disease of unknown etiology linked
to autoimmune processes targeting small and medium intrahepatic bile
ducts. Without treatment, PBC may progress to liver fibrosis, cirrhosis
and, ultimately, liver failure [8]. PBC mainly affects middle-aged
women (~90%) and has been associated with environmental toxins,
infectious agents and certain genetic factors [9]. Diagnosis is based on
clinical and serological parameters such as elevated levels of alkaline
phosphatase (ALP) and the presence of specific anti-mitochondrial an-
tibodies (AMAs) against pyruvate dehydrogenase complex-E2 (PDC-E2)
in up to 95% of patients [10,11]. Moreover, a high proportion of PBC
patients also presents serum anti-nuclear antibodies (ANAs) [12].
However, individuals without these serological features require a liver

tivesicular bodies (MVBs) with the plasma membrane of the cells. Then, biopsy to determine the diagnosis. The choleretic bile acid
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Fig. 1. Trends of miR- and EV-related articles since 2000. A) Exponential growth in the number of miR-related articles (upper left panel) and total number of articles related to each type of
cholangiopathy (upper right panel). B) Exponential growth in the number of EV-related articles (lower left panel) and total number of articles related to each cholangiopathy (lower right

panel). Red lines indicates the trends.
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Fig. 2. Biogenesis and release of miRs. Primary miRs (Pri-miRs) are synthesized by RNA pol II or III (1). This initial RNA form, with 5 cap and poly-A tail, is then cleaved by the
microprocessor complex formed by DROSHA/DGCRS generating the hairpin-shaped Pre-miR (Pre-miRs) (2). The Pre-miRs are then exported to the cytoplasm via Exportin-5 (3), where
they are processed by DICER/TRBP into a double-stranded mature miR (4). One strand of the miR duplex can enter the RISC assembling pathway (5) or be released by the cell, while the

complementary strand is often degraded. In order to be released into the extracellular space,

the mature miR strand can associate to AGO 1-4 proteins (6) or to lipoproteins (HDL, LDL)

(7). On the other hand, miRs can be loaded into exosomes that are extracellularly released upon exocytic fusion of MVB with the plasma membrane (8) or into microvesicles formed by the

blebbing of the cellular plasma membrane (9). Additionally, miRs can be discharged in apo

ptotic bodies along with other cellular-derived material (10).

RNA pol II: RNA polymerase II; Pre-miR: precursor miRNA; RISC: RNA-induced silencing complex; AGO: Argonaute protein; HDL: high density lipoprotein; LDL: low density lipoprotein;

MVB: multivesicular body.

ursodeoxycholic acid (UDCA) is the mainstay treatment, which is ad-
ministered daily and chronically. Nonetheless, depending on age, up to
50% of PBC patients lack an adequate response to UDCA treatment and
have lower long-term survival than the general population [13,14]. For
those UDCA non-responders, the farnesoid X receptor (FXR) agonist
obeticholic acid (OCA) has recently been approved by the food and
drug administration (FDA) as monotherapy or combination with UDCA.
OCA improves some markers of cholestasis but also induces side effects
like pruritus [15]. Therefore, it is fundamental to identify accurate
biomarkers for specific and early diagnosis, prognosis and response to
therapy, as well as new therapeutic targets for individualized patient
care in PBC.

Several studies have investigated the expression of miRs in serum
[16,17] and liver tissue [18], as well as in specific cell types including
peripheral blood mononuclear cells (PBMCs) [19,20] and biliary epi-
thelial cells [21] from PBC patients. The serum from PBC patients was
characterized by an altered miR profile [17,22], with upregulation of
both miR-122-5p and miR-141-3p, and downregulation of miR-26b-5p
that conferred a higher diagnostic value than the serum levels of ALP
and ANAs (Table 1) [16]. In addition, deep sequencing analysis of
serum samples from PBC patients identified miR-139-5p to be down-
regulated in patients with advanced PBC vs healthy controls and tended
to be lower in advanced PBC patients vs early PBC patients [23], sug-
gesting its potential value to predict the disease progression. The role of
miRs as biomarkers to predict the response to treatment in PBC was
highlighted by the fact that overexpression of miR-299-5p in serum was
associated with non-response to UDCA treatment compared to both PBC
responders and healthy controls [20]. On the other hand, alterations in
the miR expression profile were also reported in PBMCs from PBC pa-
tients [22]. In particular, downregulation of miR-181a, miR-181b, miR-
374b, and miR-425 was found in CD4" T cells from PBC patients
compared to healthy controls. Of note, the downregulation of miR-425
in CD4™ T cells induced inflammatory cytokines production [24].

Cholestasis is one of the main hallmarks of PBC and is caused,
partially, by downregulation of both the CI” /JHCO3™ anion exchanger 2

(AE2/SLC4A2) and the type III inositol 1,4,5-triphosphate receptor
(InsP3R3) in cholangiocytes [25-29]. Remarkably, the etiopathogenic
role of AE2 in PBC was also highlighted by the fact that Ae2~/~ mice
spontaneously developed different PBC-like features, including serum
specific AMAs [30,31]. One of the triggering causes for both AE2 and
InsP3R3 downregulation in PBC cholangiocytes is miR-506, which was
found overexpressed in these cells and directly targeted both mRNAs
leading to cholestasis [21,32]. Different pro-inflammatory cytokines
found overexpressed in PBC livers such as interleukins (ILs) 8, 12, 17,
18 and tumor necrosis factor alpha (TNFa) enhanced the transcrip-
tional activity of miR-506 gene promoter in cholangiocytes, subse-
quently leading to altered expression of proteins involved in several
biological processes, particularly in mitochondrial energy metabolism
[33]. MiR-506 induced PBC-like features in cholangiocytes including
cell dedifferentiation, stress, susceptibility to bile-salt induced apop-
tosis, dysregulation of mitochondrial metabolism and PDC-E2 over-
expression, ultimately promoting the activation and proliferation of
PBMCs from PBC patients when co-cultured [33]. These data point out
the relevant role of miR-506 in the etiopathogenesis of PBC and its
potential therapeutic regulatory value.

2.1.2. Primary sclerosing cholangitis (PSC)

PSC is a chronic cholestatic liver disease affecting both intra- and
extrahepatic large bile ducts [34,35]. Most patients are middle-aged
men (~60%) and up to 80% also present inflammatory bowel disease,
most commonly ulcerative colitis [8,34,35]. Importantly, PSC patients
have a 400-fold increased risk for developing cholangiocarcinoma
(CCA) compared to the general population [36]. Similar to PBC, her-
editary and environmental elements are associated with PSC, but the
etiopathogenesis remains unclear. There is no effective medical treat-
ment to alter the disease course and liver transplantation is the only
curative option [34,35,37]. In PSC, studies on the pathogenesis and role
of miRs as biomarkers or tools for therapy are still limited.

A report from 2016 pointed out the relevance of serum miRs as
potential biomarkers for the diagnosis of PSC and CCA (Table 1) [38].
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Table 1
MiRs as diagnostic biomarkers for cholangiopathies.
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AUC, area under the curve; BA, biliary atresia; CA19-9, cancer antigen 19-9; CCA, cholangiocarcinoma; iCCA, intrahepatic cholangiocarcinoma; MiR, microRNA; PBC, primary biliary

cholangitis; PSC, primary sclerosing cholangitis; SEN, sensitivity; SPE, specificity.

