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ABSTRACT
Cholangiocarcinoma (CCA) is a lethal malignancy originating from the biliary tract epi-

thelium. Most patients are diagnosed at an advanced stage. Even after resection with 

curative intent, prognosis remains poor. Previous studies have reported the evolving 

role of microRNAs (miRNAs) as novel biomarkers in cancer diagnosis, prognostication 

and chemotherapy response. Various miRNAs, such as miR-21, miR-26, miR-122, and 

miR-150, have been identified as possible blood-based biomarkers for non-invasive 

diagnosis of CCA. Moreover, epithelial-mesenchymal transformation (EMT)- and an-

giogenesis-associated miRNAs have been implicated in tumor cell dissemination and 

are able to determine clinical outcome. In fact, miRNAs involved in cell survival might 

even determine chemotherapy response. This review provides an overview of known 

miRNAs as CCA specific biomarkers.
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INTRODUCTION
Cholangiocarcinoma (CCA) is a highly malignant tumor originating from the biliary 

tract epithelium. Currently, the only curative treatment is complete surgical resection. 

However, most patients are diagnosed at advanced stages (stage III and IV) when 

they have become ineligible for surgery.1 Even after radical resection, most patients 

have poor prognosis, because they develop local recurrent disease or metastases.2,3 

In Europe, a 5-year survival rate of 5% and 17% has been reported for intrahepatic 

cholangiocarcinoma (ICC) and extrahepatic cholangiocarcinoma (ECC), respectively.4 

Adjuvant therapy has not yet been standardized, as benefit remains unclear and 

prediction of treatment response is lacking.5,6

To improve diagnosis, prognosis and stratification of treatment response, novel 

biomarkers are urgently warranted. A biomarker is defined as a biological feature that 

can be measured and evaluated objectively and reproducibly. It serves as an indicator 

of pathogenic processes or pharmacologic responses to therapeutic interventions. 

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression at the 

post-transcriptional level and play a key role in cancer development and the process 

of metastasis.7 Human cancers express specific miRNA profiles, which can be found 

in both tissue and bodily fluids. Analysis of miRNAs in bodily fluids is promising for 

developing minimally-invasive methods for diagnosis, tumor progression monitoring, 

and chemotherapy response prediction.8 As such, miRNAs fulfill all requirements to 

serve as a potential biomarker. This review hence aims to evaluate the potential roles of 

miRNAs as biomarkers for early accurate diagnosis, prognostication, and stratification 

for systemic treatment of patients suffering from CCA.

CHOLANGIOCARCINOMA IN THE CLINICAL SETTING
CCA is classified according to its anatomic location as ICC and ECC. The latter is 

categorized into distal and perihilar or Klatskin cholangiocarcinoma. Incidence rates of 

CCA display substantial geographic variation due to diversity of risk factors. In 2012, 

the incidence of ICC in the USA was 1.18 per 100,000 person-years, and for ECC this 

was 1.02 per 100,000 person-years.1 Notably, incidence of CCA is especially high in 

Southeast Asia where Opisthorchis viverrini liver fluke infection is endemic9 O. viverrini 

infection has been identified as a predominant risk factor for CCA. Other risk factors 

include liver cirrhosis, cholelithiasis, and primary sclerosing cholangitis (PSC). Globally, 

both incidence and prevalence have increased progressively in the last decades.1 Not 

only do ICC and ECC differ in epidemiology, but also in clinical manifestation. Due to 
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the anatomic position, most patients with ICC remain asymptomatic, whereas patients 

with ECC may present with jaundice or cholangitis.10,11 Therefore, ICC is most often 

detected coincidentally at advanced stages by cross-sectional imaging.10

Currently, the differential diagnosis of CCA requires invasive procedures, because 

clinical presentation, imaging techniques, and current serological markers are 

inadequate to distinguish various benign and malignant lesions. Overlapping clinical 

symptoms and resemblance on imaging make accurate diagnosis challenging.12-15 

Besides imaging, two blood-based tumor markers, carbohydrate antigen 19-9 (CA19-

9) and carcinoembryonic antigen (CEA), are currently used for diagnosis of various 

cancer types, including pancreatic, gastric, and colorectal cancer.16-19 However, they 

lack sensitivity and specificity for an adequate diagnosis of CCA.16,20 Furthermore, even 

though analysis of surgical pathology specimens offers the only possibility to obtain 

diagnostic certainty, surgical resection is associated with considerable morbidity 

and mortality, especially with respect to resection of perihilar CCA.21 In addition, 

the distinction between pancreatic ductal adenocarcinoma and distal ECC remains 

histologically challenging.22 Evidently, novel biomarkers are warranted to improve 

diagnostic processes.16,20

Patients suffering from stage IV CCA have no benefit from surgery. They are treated 

with a combination of gemcitabine and platinum-based chemotherapy drugs in first- 

line chemotherapy regimens, such as combinations with oxaliplatin (GemOx) or 

cisplatin (GemCis).5 Despite systemic treatment, patients with advanced CCA have a 

median overall survival (OS) of less than one year.23,24 In addition, recent studies have 

demonstrated that concurrent treatment with erlotinib or cetuximab has no beneficial 

effect.23,24 In patients who are resected for CCA, a consensus on adjuvant therapy 

guidelines is lacking and trials have provided inconsistent results of adjuvant therapy 

combinations.4-6 Adjuvant therapy seems most beneficial in patients who have high risk 

of recurrence, including positive lymph nodes or narrow resection margin.6 Notably, 

independent from lymph node status and resection margin, prolonged OS and disease 

free survival (DFS) have recently been associated with adjuvant chemoradiotherapy.25,26

MIRNA-REGULATED GENE EXPRESSION
MiRNAs are single-stranded non-coding RNAs of 18-22 nucleotides. They regulate 

gene expression through messenger RNA (mRNA) repression or degradation (Figure 

1).27,28 In recent years, the growing field of miRNA research has offered new molecular 

insights into the basis of miRNA processing, function, and gene silencing, resulting 
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in a remarkable progress in understanding mRNA-targeted regulation by miRNAs.29 

MiRNAs not only regulate genes intracellularly, but they are also excreted for 

intercellular communication. They are excreted from the cell as free circulating miRNAs 

bound to carrier proteins and in extracellular vesicles (EVs).30

In the cell nucleus, miRNA genes are transcribed to primary microRNAs (pri-miRNA) by polymerase 
II or III (Pol II/III).27 Pri-miRNA is cleaved into its mature form in a two-step process. Firstly, pri-
miRNA is cleaved into precursor miRNA (pre-miRNA) by the microprocessor complex RNAse 
Drosha and subunit DGCR8 (Pasha).27 Subsequently, pre-miRNA is exported to the cytoplasm by 
the export factor Exportin-5.28 Secondly, pre-miRNA is cleaved into a double-stranded miRNA by 
the microprocessor complex RNAse III Dicer and trans-activator RNA-binding protein (TRBP).27 
Finally, the passenger strand is degraded and the mature miRNA is incorporated into the RNA-
induced silencing complex (RISC). RISC allows miRNA to regulate gene expression by repressing 
translation or cleaving messenger RNA (mRNA) post-transcriptionally in the cytoplasm.27
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Figure 1. MicroRNA biogenesis and gene regulation. 
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Remarkably, of all the extracellular miRNAs, approximately 90% is present in non-

vesicle-associated form bound  to a carrier protein.31,32 It has been hypothesized that 

these cell-free miRNAs are nonspecifically released during cell death or secretion, 

because cell-free miRNA expression profiles have shown to remain highly stable in 

the extracellular environment after cell death.32,33 This hypothesis has recently been 

challenged by a novel mechanism of cell-free miRNA secretion. Cell-free miRNAs 

have shown to communicate directly with adjacent cells through gap junctions.34 

Furthermore, when comparing circulating cell-free miRNAs profiles with parental 

miRNA profiles in (matched)  tissue samples, studies report contradictory results.35-39 

Further research is hence required to unravel the underlying mechanisms of cell-free 

miRNA excretion.

EVs can in fact transport small molecules such as miRNAs, lipids, and proteins to 

recipient cells.40 Their membrane fuses with the target cell membrane through 

endocytosis, releasing their contents into the cytoplasm. The adhesion of EVs to 

specific target cells is facilitated by specific adhesion molecules and receptors.41 

Expression profiles of miRNAs in EVs have shown similarities to the miRNA expression 

levels in the cell of origin.42 However, the secretion of miRNAs in EVs has been shown 

to be partly selective.43 When comparing miRNA profiles in EVs with cell-free miRNA 

profiles, several miRNAs also appear to occur exclusively in EVs or only as cell-free 

miRNAs.31 Due to the selective secretion of particular miRNAs in EVs, it is suggested 

that miRNAs in EVs have a more advanced regulatory role than previously recognized.

ROLE OF MIRNAS IN CANCER DEVELOPMENT
MiRNAs can reduce or increase the expression of genes by up- or downregulation, 

respectively. This allows miRNAs to regulate approximately 30% of the human protein 

coding genes.44 They regulate physiologic processes such as cell differentiation, 

proliferation, and apoptosis.45 Alterations in the underlying mechanisms of such 

processes can contribute to the dynamic multistep process of tumorigenesis. Therefore, 

the association between deregulated miRNAs expression and cancer development has 

been widely investigated. MiRNA expression can be deregulated due to alterations 

in the miRNA gene, biogenesis enzymes and proteins, transcriptional controls, and 

epigenetics.45 MiRNAs with oncogenic activity, called oncomiRs, exert their effect 

by increasing the expression of oncogenes or reducing the expression of tumor 

suppressor genes. Conversely, miRNAs can act as tumor suppressor miRNAs and limit 

tumor development. Their function is not strictly diametrically opposed, as miRNAs 

can function as oncomiRs or tumor suppressors depending on their interaction with 

other miRNAs, tissue type, and disease.46
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Besides tumor pathogenesis, miRNAs are involved in tumor vascularization, invasion, 

and the process of metastasis 45. Tumor cells are able to initiate and stimulate 

angiogenesis through production of vascular growth factors, such as the vascular 

endothelial growth factor (VEGF) family.47 Increase in VEGF has been associated with 

deregulation of various miRNAs, including downregulation of the tumor suppressor 

miR-200 family.48 Loss of this miRNA family also causes epithelial-mesenchymal transition 