Disease MiR Expression Source Number of patients SEN (%) SPE (%) AUC Reference
PBC 122-5p + 141-3p Up (122-5p +141-3p) Serum PBC (n = 82) vs healthy controls (n = 60) 80.5 88.3 0.905 [16]
+ 26b-5p Down (26-5p)
PSC 200c Down Serum PSC (n = 40) vs healthy controls (n = 40) - - 0.740 [38]
BA 200a Up Serum BA (n = 24) vs other forms of neonatal hyperbilirubinemia (n = 24) 83.3 83.3 0.862 [44]
200b Up Serum 79.2 79.2 0.807
429 Up Serum 70.8 91.7 0.806
140-3p Down Plasma BA (n = 44) vs cholestatic disease controls (n = 20) and healthy controls 66.7 79.1 0.750 [46]
(n = 20)
4429 Down Serum BA (n = 35) vs non-BA neonatal cholestasis (n = 20) 83.3 80.0 0.789 [45]
4689 Up Serum 66.7 80.0 0.722
CCA 9 Up Bile CCA (n = 7) and gallbladder cancer (n = 2) vs choledocholithiasis 88.9 100.0 0.975 [67]
145 Up Bile patients (n = 9) 77.8 100.0 0.975
942 Up Bile 77.8 100.0 0.765
302c Up Bile 88.9 100.0 -
199a-3p Up Bile 88.9 100.0 -
222 Up Bile 88.9 100.0 -
105 Up Bile 77.8 100.0 -
21 Up Serum iCCA (n = 74) vs healthy controls (n = 74) 87.8 90.5 0.908 [68]
21 Up Plasma iCCA (n = 25) vs healthy controls (n = 7) - - 0.940 [71]
26a” Up Serum CCA (n = 66) vs healthy controls (n = 66) 84.8 81.8 0.899 [73]
106a* Down Serum CCA (n = 103) vs healthy control (n = 20) 81.6 85.0 0.890 [76]
150 Up Plasma iCCA (n = 15) vs healthy controls (n = 15) 80.6 58.1 0.791 [75]
192 Up Serum  O. viverrini CCA (n = 10) vs healthy controls (n = 32) 74.0 72.0 0.809 [79]
21 + 192 Up Urine  O. viverrini CCA (n = 22) vs healthy controls (n = 21) 81.8 71.4 0.849 [80]
483-5p + 194 Up Serum CCA (n = 40) vs healthy controls (n = 40) - - 0.810 [38]
483-5p + 222 Up Serum CCA (n = 40) vs PSC (n = 40) - - 0.770
1281 Down Serum CCA (n = 31) vs PSC (n = 40) 55.0 90.0 0.830 [81]
126 Down Serum 68.0 93.0 0.870
26a Down Serum 52.0 93.0 0.780
30b Down Serum 52.0 88.0 0.780
122 Down Serum 32.0 90.0 0.650
412 Up Bile PSC/CCA (n = 12) vs PSC (n = 52) 50.0 89.0 0.810 [81]
640 Up Bile 50.0 92.0 0.810
3189 Up Bile 67.0 89.0 0.800
1537 Up Bile 67.0 90.0 0.780
1537 + CA19-9  Up Bile 73.0 93.0 0.910

@ Also prognostic biomarker.

In a discovery phase, 21 miRs were found differentially expressed in
PSC, 33 in CCA and 26 in both groups compared to healthy controls, as
well as 24 miRs in PSC vs CCA with area under the receiver operating
characteristic (ROC) curve (AUC) > 0.700 [38]. After a validation
phase in a second cohort of patients, miR-200c was confirmed to be
downregulated in PSC vs healthy controls, whereas increased levels of
both miR-483-5p and miR-194 were found in CCA vs healthy controls as
well as both miR-483-5p and miR-222 in CCA vs PSC [38]. Combination
of these particular miRs further improved the specificity and accuracy
of diagnosis.

In terms of liver pathophysiology, and particularly in cholestasis,
pregnane X receptor (PXR) induced the expression of sulphotransferase
2A1 (SULT2A1) to convert lithocholic acid into a less toxic form and,
thus, prevented liver injury. However, PSC patients are characterized
by disease-specific impairment of SULT2A1 expression following PXR
activation. In PSC, SULT2A1 expression might be regulated by miR-
378a-5p, which was found overexpressed in PSC vs PBC livers and was
predicted by bioinformatics tools to target SULT2A1 gene expression
[39]. On the other hand, it was reported that miR-21 promotes biliary
hyperplasia [40] and miR-7a enhances cholangiocyte proliferation [41]
in animal models of cholestasis and sclerosing cholestasis, respectively,
suggesting a potential role of these miRs in the pathogenesis of PSC.
However, the role of these or other miRs in the PSC etiopathogenesis
remains still unknown.

2.1.3. Biliary atresia (BA)
BA is a progressive and destructive cholangiopathy affecting the
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intra- and extrahepatic bile ducts of neonates and that causes severe
cholestasis [42]. The etiopathogenesis of this disease remains still ob-
scure but several genetic and environmental factors have been postu-
lated to participate in its development [43]. Without treatment, BA
patients seldom survive more than 2 years [42]. To date, the only ef-
fective therapy is the Kasai portoenterostomy, which restores the bile
flow. However, early diagnosis and intervention are crucial for the
prognosis if this disease. BA is diagnosed by operative cholangiography
and/or liver biopsy, which are invasive and time consuming, high-
lighting the urgent need for non-invasive alternatives.

Serum of BA patients may contain promising miR biomarkers with
high sensitivity and specificity for the diagnosis (Table 1). Indeed, up-
regulation of miR-200a, miR-200b and miR-429 (miR-200 cluster) was
reported in BA patients compared to other forms of neonatal hyperbi-
lirubinemia (NH) [44]. On the other hand, miR-4429 downregulation
and miR-4689 upregulation were also reported in another study with
potential diagnostic value [45]. Additionally, by using next-generation
sequencing, miR-140-3p was found downregulated in plasma of BA
patients compared to cholestatic disease patients and healthy controls,
showing diagnostic potential [46]. Interestingly, the same study tried to
identify previously reported dysregulated miRs (i.e. miR-200 family
[44], miR-21 [47,48], miR-29a [48,49], miR-222 [47,50,51]) im-
plicated in human and experimental BA, however only upregulation of
miR-200 family was validated [46].

Different dysregulated miRs in BA are believed to be associated with
pro-inflammatory and pro-fibrotic processes (Table 2) [22]. MiR-19b,
which was found downregulated in liver tissue of BA patients [52],
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Table 2
MiRs involved in non-tumor cholangiopathies.

BBA - Molecular Basis of Disease 1864 (2018) 1293-1307

AE2, CI” /HCO;3™ anion exchanger 2; BA, biliary atresia; Cdc25a, cell division cycle 25A; FOG2, friend of Gata 2; FOXA2, forkhead box protein A2; IGF1: insulin-like growth factor 1;
IGF1R, insulin-like growth factor 1 receptor; IL6R, interleukin 6 receptor; InsP3R3, type III inositol 1,4,5-triphosphate receptor; Ngn-3, neurogenin-3; N-Ras, neuroblastoma RAS viral
oncogene homolog; PBC, primary biliary cholangitis; PLD, polycystic liver disease; PPP2R2A, protein phosphatase 2 regulatory subunit B alpha; PSC, primary sclerosing cholangitis;
PTEN, phosphatase and tensin homolog; Smad, small mothers against decapentaplegic; STAT3, signal transducer and activator of transcription 3; TGFp, transforming growth factor beta;

TNFa, tumor necrosis factor alpha.