(EMT), transforming epithelial tumor cells to motile mesenchymal tumor cells.49 These 

transformed cells show a decrease in adhesion molecules such as E-cadherin and 

y-cadherin, resulting in tumor cell dissemination and metastatic development.50

MIRNAS AS DIAGNOSTIC BIOMARKERS IN BODILY FLUIDS
To improve differential diagnosis in CCA through minimally-invasive techniques, the 

potential role of miRNA biomarkers is currently being studied in bodily fluids. MiRNAs 

are excreted through exocytosis as free circulating miRNAs or in EVs in various body 

fluids, including blood and bile, where they maintain their high stability.51

MIRNAS AS BIOMARKERS IN BLOOD
Serum and plasma miRNA expression levels are strongly correlated. However, miRNA 

expression levels have been reported to be higher in plasma samples, possibly due 

to thrombocyte contamination.52,53 MiR-21, miR-26, miR-122, and miR-150 are most 

commonly reported to be differentially expressed in blood of CCA patients compared 

to other lesions (Table 1).35-37,54-60

MIR-21 UPREGULATION IN CCA  
MiR-21 is a quintessential oncomiR, which is upregulated in a wide variety of cancer 

types.61-64 It stimulates cell proliferation and represents an integral regulatory part of 

apoptosis, inhibiting programmed cell death. A number of studies have evaluated its 

potential as blood-based biomarker for differential diagnosis of CCA. These studies 

found significantly elevated expression levels of miR-21 in patients with CCA compared 

to healthy controls (HCs) in both blood serum and plasma samples.54-56 Cheng et al., 

for example, found that miR-21 was significantly upregulated in CCA compared to HCs 

in serum.54 Notably, they did not reach differential significance in miR-21 expression 

between CCA and benign bile duct diseases.54 In a blood plasma study conducted 

by Kishimoto et al., however, miR-21 was significantly elevated in biliary tract cancer, 

including both CCA and gall bladder cancer, compared to benign bile duct diseases.55 

The area under the curve (AUC) in biliary tract cancer compared to HC was 0.93 and for 

biliary tract cancer compared to benign bile duct diseases this was 0.83.55 This suggests 



MicroRNA profiling for diagnosis, prognosis and stratification of cancer treatment in cholangiocarcinoma

52 53

Table 1.  Diagnostic value of relevant signifi cantly validated miRNAs in blood in CCA.

miRNA
Groups 
compared

Deregulation
AUC miRNA 
(sensitivity, 
specifi city)

AUC CA19-9

(sensitivity, 
specifi city)

Blood 
type Study (year)

miR-21

CCA (n=103) 
vs. HC (n=20)

Upregulated - - Serum Cheng et al.
(2015) 54

ICC (n=25) vs 
HC (n=7)

Upregulated 0.94 (-) - Serum Correa-
Gallego et 
al. (2016) 57

ICC (n=74) vs. 
HC (n=74)

Upregulated 0.9081 (87.8%, 
90.5%)

- Serum Wang et al.
(2015) 56 

BTC (n=94) vs. 
HC (n=50)

Upregulated 0.93 (84.0%, 
98.0%)

- Plasma Kishimoto 
et al.
(2013) 55

BTC (n=94) vs. 
BBDD (n=23)

Upregulated 0.83 (71.2%, 
82.6%)

-

miR-26a

CCA (n=66) vs. 
HC (n=66)

Upregulated 0.99 (84.8%, 
81.8%)

0.723 (-) Serum Wang et al.
(2015) 58

CCA (n=31) vs. 
PSC (n=40)

Downregulated 0.78 (52%, 93%) - Serum Voigtländer 
et al.
(2015) 59 

miR-122

CCA (n=70) vs. 
HC (70)

Upregulated 0.813 (-) - Serum Bernuzzi et 
al.
(2016) 37

CCA (n=31) vs. 
PSC (n=40)

Downregulated 0.65 (32%, 90%) - Serum Voigtländer 
et al.
(2015) 59

miR-150

ICC (n=15) vs. 
HC (n=15)

Upregulated 0.791 (93,3%, 
53,3%)

0.747 (66,7%, 
100%)

Plasma Wang et al.
(2015) 35

BTC (n=61) vs. 
HC (n=48)

Downregulated - (84.4%, 88.0%) - Serum Kojima et al.
(2015) 36

CCA (n=28) vs 
HC (n=50)

Downregulated - - Serum Wu et al. 
(2016) 60

PSC (n=30) vs 
HC (n=50)

Downregulated - -

CCA (n=28) vs 
PSC (n=30)

Downregulated - -

Abbreviations: AUC: area under the curve; BBDD: benign bile duct diseases; BTC: biliary tract cancer; CA19-9: cancer 
antigen 19-9; CCA: cholangiocarcinoma; HC: healthy controls; ICC: intrahepatic cholangiocarcinoma; miR: microRNA; 
PSC: primary sclerosing cholangitis
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that miR-21 would be less suitable to differentiate between CCA and benign bile duct 

diseases. In addition, when comparing biliary tract cancer with HCs or benign bile 

duct diseases, Kishimoto et al. reported that the combination of miR-21 and CA19-9 

showed higher sensitivity and specificity compared to miR-21 or CA19-9 individually.55

In CCA tissue and cell lines, miR-21 expression is significantly elevated and has been 

reported to stimulate tumor progression through regulation of downstream targets 

such as phosphatase and tensin homolog (PTEN) and protein tyrosine phosphatase 

non-receptor type 14 (PTPN14).56,57,65 PTEN decreases the apoptotic pathway proteins 