Disease MiR Expression Target Function Sample Reference
PBC 506 Up AE2, InsP3R3 Secretion Cell lines, tissue [21,33]
139-5p Down ¢-FOS, TNF-a Inflammation Tissue, serum [23]
425 Down N-Ras Inflammation Serum [24]
PSC 7a Up Ngn-3 Proliferation Animal model [41]
21 Up Smad Fibrosis, proliferation Tissue, animal model [40]
BA 21 Up PTEN Fibrosis Tissue [47]
29a Up IGF-1, IGF-1R Cell death, inflammation Animal model [49]
200a, 200b, 200c Up FOXA2 Inflammation, proliferation Tissue, animal model [44]
200b Up FOG2 Proliferation, migration, fibrosis Tissue [53]
222 Up PPP2R2A Fibrosis Tissue, animal model [50,51]
19b Down TGFp Fibrosis Tissue [52]
124 Down STAT3, IL-6R Inflammation, proliferation Tissue, animal model [54]
PLD 15a Down Cdc25a Proliferation Cell lines, tissue [59]

directly targeted transforming growth factor beta receptor 2 (TGFR2)
gene expression and is believed to indirectly induce downstream TGFf3
signaling, which is involved in hepatic stellate cells (HSCs) activation
[52]. Additionally, increased miR-222, miR-200b and miR-21 in liver
tissue of BA patients may also stimulate HSCs activation promoting fi-
brosis [47,50,53]. On the other hand, the pro-inflammatory cytokine
IL6, upregulated in liver of BA patients, has been reported to enhance
cholangiocyte proliferation through miR-124 and miR-200 family [54].

2.2. Polycystic liver diseases (PLD)

PLD comprise a heterogeneous group of congenital cholangiopathies
inherited in dominant [i.e. autosomal dominant polycystic liver disease
(ADPLD) or autosomal dominant polycystic kidney disease (ADPKD)] or
recessive form [i.e. autosomal recessive polycystic kidney disease
(ARPKD)] and characterized by progressive development of multiple
fluid-filled biliary cysts (> 10), which are the main cause of morbidity
[55-57]. PLD can be found isolated (e.g. ADPLD) or associated with
renal cystogenesis (e.g. ADPKD and ARPKD). Current surgical and/or
pharmacological treatments do not improve the prognosis of these
diseases, and liver transplantation remains the only curative option.
Hepatic cystogenesis in PLD is characterized by functional alterations in
bile duct epithelial cells [58] that include miRs dysregulation [59,60].
To date, there is only a previous report highlighting the important role
of miRs in PLD pathophysiology [59,60]. In this study, an abnormal
miR expression profile was found in cholangiocytes isolated from an
animal model of ARPKD (i.e. the PCK rat), which has the same human
orthologous gene mutated (i.e. PKHDI). Of note, most of the dysregu-
lated miRs were found downregulated in PCK cholangiocytes [59]. Of
particular interest is miR-15a, which was found highly downregulated
in both rat and human cystic cholangiocytes [59]. MiR-15a directly
targets cell division cycle 25A (Cdc25a) promoting cystic cholangiocyte
cell proliferation [59]. Interestingly, experimental targeting of miR-15a
with specific anti-sense oligonucleotides inhibited cystic cholangiocytes
growth [59].

2.3. Cholangiocarcinoma (CCA)

CCA includes a heterogeneous group of malignancies with biliary
differentiation features that may arise from different liver cell types
including mature cholangiocytes. CCA is the second most frequent liver
tumor accounting for 10-20% of all primary liver neoplasms [61,62].
Attending to their anatomical location, CCAs are classified as in-
trahepatic (iCCA), perihilar (pCCA) and extrahepatic (eCCA) [63].
Epidemiological studies indicate that CCA worldwide incidence has
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been rising in the last decades [63,64] ranging from 0.30 to 8.75 per
100.000 individuals depending on the geographical area [61,63,64].
Several risk factors, including PSC, cirrhosis, viral hepatitis B and C,
hepatolithiasis, congenital biliary malformations as well as the hepa-
tobiliary flukes endemic in East Asia (i.e. Opisthorchis viverrini and
Clonochis sinensis), have been identified for CCA [64]. However, the
etiology of most CCAs still remains unknown [63,64]. Since CCAs are
often asymptomatic in early stages, diagnosis is usually conducted
when the disease is advanced and widespread [63,64]. The current
diagnostic strategy comprises a combination of imaging methods, non-
specific tumor biomarkers in serum [i.e. carbohydrate antigen 19-9
(CA19-9)] and histological analyses of tumor biopsies. Late diagnosis
compromises the potential curative options, which are mainly based on
surgery, leading to poor prognosis [63,64]. Furthermore, the respon-
siveness of CCA to current chemotherapies is very limited [63,64].
Therefore, early detection of these tumors is crucial for those patients
with risk factors and for those that present recurrence after surgery.
During the last decade, a significant number of research articles have
been published on the role of miRs in CCA (Fig. 1A) pointing out their
relevant value as non-invasive biomarkers (Table 1) and potential tar-
gets for therapy.

2.3.1. MicroRNAs as biomarkers

To strengthen the diagnosis of CCA and monitor tumor progression,
elevated CA19-9 levels in serum are commonly used as a com-
plementary approach to imaging methods. However, the sensitivity and
specificity of this non-invasive biomarker is modest, particularly in
early stages of the disease [65,66].

Increasing evidence points out the relevance of miRs as biomarkers
for CCA. Indeed, several dysregulated miRs have been described in
serum, plasma, urine or bile from CCA patients, showing high AUC
values for diagnosis (Table 1). High-throughput real-time PCR-based
assays performed in human bile samples showed that miR-9, miR-105,
miR-145, miR-199-3p, miR-222, miR-302c and miR-942 levels were
higher in both CCA and gallbladder cancer compared to patients with
choledocholithiasis [67] and acknowledged miR-9 as a reliable diag-
nostic indicator for biliary tract cancer [67]. In addition, different
studies revealed miR-21 as a potential biomarker candidate for the di-
agnosis of iCCA [68,69], as it was found overexpressed in both serum
and plasma from these patients compared to healthy individuals
[70,71]. Clinical stage and tumor differentiation degree were reported
to correlate with the levels of miR-21 in CCA tissue, and high miR-21
expression has been linked to poor overall survival, evidencing its
promising role as a prognostic biomarker [70,72]. Similarly, levels of
miR-26a were shown to be increased in CCA tissues, cell lines and
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serum from CCA patients compared to healthy controls [73,74]. Fur-
thermore, miR-150 levels were found upregulated in plasma from iCCA
patients [75] and its combination with CA19-9 improved the individual
diagnostic capacity of both biomarkers [75]. In contrast, the expression
of serum circulating miR-106a was reported downregulated in CCA
compared to healthy controls, but its diagnostic value was lower than
CA19-9 [76]. As previously mentioned for PSC-CCA, serum miR-483-5p
and miR-194 were found upregulated in CCA patients compared to
control individuals and their combination improved the diagnostic
potential of each miR [38]. Remarkably, increased serum levels of miR-
222 and miR-483-5p were identified in CCA vs PSC patients [38]. A
different study provided a panel of 5 serum miRs (miR-1281, miR-126,
miR-26a, miR-30b and miR-122) able to discriminate between PSC and
CCA patients [77]. Furthermore, a distinct miR expression pattern was
identified in bile from PSC-CCA vs PSC patients (miR-412, miR-640,
miR-1537 and miR-3189) [77]. Interestingly, combination of miR-1537
and CA19-9 levels displayed higher diagnostic capacity than CA19-9
alone [77].

MiRs have also been postulated as prognostic biomarkers for CCA.
Downregulation of miR-106a in serum from CCA patients was asso-
ciated with higher risk of lymph node metastasis and inversely corre-
lated with overall survival [76]. Likewise, downregulation of miR-150-
5p in plasma, bile and tumor tissue from CCA patients negatively cor-
related with CA19-9 levels and tumor grade [78]. On the other hand,
increased serum levels of miR-192 were associated with metastasis and
poor overall survival in liver fluke-associated CCA patients compared to
healthy controls [79]. Of note, increased miR-192 and miR-21 levels
were found in urine from liver fluke-associated CCA patients and their
combination improved the diagnostic power of these two miRs alone
[80].

The overall diagnostic capacity of miRs in CCA was emphasized in
two independent meta-analysis, where the pooled of 11 miRs from 8
independent studies displayed AUC values of 0.900 and 0.880, re-
spectively [81,82]. miRs in bile and serum showed higher diagnostic
value (i.e. 0.957 and 0.957, respectively) than tissue (0.847) and urine
(0.745) [81].

2.3.2. MicroRNAs in CCA pathology

Aberrantly expressed miRs in CCA tumor cells have been described
to participate in pathological processes including cell proliferation,
differentiation, survival, invasion/migration, epithelial mesenchymal
transition (EMT), epigenetics and chemoresistance (Fig. 3) [22]. These
miRs can function as oncogenes or tumor suppressors (Table 3).

2.3.3. Onco-microRNAs

Several upregulated miRs in CCA cells function as onco-miRs pro-
moting tumor growth. For instance, miR-21 stands out as a pivotal
regulator of several pathophysiological processes such as cell pro-
liferation, survival, EMT, invasiveness/metastasis and chemoresistance
via direct targeting of different tumor suppressors including pro-
grammed cell death protein 4 (PDCD4), metalloprotease inhibitor 3
(TIMP3), reversion-inducing cysteine-rich protein with Kazal motifs
(RECK), tyrosine-protein phosphatase non-receptor type 14 (PTPN14),
15-hydroxyprostaglandin dehydrogenase (15-PGDH), phosphatase and
tensin homolog (PTEN) and phosphatidylinositol 3-kinase (PI3K)
[68,70,83-86], among others [87]. In addition, arsenic resistance pro-
tein 2 (Ars2), involved in miR biogenesis, was found overexpressed in
CCA tissue and cell lines leading to increased miR-21 expression, which
in turn inhibited its downstream targets further contributing to CCA cell
proliferation and oncogenesis [69].

The mRNA of different genes involved in the blockade of cell cycle
such as p15, p21 and Cyclin E1 has been reported to be directly targeted
by the oncogenic miR-224, leading to enhanced cell cycle progression
and tumor growth [88]. Another miR with a potential role in cell cycle
progression is miR-34a, which was found to directly inhibit period
circadian protein homolog 1 (Perl) expression and its interaction with
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checkpoint kinase 2 (CHEK2), preventing cell cycle arrest [89]. Emer-
ging data have demonstrated that miR-191 directly targets ten-eleven
translocation 1 (TET1), which in turn demethylates and thereby re-
presses p53 expression in CCA cells. Hence, upon miR-191 upregula-
tion, the tumor suppressor activity of p53 is inhibited and leads to cell
survival and proliferation [90]. Furthermore, miR-429 expression was
reported to be increased in CCA, correlating with the hypomethylated
status of its promoter [91]. Functional in vitro studies showed that miR-
429 directly targeted the tumor suppressor cadherin-6 (CDH6) inducing
tumor cell growth [91]. Likewise, increased cellular proliferation and
apoptosis evasion were shown in iCCA upon miR-31 upregulation
through RAS p21 GTPase activating protein 1 (RASA1) direct inhibition
[92]. RASA1 suppression led to increased levels of the active RAS form
(GTP-bound) as well as to increased ERK1/2 phosphorylation further
activating the MAPK signaling pathway and ultimately enhancing
tumor growth [92]. MiR-421 was identified as another onco-miR in
CCA that promoted tumor cell proliferation, migration and colony
forming via FXR inhibition [93]. CCA cell survival was associated with
miR-25, which protected tumor cells against TNF-related apoptosis-in-
ducing ligand (TRAIL)-mediated apoptosis via direct targeting of TRAIL
Death Receptor-4 (DR4) [94].

The expression of the tumor suppressor N-myc downstream-regu-
lated gene 2 (NDRG2) was found to be repressed by miR-181c, resulting
in cell cycle progression, cell proliferation and chemoresistance [95].
Additionally, miR-181c correlated with the expression of mesenchymal
markers N-cadherin and vimentin, and negatively correlated with the
epithelial marker E-cadherin, therefore, promoting EMT [95]. More-
over, miR-221 was shown to target the tumor suppressor PTEN and
promote migration and invasion in CCA cells through the [-catenin
signaling pathway-mediated EMT, as it favored -catenin translocation
into the nucleus. Moreover, B-catenin could activate c-Jun, known to
induce miR-221 expression. Thus, miR-221, B-catenin and c-Jun sig-
naling pathways form a positive feedback loop through PTEN inhibition
that enhances EMT [96]. Finally, miR-24 has been found to act as an
onco-miR by partially repressing the tumor suppressor protein menin
and, hence, stimulating proliferation, migration, invasiveness and an-
giogenesis in CCA tumors [97].

2.3.4. Tumor suppressor microRNAs

Different tumor suppressor miRs are downregulated in CCA cells
leading to tumor growth. In particular, downregulation of miR-494 in
CCA cells induced the expression of its direct target cyclin-dependent
kinase 6 (CDK6) leading to cell cycle progression [98,99]. Similarly,
miR-122 was able to inhibit the expression of genes involved in cell
cycle progression including Cyclin G1 and insulin-like growth factor 1
receptor (IGF1R), and its baseline downregulation in CCA resulted in
cell proliferation [100]. Regarding cell survival, decreased miR-29b
levels in CCA cells promoted the expression of its target induced mye-
loid leukemia cell differentiation protein Mcl-1 (Mcl-1), an anti-apop-
totic Bcl-2 family member that protects cells against TRAIL-mediated
programmed cell death [101]. Similarly, decreased miR-410 expression
in CCA cells resulted in the upregulation of its target, the X-linked in-
hibitor of apoptosis protein (XIAP), leading to tumor cell growth and
invasiveness [102]. Likewise, reduced miR-212 levels in CCA cell lines
led to the upregulation of its direct target forkhead box protein Al
(FOXA1), promoting increased tumor cell proliferation and invasion
[103]. On the other hand, miR-145 was pointed out as another tumor
suppressor found downregulated in CCA cells [104]. MiR-145 prevents
the tumor growth, proliferation and invasion of iCCA cells by directly
targeting novel (nua) family kinase 1 (NUAK1), which further nega-
tively regulated Akt/Forkhead box protein O1 (FOXO1) pathway and
matrix metalloproteinase (MMP) expression halting iCCA progression
[104]. Moreover, decreased miR-150-5p levels in CCA cells promoted
cell proliferation, migration and invasion via upregulation of its direct
target the oncogenic ETS domain-containing protein Elk-1 (ELK1) [78].