Bax/Bcl ratio, caspase-3 and programmed cell death protein 4 (PDCD4), modulating 

apoptosis negatively.57 PTEN and PTPN14 also suppress protein kinase B, a protein 

kinase also known as Akt, and yes-associated protein, a transcriptional co-activator, 

respectively.56 Inhibition of both these targets promotes cell proliferation and suppress 

apoptosis.56 Furthermore, Lu et al. identified 15-hydroxyprotsglandin dehydrogenase 

(15-PGDH), an enzyme which inactivates prostaglandins and lipoxins through 

catalysation of oxidation, as a target of miR-21 in CCA.65 High miR-21 was associated with 

decreased 15-PGDH, which resulted in an increase of the carcinogenic prostaglandin 

E2 (PGE2).
65 Since PGE2 also stimulates miR-21 biogenesis, PGE2 and miR-21 form a 

positive feedback loop.65 MiR-21 is also closely related to arsenic resistance protein 2 

(Ars2), a subunit of the cap-binding complex required for cell proliferation and miRNA 

biogenesis in CCA.66 Depletion of Ars2 caused increased miR-21 expression and as a 

consequence decreased PTEN and PDCD4 expression levels.66

Despite the promising AUCs of miR-21, its role as a diagnostic biomarker remains 

disputed. Firstly, the heterogeneity of studied patient cohorts should be addressed.36,54,55 

For example, Kishimoto et al. included ICC, ECC, gallbladder cancer, and Ampulla of 

Vater cancer as one group in biliary tract cancer.55 In addition, they included gallstone 

disease, cholecystitis, adenomyomatosis, gallbladder polyps, cholangitis, choledochal 

cyst, malfusion of pancreaticobiliary duct, bile duct dysplasia, and postoperative 

stenosis as one group in benign bile duct diseases.55 Such heterogeneous groups 

will lead to non-uniformity in the expression profiles of both the malignant and 

benign group. A homogeneous group would be preferred to correlate expression 

profile directly to diagnosis. Ultimately, all possible diagnoses need to be compared 

separately for the most optimal diagnostic tool. Second, an essential requirement for 

diagnosis is tumor-specific expression. Even though miR-21 was significantly elevated 

in CCA with high AUC values, this miRNA has also been reported to have diagnostic 

value for various other tumors, such as pancreatic ductal adenocarcinoma, colorectal 
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carcinoma, and hepatocellular carcinoma.61,62,67 Finally, investigation of possible 

confounding variables such as jaundice or high pressure zones in the biliary tree is 

lacking.68-70 During obstructive cholestasis in bile duct ligation (BDL) models, miR-21 

was also significantly upregulated.71,72 Indeed, miR-21 is not capable of distinguishing 

various tumor types, reducing its capability as diagnostic tool.

MIR-26 DEREGULATION IN CCA AND PRECANCEROUS LESIONS
Recent studies have provided evidence for miR-26a deregulation in blood samples from 

CCA patients.58,59 Wang et al. studied its discriminating value and showed that miR-26a 

was elevated in serum in CCA compared to HC.58 Notably, miR-26 was described with 

a higher AUC value than CA19-9, 0.899 compared to 0.723, respectively.58 Moreover, 

Voigtländer et al. demonstrated downregulation of miR-26a in serum in CCA compared 

to PSC.59 PSC is a risk factor for CCA in which precancerous neoplasia of the large 

bile duct can develop, such as intraductal papillary neoplasm of the bile duct.73 As a 

consequence, if miR-26a serum levels were to decrease from PSC levels towards CCA 

and HC levels, it would be impossible to determine whether this should be recognized 

as a sign of early CCA or as recovery from PSC. Therefore, miR-26a lacks discriminatory 

capacity to differentiate between benign and malignant lesions. 

MiR-26a has been studied extensively for its role in CCA carcinogenesis.74,75 In both 

CCA tissue and cell lines, an abundant expression of miR-26 has been reported, which 

significantly promoted cell proliferation.75 In CCA, miR-26 directly targets glycogen 

synthase kinase 3 beta (GSK-3β), an enzyme implicated in different pathological 

processes including cancer. An increase in miR-26a expression reduces GSK-3β, 

which degrades β-catenin through phosphorylation.75 Consequently, phospho-β-

catenin is decreased and β-catenin is increased in CCA. As part of the Wnt/β-catenin 

pathway, β-catenin activates Wnt target gene expression. This enables transcription 

of downstream genes such as G1-phase regulator cyclin D1 and oncogene c-Myc.75 

Moreover, GSK-3β promotes tumor protein p53, a tumor suppressor which restrains 

the cell cycle and promotes apoptosis.76

MIR-122 IMPLICATIONS IN LIVER DISEASES
A miRNA specifically known for its abundant expression in liver-associated pathological 

processes is miR-122.70,77,78 In line with previous studies on miR-122 in pathological 

liver conditions, miR-122 was also significantly upregulated in CCA compared to HC 

(AUC = 0.813) in a serum study conducted by Bernuzzi et al.37 In addition, they also 

reached statistical significance for the upregulation of miR-122 in PSC compared to 
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HC. Concordantly, Voigtländer et al. analyzed miR-122 in serum and discovered a 

significant upregulation in both CCA and PSC compared to HC.59 Remarkably, miR-122 

was also significantly upregulated when comparing PSC to CCA. Similar to miR-26a, 

expression levels higher than HC could hence indicate both CCA and PSC. Moreover, 

when comparing bile duct ligation-induced cholestasis models to sham controls, 

expression levels of miR-122 were significantly upregulated in both serum and plasma 

samples.68,69 Due to the fact that miR-122 expression is closely related to both benign 

and malignant liver diseases, it remains uncertain whether miR-122 is specific to CCA 

and could be used as diagnostic biomarker. 