Regarding EMT, migration and invasiveness, decreased miR-214
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A B Fig. 3. Aberrant miR expression in the pathogenesis of CCA.
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levels were reported in metastatic iCCA tissues compared to non-me-
tastatic ones, leading to decreased expression of the epithelial marker E-
cadherin and induced expression of the EMT transcription factor Twist
[105]. In addition, downregulation of miR-122 in human CCA has been
suggested to be involved in tumor cell migration and invasion through
dysregulation of MMP2, MMP9, RECK, E-cadherin and N-cadherin ex-
pression [100]. The activation of the ERK/MMP2/MMP9 signaling
pathway and the consequent proliferation, migration and invasion were
induced upon miR-138 downregulation in CCA cells via Ras homolog
gene family member C (RhoC) upregulation [106]. Similarly, miR-200c
was reported to mediate EMT in CCA cells via direct targeting of neural
cell adhesion molecule 1 (NCAM1) [107]. On the other hand, the epi-
dermal growth factor (EGF)-dependent migration of iCCA cells was
associated with downregulated miR-376c expression via upregulation of
its direct target growth factor receptor-bound protein 2 (GRB2). Ad-
ditionally, interleukin-1 beta (IL13) and MMP9 were suggested to be
functioning downstream of GRB2 signaling [108]. Likewise, TGFf may
be responsible of the reduced miR-29a levels in CCA cell lines and
tissue, leading to the stimulation of tumor growth and metastasis via
activation of its direct target histone deacetylase 4 (HDAC4) [109].
Inflammation has been established as a relevant component of
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tumor progression. MiR-605 was found downregulated in iCCA tissue
leading to overexpression of its direct target 26S proteasome ATPase
regulatory subunit 10 (PSMD10), which prevented retinoblastoma
protein (RB) from inhibiting interleukin 6 (IL6) [110]. Induction of the
IL6/STAT3 pathway ultimately promoted cell proliferation and inva-
sion in vitro and tumor growth in vivo through the upregulation of Cy-
clin D1, vascular endothelial growth factor (VEGF), MMP2 and MMP9
[110,111]. The IL6/STAT3 pathway has also been described as the
target of the let-7/miR-99a/miR-125b cluster, which was found
downregulated in CCA tissues [112]. Essentially, this miR cluster di-
rectly targeted central inflammatory elements including IL6, IL6R and
IGF1R, which in turn activated STAT3 downstream signaling enhancing
CCA progression [112]. Downregulation of miRs in CCA may be caused
by hypermethylation of their promoters. Decreased miR-370 levels in
CCA cells were linked to hypermethylation of its promoter via IL6-de-
pendent activation of DNA methyltransferases. Consequently, the ex-
pression of miR-370 was reduced and the expression of its target the
mitogen-activated protein kinase kinase kinase 8 (MAP3K8) was en-
hanced contributing to tumor growth [113]. In addition, the paternal
allele of miR-370 was often found silenced through genomic imprinting
in CCA patients [114]. Moreover, due to the overexpression of IL6 in



BBA - Molecular Basis of Disease 1864 (2018) 1293-1307

P. Olaizola et al.

Lel sau| |8 ymodB Jown] 9HAad V00 62y

[e6] anssy ‘saul| |80 uoresBiw ‘uoryesaold uX4 Jeoueo Lzv
. . o o J9ppeY|IED puE YOO

[88] anssi} ‘saul| |80 ymoub anowny ‘uoisseuboud 81942 |90 13 uPA) ‘zd ‘gLd \e)e) vze

[96] anssp ‘saull ||8D uoiseAur ‘uopesbiw ‘1 INJ N3Ld VYO0 344
|epow uoiseAul ‘uonelbiw ‘] N3

[06] 1131 vOO! 161

lewiue ‘anssy} ‘saul| |18 ‘sisojdode ‘ymmoub sowny ‘uoissalbolid aj0Ad |99 ‘uonelsyjold
20UB9S8USS ‘9OUEB)SISAIOWaYD

[gel anssi ‘saul| |90 ) ) . ) ) ZOYaN V00 218
uoiseAul ‘uoelBiw ‘| N ‘YmolB Jowny ‘uonedayljoid

[68] anssy ‘saul| |90 uolseAul ‘yimoub sowny ‘uoissaiboud 9949 |19 ‘uonessyljold 1ad (el eye
[z6] anssi ‘saul| [|80 sisojdode ‘uonelay|old VSV voO! 1€
[v2] anssi} ‘saul| |90 uonelsjoid ge-3sSO V20 e9z
[v6] anssy ‘saull |90 sisojdody y4a V00 14
[26] |opow |ewiue ‘saul| |[8D sisauabolbue ‘uoiseAul ‘uonelbiw ‘uoielayljold ulusy \Vele) e

‘ ‘ S e Ha9d-5} ‘¥03d ‘vaoad ylw-oduo
[98-€8 ‘g9l anssy ‘saul| I8 | . . . . . . . . . . VOO 74

w_wwcmmooco uoIseAul Cozm‘_m_E 1N3 w_wO«Qonm uonelssjljold N3L1d ‘ujuswiA ‘uusyped-N ‘uusyped-3 ‘cdNIL ‘+ADAd
lopow . . . ; .
[22] [ewiue ‘enssy ‘saul 90 sisauaboouo ‘uopjelBiw ‘ymolb Jnowny ‘uonyelayold +a2ad VOO! IULIBAIA "Q k4
[69] wnias ‘enssy ‘saul| |80 sisojdode ‘yimolb Jowny ‘uonelsyijoid N3Ld ‘vINd1d VvOO! 1z
SISINIDIIONNL
JONIFYI4 EREINAS NOILONNA 1393VL 3sv3asia N =

‘ur01d sisoydode jo 1oyqryur payul-X ‘dVIX ‘dOT-JUM umold ‘gOTINM :1010e] uonduosuen Xiay-doo[-XI[ay diseq 1sIM] ISIM], ‘eyde-g aserawosiodol YNA ‘VZdO.L

‘¢ 10)1qIyuI aseurajoxdof[elaul ‘CJINLL ‘T UONEDIO[SURT) UaAS[a-U) ‘IIAL ‘ Sojowoy d13sjdejuadedap Jsurede siayjoul [[ews ‘ppews O aquaw AJiurej 3ojouroy ser ‘Doyy ‘sJnour [ezey M ura1oid Yd1I-aura)sAd SUIDNPUI-UOTSISASI YDHY ‘T 10JeANdR

urjoxd 1zd SVY ‘TVSVY ‘urajoxd 1 auad Surunrojsuern-roum) Areyymid ‘IDLLd ‘41 2d4) 101dedas-uou asejeydsoyd urejoid-aursoif) ‘pINJILd ‘Sojowoy urisua) pue asejeydsoyd ‘NHId ‘T 3ungns A101e[nda1 asedy-uou S9g awoseajoid ‘TANSd

‘1 ylungns £10yen8ai aseuny-g-apnisutoydsoyd Ye)id ‘1 Sojowoy urjoid uerpedsn poruad ‘119d 4 urajord yyesp (oo pawrwerdord ‘LDAd (1 dseun| A[iwey YYAN ‘TIVNN ‘g duad paje[n3ai-ureanisumop d24W-N ‘¢OYAN ‘T [Ndd[ouWl UoIsaype