The functional role of miR-122 in liver-associated pathology has recently been 

investigated for CCA.38 MiR-122 was significantly downregulated in CCA tissue 

compared to healthy bile duct tissue.39 Moreover, Wu et al. provided evidence for the 

suppressive role of miR-122 in cell proliferation and apoptosis in CCA cell lines.38 The 

latter was also demonstrated by Liu et al.39 Therefore, p53 was studied as a possible 

target of miR-122.38 Transfection with miR-122 significantly increased p53 levels, 

suggesting that miR-122 exerts its tumor suppressive role through p53 signaling in 

CCA.38 Moreover, decreased levels of miR-122 were associated with increased levels of 

cyclin G1, a transcriptional target of p53.39

MIR-150 MONITORING IN CCA
MiR-150 has been studied as blood-based biomarker in various periampullary 

cancers.35,60,79,80 Wang et al. studied its diagnostic potential in plasma and demonstrated 

that miR-150 was significantly elevated in ICC compared to HC.35 Its discriminative 

ability (AUC = 0.791) was better compared to CA19-9 (AUC = 0.747).35 In addition, the 

combination of miR-150 and CA19-9 improved the AUC value to 0.920.35 Remarkably, 

miR-150 was elevated in plasma, but downregulated in matched tissue samples.35 A 

possible explanation is that miRNAs can be selectively released into the blood by 

cholangiocytes. However, Kojima et al. provided evidence for miR-150 downregulation 

in biliary tract cancer compared to HC in serum.36 Moreover, Wu et al. recently studied 

miR-150 in CCA and demonstrated a downregulation in both serum and matched 

tissue samples.60 Serum expression levels of miR-150 were significantly lower in both 

CCA and PSC compared to HC.60 In fact, miR-150 expression was also significantly 

downregulated when comparing CCA to PSC.60 Therefore, miR-150 expression levels 

could possibly display the development from normal biliary conditions to PSC and 

onwards to CCA. Notably, miR-150 expression was inversely correlated to CA19-9 

expression.60 In conclusion, miR-150 could possibly serve as an important biomarker 

for CCA tumor progression.
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The pathological role of miR-150 in CCA has remained enigmatic and yet to be 

unraveled. Wu et al. reported that overexpression of miR-150 resulted in a decreased 

proliferation rate and tumor growth, indicating a tumor suppressive role in CCA.60 

This role was subsequently supported by their results depicting ELK1 as an oncogenic 

target of miR-150.60 ELK1 is a transcription factor derived from the Ets family and 

member of the ternary complex subfamily. It targets the serum response element of 

c-fos, an oncogene involved in cell differentiation, proliferation, and apoptosis.81,82

MIRNAS FROM ARRAY DATA
Bernuzzi et al. carried out a microarray for 667 miRNAs in CCA patients, HCs and 

patients with PSC in serum.37 In the validation phase, 9 and 14 serum miRNAs were 

significantly elevated in CCA compared to HCs and to PSC, respectively. From these 

miRNAs, four miRNAs were elevated in CCA both compared to HC and PSC: miR-

30e*, miR-483-5p, miR-760, and miR-139-5p.37 Specifically, miR-483-5p and miR-194 

were elevated in CCA compared to HC. When comparing CCA to PSC, miR-222 and 

miR483-5p were significantly upregulated.37 The combination of miR-483-5p and miR-

194 as well as the combination of miR-222 and miR-483-5p appeared to be more 

reliable and specific in discriminating CCA from HC (AUC = 0.81) and CCA from PSC 

(AUC = 0.77), respectively.37 In addition, miR-200c was elevated in CCA compared 

to PSC, but not when compared to HCs.37 Similarly, Voigtländer et al. conducted a 

microarray for 1,113 serum miRNAs in order to find a miRNA panel for the diagnosis 

of CCA.59 This study compared CCA to PSC and identified 31 miRNAs from which they 

selected six for further validation based on fold change. Five miRNAs were significantly 

downregulated in CCA: miR-1281, miR-126, miR-26a, miR-30b, and miR-122.59 Notably, 

miR-126 and miR-1281 emerged as the most promising miRNAs as they showed the 

highest AUC values. Kojima et al. conducted a microarray for 2,555 miRNAs in serum 

of patients with biliary tract cancer and HCs to identify a discriminatory panel of 

miRNAs.36 Eventually, 66 miRNAs were validated, from which miR-125a-3p and miR-

6893-5p were the most significantly differentially expressed, with their levels lower 

in biliary tract cancer compared to HCs.36 Although these explorative studies have 

identified multiple differential blood-based miRNAs, little overlap has hampered the 

clinical translation so far. In the future, standardization of sampling and normalization 

of data might improve these results.

MIRNAS AS BIOMARKERS IN BILE
Bile is secreted by hepatocytes into the bile ducts, to be discharged into the duodenal 

part of the small intestine where it aids digestion by emulsifying lipids. Cholangiocytes 
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lining the bile ducts are involved in a constant modification process of the bile.83 

Therefore, biliary composition and presence of certain molecules might reflect 

biliary tract epithelium pathologies, including CCA. Li et al. identified biliary EVs and 

established the presence of miRNAs in EVs in bile.84 A mathematical model was used 

to optimize diagnostic values and to combine complementary diagnostic miRNAs. 

The final 5-miRNA panel of miR-468-3p, miR-484, miR-16, miR-191, and miR-1274b 

showed a sensitivity of 67% and specificity of 96%.84 The presence of miRNAs in EVs 

suggests that hepatocytes and cholangiocytes communicate through miRNAs in EVs 

in bile, which can contribute to CCA development. 

Nevertheless, the majority of miRNAs are not EV-associated and remain vesicle-free.85 

Voigtländer et al. studied free circulating miRNAs in CCA, PSC/CCA, PSC, and HC 

bile.59 In a validation cohort of 83 bile samples, 10 miRNAs which were downregulated 

in CCA compared to PSC were validated. Four of these miRNAs (miR-412, miR-640, 

miR1537, and miR-3189) were also downregulated in PSC/CCA compared to PSC with 

AUC values ~ 0.80.59 The combination of miR-1537 and CA19-9 improved their AUC 

values from 0.78 and 0.88, respectively, to 0.91.59 Wu et al. not only analyzed miR-150 

serum levels in HC, PSC, and CCA, but also in matched CCA bile samples.60 Paired CCA 

patient samples, comparing plasma and bile, showed a strong positive correlation in 

miR-150 expression.60 As described previously, this underlines the possibility of miR-

150 as a promising biomarker closely involved in PSC and CCA development.35,36,60

MIRNAS AS PROGNOSTIC FACTORS IN CCA
Independent prognostic miRNAs in CCA
Various clinicopathological factors form independent prognostic predictors for survival 

in CCA patients, including radical resection, clinical stage at diagnosis, differentiation 

status, and distant metastases.54,56,58 Several miRNAs have also been reported as 

independent prognostic miRNAs in CCA (Table 2).54,56,58 Downregulation of serum miR-

106a has been associated with lymph node metastases after resection and has been 

identified as an independent prognostic factor for decreased OS in CCA.54 Equally, 

high serum miR-26a expression was identified as an independent predictor of reduced 

OS and progression free survival (PFS) in CCA.58 In CCA tissues, deregulated expression 

of the 2-miRNA panel miR-126 and miR-151-3p, and low miR-203 expression were 

both established as independent prognostic markers of OS.86,87 In ICC, deregulated 

expression levels of the 3-miRNA panel miR-675-5p, miR-652-3p, and miR-338-3p, and 

high expression of miR-21 were both independently associated with OS and DFS.56,88 In 

ECC tissues, miR-34 was associated with shorter DFS.89 Although various studies have 
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attempted to provide a prognostic miRNA profile, a consistent signature is yet to be 

discovered and validated.

Metastasizing through miRNA mediated epithelial-mesenchymal through miRNA 
mediated epithelial mesenchymal transition
The process of dissemination is facilitated by the tumor cell acquiring new properties 

such as a motile cytoskeletal structure, ability to invade the basement membrane, 

overexpression of stimulatory receptors/ adhesion molecules, and increased 

stimulation of vascularization of the microenvironment.90 The transformation from 

epithelial cells to motile mesenchymal cells, named epithelial-mesenchymal transition 

(EMT), has been established as a key factor in tumor progression and metastasizing.45 

EMT is characterized by modification of migratory properties including the cadherin 

switch, which consists in the loss of adhesion molecule E-cadherin and upregulation of 

N-cadherin.49 Various signaling pathways have been shown to activate EMT, including 

TGF- β, Wnt, and Notch signaling pathways.91 Because these pathways have been 

identified as miRNA targets in several cancers, miRNAs and their possible EMT-

associated targets have also been studied in CCA (Table 3). 

Although miR-34a is well known for its tumor suppressive role regulated by p53, it has 

also been associated with CCA invasion and metastasizing through EMT.89 Smad4, a 

transcriptional factor which affects EMT in carcinogenesis via the TGF-β pathway, was 

identified as a direct target of miR-34a.89 Overexpression of miR-34a also increased 

E-cadherin expression and reduced N-cadherin expression. Consequently, cell 

migration and invasion were significantly suppressed. In addition, the EMT regulator 

Snail, a target of TGF-β/Smad4, was reduced significantl.89 Moreover, miR-34a regulates 

Delta-like one (DLL1), a ligand of the Notch signaling pathway, which increases 

invasion and is associated with EMT.92 Therefore, miR-34a is suggested to regulate 

EMT through both TGF- β/Smad4 and the Notch signaling pathway. Concordantly, 

these findings were confirmed in ECC tissues where decreased miR-34a expression 

levels were associated with lymphatic metastases.93

PTEN is a protein involved in EMT regulation and has been identified as a direct 

target of miR-221 in ECC.91 PTEN is able to activate β-catenin, which is involved in cell 

migration and invasion through EMT.91 In return, β-catenin/c-Jun signaling influences 

miR-221 expression, forming a feed-forward loop that promotes metastasizing. 