1199 TeINaU ‘TINVDN ‘upAureder Jo 1931e) dISTURYISIW YO LW ‘6 dseursjoidof[elstr XLnew ‘6dINIAl ‘g dseurslordof[elsl XINew ‘CJNIA ‘VNYOIDIUI I {T-[d]Al U19101d UOTIRTIUSISHIP [[90 BIWSNNS] PIO[oAUI pasnpul ‘I-[PI ‘g ursload urewrop Surpuiq

-dD-[Apaw ‘ZAdIAl ‘8 9seuny aseuny aseury urajoid pajeande-usdoirur ‘@YEAVIA ‘6T UneIDY ‘6 LY (101dada1 9 UDNSILIUT “Y9T (9 UNNSI[IAUT ‘9] £101dad3I T 1019B] YaMOI3 SNI[-UINSUl YT 4D] ‘ewourdredordue[oyd snedayenur ‘YOI 4 ase[A1aeap

QuO0ISIY ‘pDVAH ‘B19q € aseun] aseypuis uaB0d4[3 ‘eSO ‘g ureroid punog-101dedal 10398 IMOIS ‘TgYD 103deda1 X prosaure] YXd 1V ueloid xoq peayio] ‘IyXO0d ‘uonisuen rewAyouasawr [erppypide ‘IINF ‘1-Y[d uloid Sururejuod-urewop
SIH ‘INTH ‘b 101dadar yresap by ‘ureroid susadoouo-ojoid dAur DAN-> 99N dseun| ure)oid-aursolf) IBN-d ‘9 aseun] Juapuadap-urPAd ‘9D (9-ULRYped ‘gHAD ‘ewouIedoIdueoYd ‘Yo OseusdoipAysp urpue[SeisordAxoIpAy-G1 ‘HADJ-ST

*s1sauadLIowm) AIRI[Iq Ul PIAJOAUT SYTW

€ dIqelL

1300



BBA - Molecular Basis of Disease 1864 (2018) 1293-1307

P. Olaizola et al.

‘191N M—EH

[ov1]

[66 ‘g6l
[eol]
[sol]
[G11]
[eLi]
[811]
[0
[eo]
[811]
[201]

[611]
[8/]

[yoil
[901]
[10} “00L]
[ezi-tei]
(811 ‘104l
[601]
[oz1]
le11]
[er1]

[e11]

|epow
lewiue ‘enssy ‘saul| [|9D

[opow

lewjue ‘anssi ‘saul| [|9D
saul| 18D

saul| 18D

anssiy ‘saul| |80

anssiy ‘saul| |80

saul| 18D

anssy ‘saul| |80

anssiy ‘saul| |80

saul| |20
saul |20
saul |20

wnias ‘anssy ‘saul| 8D

anssiy ‘saul| |80

[opow
[ewiue ‘anssj ‘saul |90

saul| 18D

anssy ‘saull 8D

|opow
lewiue ‘enssy ‘saul| [|8D

anssi} ‘saull ||9D)
anssy ‘saull |18

anssiy ‘saul| |80

uojjewweyul ‘uoiseAul ‘uonelbiw ‘sisoydode ‘uonelayljold

uonesayljold

uoiseAu ‘sisoydode ‘ymolb sown ]

uonelbiy

soljauabidy

uonesayljold

aouejsisalowayd ‘sisoydody

uoiseAul ‘uonelbiw ‘] NT

uoISeAU! ‘uoljelajl|old

Qoue)sisaloway)

uolseAul ‘uonelbiw ‘| N

9ouUE)sIsaloway)

uolseAul ‘uonelbiw ‘ymoib Jnowny ‘uonelayjold
uoiseAul ‘Ymolb Jnowny ‘uoielayljold

uoiseAul ‘uofjelbiw ‘uoissalbolid ajoAo |99 ‘uonelsyiold
uolseAul ‘uonelbiw ‘uonelajold

sisauaboouo ‘uoiseaul ‘uonelbiw ‘] N3 ‘Ymoib Jown |
aoue)sisalowayo ‘sisoydody

uolseAu! ‘uonelbiw ‘| INT ‘Yymoub Jown |

yimolb Jowny ‘uonesayljold

ssauwa)s ‘Ajoiuabuown) ‘uonewweljul ‘uoiseAul ‘uonelbipy
ssauwajs ‘Ajoluabuowny ‘uonewwelul ‘uoiseAul ‘uonelbipy

ssauwals ‘Ayoluablowny ‘uoljewiweyul ‘uoiseAul ‘uonelbi

unyues/Lansd

VZdOLl ‘1911d ‘9Mad
dviIX

[4s)=9)

casn

0L LNM ‘8MEAVIN
LdeEMId

1M

LWYXO4

LINVON

dol1w
13

MVNN
ooy

uusype)
-N ‘udayped-3 ‘YOI ‘6dNIN ‘ZdNIN “HL49DI ‘LD UlRAD

1@ uPAD ‘9xAad 1BN-O ‘YAVYINS ‘9AN-0
ZANINL LIV ‘L-IPIN

yOVaH

6114

ISIEbL]

pSenll

¥9TI 9Tl

V02!

VOO
VOO
VOOl
vo0d
VOO
VOO
VOO
VOO
VOO
VOO

V02
VYOO

V02!
A £0}0)
A £0}0)
A £0}0)
A £0}0)
A £0}0)
V02
V00
V00

A £0}0)

S09

L4
oLy
29.¢
€L€
0.L€
(h44
viz
e
S0z
2002
de-ee6l
dg-051
Syl
8¢l
(44"
epg
a6z
e6Z
egz
1866
.I:74%

EIET

lossaiddns

ownjg

1301



P. Olaizola et al.

CCA patients, the maternal allele may also become hypermethylated
and suppress the expression of miR-370 from this allele too, further
disrupting its tumor suppressor activity [114]. Similarly, miR-373, also
found in a CpG island, was shown to be downregulated in pCCA. In
consequence, its direct target the methyl-CpG-binding domain protein 2
(MBD2) became overexpressed [115]. Interestingly, MDB2 can also
bind to miR-370 promoter, initiating a positive feedback loop by CpG
island methylation, therefore, intensifying the repression of miR-370
[116,117]. Epigenetic modifications also regulated the expression of
miR-376¢ in iCCA, as higher methylation levels of CpG sites upstream
miR-376¢ gene were observed [108].

Downregulation of certain miRs is known to confer CCA a che-
moresistant phenotype. Thus, decreased levels of miR-29b, miR-205
and miR-221 in CCA cells induced chemoprotection against gemcita-
bine [118]. Moreover, downregulation of miR-199a-3p in CCA cells
decreased their sensitivity to cisplatin by inducing the expression of
multidrug resistant protein 1 (MDR1) and by inhibiting the mechanistic
target of rapamycin (mTOR) signaling pathway [119].

The role of some miRs in cholangiocarcinogenesis remains con-
troversial as different studies have defined certain miRs to function as
both onco-miRs and tumor suppressor miRs. For instance, decreased
levels of miR-26a expression in CCA cells exhibited proliferative prop-
erties resulting in incremented tumor growth both in vitro and in vivo,
via direct targeting of keratin type I cytoskeletal 19 (KRT19) [120]. In
contrast, overexpression of miR-26a was also reported to enhance CCA
cell proliferation and tumor growth in nude mice by directly targeting
glycogen synthase kinase-3 beta (GSK3[3) and further activating the [3-
catenin signaling pathway and some of its downstream genes including
myc proto-oncogene protein (c-Myc), cyclin D1, and peroxisome pro-
liferator-activated receptor 8 (PPAR 8) [74]. Likewise, miR-34a has
been described as both onco-miR and tumor suppressor miR. As
aforementioned, miR-34a overexpression halted cell cycle arrest by
blocking Perl expression and hampering its interaction with CHEK2
[89]. However, miR-34a has also been characterized as a tumor sup-
pressor, and can be inhibited by TGFf, which is found upregulated
during CCA development and progression. Consequently, TGF3-medi-
ated downregulation of miR-34a resulted in the overexpression of other
miR-34a downstream targets (i.e. CDK6, Cyclin D1, c-Myc and small
mothers against decapentaplegic homolog 4 [SMAD4]) promoting CCA
cell proliferation, as well as migration and EMT [121-123].

3. Extracellular vesicles in cholangiopathies
3.1. Extracellular vesicles (EVs)

EVs are nano- or micro-sized lipid bilayer spheres produced by di-
verse cell types and released into the extracellular media where they
participate in intercellular communication both in physiological and
pathological conditions [124-127]. Although EVs were first identified
in 1946, the general interest of the scientific community on EVs did not
appear until the last decade, where an increasing number of scientific
reports, specific societies and journals emerged (Fig. 1B). According to
their biogenesis, EVs are classified as exosomes, microvesicles and
apoptotic bodies [128] (Fig. 4). Exosomes (~40-150 nm) are generated
in the MVBs of cells, which derive from early endosomes that are
formed by the endocytosis of the plasma membrane [125]. Micro-
vesicles (also called as microparticles: ~40-1000 nm) are formed and
released by direct budding of the plasma membrane of cells [129,130].
Finally, apoptotic bodies (~100-5000 nm) are produced by cells un-
dergoing apoptosis and their size and morphology are more hetero-
geneous [129,130]. EVs are found in different biological fluids such as
blood, urine, saliva, breast milk, ascitic fluid, seminal fluid and bile,
among others [124]. Likewise, EVs contain a specific subset of proteins,
RNA species, metabolites and lipids, which play important roles in in-
tercellular communication and in the regulation of multiple physiolo-
gical processes including immune response [124,131], homeostasis of
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EV TYPE ORIGIN MORPHOLOGY SIZE (nm)

Exosomes Multivesicular body (MVB) Spherical ~40 - 150
Microvesicles or 2

microparticles Plasma membrane Spherical 40 - <1000

Apoptotic bodies Apoptotic cell Heterogeneous ~100 - 500-5000

Exosomes Microvesicles Apoptotic bodies
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Fig. 4. EV classification according to biogenesis. A) General features of exosomes, mi-
crovesicles/microparticles and apoptotic bodies. B) Graphical representation of the dif-
ferent EV types.

MVB, multivesicular body; ILV, intraluminal vesicles.

the circulatory system [124], pregnancy process mediating the fetal-
maternal communication, [124,132] embryonic development [124]
and tissue repair [124,133,134]. Moreover, EVs participate in the pa-
thogenesis of different diseases and are also considered as a source for
biomarkers and as new therapeutic vehicles for drugs or external bio-
molecules delivery [124,126,135-137].

Several studies have pointed out the relevant role of EVs in the
regulation of different aspects of liver function in health and disease
[138-140]. Similarly, the role of EVs in biliary pathophysiology has
also been investigated in the last years (Fig. 1B). The first evidences of
the physiological role of EVs in biliary physiology were given by the
identification of EVs in bile [141]. Bile EVs were partially secreted by
cholangiocytes and directly bound to their primary cilium inhibiting
cell proliferation in an ERK-dependent manner [141]. These data evi-
denced that EVs may contribute to the maintenance of the homeostasis
of the biliary epithelia in normal conditions.

3.2. EVs as source of biomarkers for cholangiopathies

The value of EVs as source of biomarkers for cholangiopathies has
been investigated in PSC and CCA. A panel of miRs (miR-191, miR-486-
3p, miR-1274b) was reported upregulated in EVs isolated from bile of
CCA patients compared to several biliary benign disorders (i.e. chole-
docholithiasis, PSC, chronic pancreatitis and Sphincter of Oddi dys-
function) showing diagnostic value (Table 4) [6]. Besides miRs, specific
proteome profiles were reported in serum EVs from PSC, CCA, hepa-
tocellular carcinoma (HCC) and healthy individuals [7] with diagnostic
value between groups (Table 4). Of note, pantetheinase (VNN1), C-re-
active protein (CRP), fibrinogen gamma chain (FIBG), immunoglobulin
heavy constant alpha 1 (IGHA1), alpha-1-acid glycoprotein 1 (A1AG1)
and gamma-glutamyltranspeptidase 1 (GGT1) proteins were all found
overexpressed in EVs from CCA patients compared to PSC, healthy
control and HCC, showing differential diagnostic value [7]. In addition,
different proteins such as ficolin-2 (FCN2), inter-alpha-trypsin inhibitor
heavy chain H4 (ITIH4), FIBG, plasma protease C1 inhibitor (IC1) or
serum amyloid P-component (SAMP), among others, were found over-
expressed in serum EVs from early stage CCAs (I-II) compared to PSC
patients, showing higher diagnostic value than CA19-9 [7]. On the
other hand, non-invasive differential diagnosis of iCCA vs HCC is
sometimes difficult. Interestingly, different proteins were found con-
centrated in EVs from iCCA patients compared to HCC such as FIBG,
A1AG]1, vitamin D-binding protein (VTDB), CRP, presenting higher
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Table 4
EVs associated biomarkers for cholangiopathies.
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A1AG], alpha-1-acid glycoprotein 1; AMPN, aminopeptidase B; AUC, area under the curve; CCA, cholangiocarcinoma; CRP, C-reactive protein; FIBG, fibrinogen gamma chain; IC1,
plasma protease C1 inhibitor; IGHG4, immunoglobulin heavy constant gamma 4; ITGB4, integrin beta-4; miR, microRNA; EV, extracellular vesicles; FCN1, ficolin 1; HCC, hepatocellular
carcinoma; IGHA1, immunoglobulin heavy constant alpha 1; NEP, nuclear export protein; PIGR, polymeric immunoglobulin receptor; PSC, primary sclerosing cholangitis; SAMP, serum
amyloid P-component; SEN, sensitivity; SPE, specificity; VNN1, pantetheinase; VTDB, vitamin D binding native protein.