This was confirmed by the correlation of miR-221 expression levels with lymphatic 

metastases and advanced clinical stage.91 Notably, miR-221 was identified as an 
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Table 2. Independent prognostic miRNAs emerging in studies on CCA samples (tumor tissue and blood).

miRNA Sample 
type

Up- or 
downregulated

Survival 
OS/DFS/
PFS

Outcome HR 
(95%CI)

P Features Study (year)

miR-106a CCA 
serum

Downregulated OS decreased 5.1 (2.2-
11.8)

<0.05 Lymph node 
metastasis

Cheng et al. 
(2015)54

miR-26a CCA 
serum

Upregulated OS decreased 3.461 
(1.331-
5.364)

0.013 Advanced 
clinical stages 
Metastasis
Differentiation 
status

Wang et al. 
(2015)58

PFS decreased 4.226 
(1.415-
10.321)

<0.001

miR-126 and 
miR-151-3p

CCA 
tissue

Downregulated OS increased 0.201 
(0.043-
0.928)

0.04 Mcnally et al. 
(2013)86

Upregulated

miR-203 CCA 
tissue

Downregulated OS decreased 3.444 
(1.244-
9.536)

0.017 Tumor size
Tumor 
differentiation

Li et al.
(2015)87

miR-675-5p,
miR-652-3p 
and 
miR-338-3p

ICC 
tissue

Upregulated OS decreased 2.13 
(1.108-
4.107)

0.023 TNM stage Zhang et al. 
(2015)88

Downregulated

Downregulated

miR-21 ICC 
tissue

Upregulated OS decreased 3.519 
(1.411-
5.702)

0.021 Wang et al.
(2015)56

PFS decreased 4.157 
(1.915-
7.421)

0.008

miR-34a ECC 
tissue

Downregulated DFS decreased 0.002 Lymphatic 
metastasis
Advanced 
clinical stages 
(III/IV)

Qiao et al. 
(2015)89

miR-221 Hilar 
CCA 
tissue

Upregulated OS decreased <0.05 Lymphatic 
metastasis
Advanced 
clinical stages 
(III/IV)

Li et al. (2015)91

Abbreviations: 95%CI: 95% confi dence interval; CCA: cholangiocarcinoma; DFS: disease free survival; ECC: extrahepatic
cholangiocarcinoma; HR: hazard ratio; ICC: intrahepatic cholangiocarcinoma; miR: microRNA; OS: overall survival; P: statistical signifi cance; 
PFS: progression free survival; TNM stage: tumor-node metastasis stage 

Table 2. Independent prognostic miRNAs emerging in studies on CCA samples  
(tumor tissue and blood).
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independent prognostic factor of decreased OS.91 PTEN is also directly targeted by 

miR-92a and miR-19a from the miR-17-92 cluster in CCA, and by miR-21 in ICC tissue.94 

Overexpression of the miR-17-92 cluster reduced PTEN levels significantly.94 These 

results show the importance of PTEN inhibition by miRNAs in CCA progression.

Various other signaling pathways and transcription factors have been implicated in 

EMT-mediated metastasis of CCA. In CCA, miR-200b/c directly targets ROCK2, which 

is part of the Rho/ROCK2 signaling pathway and is involved in cell motility.95 Moreover, 

CCA invasion is promoted through the ZEB1/2-E-cadherin axis, which depicts 

E-cadherin regulation by ZEB1 and ZEB2, and it is tightly regulated by miR-200b/c.96,97 

Table 3. Main miRNAs and their validated targets in CCA with 
epithelial-mesenchymal transition

miRNA Tumor type Target Study (year)

miR-34a ECC Smad4 Qiao et al. (2015)89

miR-221 ECC PTEN Li et al. (2015)91

miR-92a and 
miR-19a

CCA PTEN Zhu et al. (2014) 94

miR-21 ICC PTEN Wang et al. (2015) 56

miR-200b/c

CCA ROCK2 Peng et al. (2013) 95

CCA ZEB1 Chu et al. (2016) 96

ICC ZEB1 Xie et al. (2016) 97

miR-204 ICC Slug Qiu et al. (2013) 99

miR-214 ICC Twist Li et al. (2012) 100

miR-29a CCA HDAC4 Wang et al. (2015) 101

Abbreviations: CCA: cholangiocarcinoma; ECC: extrahepatic 
cholangiocarcinoma;HDAC4:histone deacetylase 4; ICC: intrahepatic 
cholangiocarcinoma; miR:microRNA; PTEN: phosphatase 
and tensin homolog; ROCK2: rho-kinase 2; ZEB1: Zinc Finger E-Box 
Binding Homeobox 1
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Similarly, E-cadherin was repressed and N-cadherin and vimentin were promoted 

by miR-21, enhancing metastasis both in vitro and in xenografts.98 This transformed 

phenotype is also induced by Slug, which is directly targeted by miR-204.99 In line with 

this finding, miR-204 was significantly reduced in metastatic ICC patients compared 

to non-metastatic patients.99 An EMT implicated transcription factor, Twist, is directly 

targeted by miR-214.100 Decreased miR-214 expression caused loss of E-cadherin 

through increased Twist expression. Similarly, decreased miR-29a expression resulted 

in E-cadherin loss through increased HDAC4 expression.101 In addition, miR-29a 

promotes TGF-β, which is associated with EMT and metastasizing.101

MiRNA-induced angiogenesis
Neovascularization is an essential process in both tumor growth and metastasizing. 