Biomarkers in EV Name Disease EV source Number of patients SEN (%) SPE (%) AUC Reference
miR miR-191 CCA Bile CCA (n = 46) vs controls” (n = 50) 67.0 96.0 - [6]
miR-486-3p CCA Bile 67.0 96.0 -
mR-1274b CCA Bile 67.0 96.0 -
Protein AMPN PSC Serum PSC (n = 30) vs controls (n = 32) 83.3 62.5 0.789 [71
FCN1 PSC Serum 2 independent cohorts 76.7 68.7 0.771
NEP PSC Serum 63.3 90.6 0.761
PIGR PSC Serum 76.7 71.8 0.742
VNN1 PSC Serum 76.7 59.3 0.741
AMPN CCA Serum CCA (n = 43) vs controls (n = 32) 90.7 65.6 0.878 [7]
VNN1 CCA Serum 2 independent cohorts 72.1 87.5 0.876
PIGR CCA Serum 83.7 71.8 0.844
IGHA1 CCA Serum 81.4 75.0 0.820
CRP CCA Serum 79.1 68.7 0.808
FIBG CCA Serum CCA (n = 43) vs PSC (n = 30) 88.4 63.3 0.796 [71
A1AG1 CCA Serum 2 independent cohorts 76.7 70.0 0.794
S10A8 CCA Serum 69.8 66.6 0.759
S10A9 CCA Serum 74.4 60.0 0.740
SAMP CCA Serum 79.1 57.6 0.740
PIGR CCA I-II Serum CCA I-II (n = 13) vs controls (n = 22) 75.0 95.4 0.905 [7]
AMPN CCA I-II Serum 91.7 72.7 0.833
FIBG CCA I-1I Serum 100.0 68.1 0.833
IGHG4 CCA I-II Serum 66.7 96.4 0.818
IGHA1 CCA I-II Serum 91.7 59.0 0.814
FCN2 CCA I-II Serum CCA I-II (n = 13) vs PSC (n = 30) 100.0 80.9 0.956 [71
ITIH4 CCA I-II Serum 91.7 80.9 0.881
FIBG CCA I-1I Serum 91.7 80.9 0.881
IC1 CCA I-II Serum 75.0 80.9 0.821
SAMP CCA I-1II Serum 75.0 80.9 0.821
FIBG iCCA Serum iCCA (n = 12) vs HCC (n = 29) 83.3 89.6 0.894 [71
Al1AG1 iCCA Serum 83.3 82.1 0.845
VTDB iCCA Serum 75.0 89.2 0.823
CRP iCCA Serum 75.0 79.3 0.802
VNN1 iCCA Serum 83.3 68.9 0.802

? Including PSC, biliary obstruction and bile leak.

diagnostic capacity than CA19-9 or alpha-fetoprotein (AFP), a non-
specific tumor marker commonly used to support the diagnosis and
monitoring of HCC [142]. Moreover, serum EVs from HCC patients
showed increased levels of proteins such as galectin-3-binding protein
(LG3BP) compared to healthy controls, with higher diagnostic value
than AFP [7]. On the other hand, changes in the population of micro-
vesicles (MVs) have been reported for both CCA and HCC. Increased
amount of MVs positive for Annexin V, epithelial cell adhesion mole-
cule (EpCAM) and asialoglycoprotein receptor 1 (ASGPR1) was found
in serum from both HCC and CCA patients compared to cirrhotic pa-
tients. The amount of these particular MVs exhibited diagnostic value
for the presence of liver tumors compared to cirrhotic livers and, in-
terestingly, their amount decreased after tumor resection, supporting a
correlation with the presence of the tumor [143].

Besides the potential of EVs as biomarkers, their value for ther-
apeutic purposes has been explored for CCA. A recent study indicated
that restoration of miR-195 levels in CCA cells by the injection of miR-
195 laden EVs coming from stellate cells overexpressing miR-195 re-
duced their growth and improved survival in a CCA orthotopic mouse
model [144].

3.3. EVs in biliary pathophysiology

Increasing evidence indicates that EVs participate in the patho-
physiology of biliary diseases. In PBC, plasma EVs have been suggested
to immunomodulate the peripheral blood-derived antigen presenting
cells (monocytes and dendritic cells) regulating the expression of the
co-stimulatory molecules CD86 and CD80 [145]. Thus, autologous

1303

incubation of PBC plasma-derived EVs with PBMC induced the upre-
gulation of CD86 in CD14* monocytes, CD40 in CD11c* dendritic cells
and the downregulation of both CD80 and CD40 in the CD14™ mono-
cyte populations. However, PBC plasma EVs did not show changes on
monocyte cytokine production. Furthermore, PBC plasma-derived EVs
exhibited increased amount of miR-451a and miR-642a-3p compared to
healthy controls, which have been associated with several immune
regulatory processes including dendritic cell cytokine profile regula-
tion, T cell IL6 production or the toll-like receptor 4 translation to
monocytes [145]. As PBC courses with selective destruction of the
biliary epithelial cells [146], the immunomodulatory effects of the
apoptotic bodies coming from the dying cholangiocytes could have an
impact on the progression of PBC. With that idea, the protein content of
the apoptotic bodies coming from normal intrahepatic cholangiocytes
treated with the toxic glycochenodeoxycholic bile acid was explored by
mass-spectrometry analysis. Of note, these apoptotic bodies presented
several proteins related to immune reaction including those involved in
NF-kB, ERK and Notch signaling pathways, and in the modulation of IL8
and its signaling receptor [147].

Regarding biliary tract malignancies, several reports highlighted the
role of EVs in the pathogenesis of these tumors, particularly in inter-
cellular communication and tumor microenvironment, where CCA-de-
rived EVs may modulate stromal cells and inhibit the immune response
favoring tumor development and progression. CCA cell-derived EVs
could activate mesenchymal stem cells (MSC) resulting in the release of
important pro-inflammatory cytokines such as IL6, chemokine (C-X-C
motif) ligand 1 (CXCL1) and C-C motif chemokine ligand 2 (CCL2) that
promote the migratory capacity of CCA cells. Therefore, CCA cell-
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derived EVs may modulate the tumor stroma to favor tumor growth.
Regarding immunomodulation, CCA cell-derived EVs reduced the pre-
sence of CD3 + CD8 + CD56 + natural killer cells and CD3 + CD56 +
cytotoxic cell populations in PBMCs cultures and the production of
TNFa and perforin [148]. The pro-tumorigenic effect of CCA cell-de-
rived EVs may come from oncogenic molecules present in these ve-
sicles. In this regard, the protein content of CCA-derived EVs in vitro was
studied by mass spectrometry-based proteomics in liver fluke-asso-
ciated CCA cells [142,149] and in two idiopathic CCAs cell lines
[142,149]. Liver fluke associated CCA-derived EVs present an upregu-
lation of several oncogenic proteins including galectin-3 binding pro-
tein (LGBP), large neutral amino acids transporter small subunit 1
(LAT1), 4F2 cell-surface antigen heavy chain (4F2hc), pyruvate kinase
(KPYM) and EPCAM, among others. Other important proteins involved
in cholangiocarcinogenesis that were also found upregulated in CCA-
derived EVs [142,149] included the epidermal growth factor receptor
(EGFR), integrin beta-4 (ITGB4) [142]. Liver flukes are the main risk
factor for CCA development in several Southeast Asian countries [61].
In this regard, O. viverrini liver fluke-produced EVs promoted cho-
langiocyte proliferation [150].

4. Conclusion and future directions

Both miRs and EVs play significant roles in the pathophysiology of
cholangiopathies and are promising non-invasive tools for diagnosis,
prognosis and to predict treatment response. Several miRs and EV-re-
lated proteins present in serum, bile or urine showed high sensitivity
and specificity for the diagnosis of different cholangiopathies. The use
of miRs and EV-related biomarkers could be a promising future option
as the first diagnostic step in early detection of cholangiopathies, spe-
cifically in individuals with known risk factors for CCA (i.e., liver flukes,
hepatitis B and C, or PSC). Furthermore, the majority of miRs found
dysregulated in biological fluids were not validated in other studies,
pointing out the need to standardize the isolation, purification and
amplification methods. Moreover, special attention should be directed
to bridge the gap between pre-clinical and clinical studies. Thus, future
international collaborative investigations are urgently needed to vali-
date the most promising biomarkers and to start their implementation
in the general clinical practice. On the other hand, elucidating the role
of the dysregulated miRs in the pathogenesis of cholangiopathies is key
to uncover novel therapeutic targets. However, most of the pathophy-
siological studies were carried out using in vitro analysis, demanding
the need of in vivo studies in order to test the potential impact of miR-
based therapies for the treatment of biliary diseases.
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