Tumor cells can spread to distant sites by penetrating blood or lymphatic vessels. To 

promote angiogenesis and activate endothelial cells, tumor cells secrete angiogenic 

agents, such as vascular endothelial growth factor (VEGF).47 VEGF induces the 

production of matrix metalloproteinases (MMPs) in endothelial cells, which create a 

matrix to allow endothelial cell migration and proliferation.102 This process results in 

new vasculature, providing nutrients and allowing metastasis. 

VEGF production is regulated directly by miR-101 and through miR-101-mediated 

COX-2/PGE2 inhibition.103 Both VEGF and COX-2 have been established as direct 

targets of miR-101. MiR-101 mediated COX-2 reduction causes a subsequent decrease 

of its downstream target PGE2, which inhibits angiogenesis.103 This was confirmed by 

angiogenesis analysis of in vitro and in vivo xenograft models.103 PGE2 oxidation is 

catalyzed by 15-PGDH, which is essential in prostaglandin metabolism.104 15-PGDH 

was identified as direct target of miR-26a/b in CCA, indicating an angiogenic role 

of miR-26a/b.104 Furthermore, tumor suppressor miR-145 has been identified as a 

regulator of novel kinase family (NUAK)1 in CCA.105 In line with NUAK1 reduction, 

miR-145 overexpression was associated with a decrease of MMP-2, MMP-9 and their 

activator MT1-MMP, suggesting that miR-145 could be involved in angiogenesis.105

MIRNA IMPLICATIONS IN CHEMOTHERAPY RESPONSE
Current standardized systemic treatment of CCA is limited to first line chemotherapy 

regimens in advanced CCA.5 Although various trials have provided promising evidence 

for beneficial effects of adjuvant treatment, only a limited subset of CCA patients 

benefits from adjuvant or palliative chemotherapy in the clinical setting.6,25,26 This 

discrepancy might be due to selective outcome reporting of clinical trials.106 Moreover, 
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CCA is highly resistant to chemotherapy.6 Previous reports demonstrated that miRNAs 

are involved in chemoresistance in CCA (Table 4).107-110 Identification of miRNAs 

implicated in these resistance mechanisms may predict and improve chemotherapy 

response in CCA patients, which is urgently needed.

Meng et al. provided evidence for the involvement of miR-200b and miR-21 in 

CCA sensitivity to gemcitabine.107 In CCA cell lines, gemcitabine cytotoxicity was 

increased significantly by the inhibition of miR-200b and miR-21 (14.4% and 12.4%, 

respectively).107 Notably, inhibition of these miRNAs also improved the apoptotic effect 

of gemcitabine.107 In vivo, gemcitabine treated xenografts expressed increased levels 

of both miRNAs compared to controls.107 Inhibition of miR-200b was also associated 

with increased expression of protein phosphatase nonreceptor type 12 (PTPN12) and 

decreased phosphorylation of Src.107 PTPN12 is able to dephosphorylate Src which is 

involved in cell proliferation and differentiation.107 Similarly, inhibition of miR-21 caused 

a decrease in expression of its direct target, PTEN, and phosphoinositde 3-kinase (PI-

3 kinase) subunit p85.107 The PI-3 kinase signaling pathway is negatively regulated 

by PTEN and promotes cell survival. PI-3 kinase signaling in turn regulates Akt and 

mammalian target of rapamycin (mTOR), which showed to influence gemcitabine-

induced apoptosis.107

Inflammatory cytokine interleukin-6 (IL-6) has been associated with chemotherapy 

cytotoxicity in CCA through let-7a regulation.111,112 Inhibition of let-7a was associated 

with increased caspase-3/7 activity and, hence, induced apoptotic pathways in cells 

treated with gemcitabine, 5-fluorouracil (5FU) or campothecin.111 In gemcitabine-

treated cells, both caspase-3 and PARP cleavage were increased by let-7a inhibition, 

enhancing gemcitabine-induced apoptosis.111 Notably, phosphorylation of Stat-3 

was also markedly decreased.111 Stat-3 targets cell survival factors Bcl-X and Mcl-

1. Mcl-1 was increased substantially in IL-6 overexpressed cells and decreased with 

let-7a inhibition, enhancing chemosensitvity. It is suggested that IL-6 induces Stat-3 

phosphorylation through inhibition of NF2 by let-7a.111 This was confirmed in vivo, 

where let-7a inhibition was associated with reduced chemoresistance to gemcitabine, 

resulting in decreased tumor growth.111
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Table 4. MiRNAs and their validated targets implicated in resistance to chemotherapy.

miRNA Tumor type Resistance to Target Regulates Study (year)

miR-200b

CCA Gemcitabine PTPN12 Src Meng et al. (2006)107

CCA 5FU Peng et al. (2013)95

miR-21 CCA Gemcitabine PTEN 
PI-3 mediated Akt/
mTOR signaling

Meng et al. (2006)107

Let-7a

IL-6 treated 
CCA

Gemcitabine

NF2
Stat-3 modulated
Bcl-X and Mcl-1

Meng et al. (2007)111

Caspase-3/7
PARP cleavage

CCA Gemcitabine Toyota et al. (2015)112

miR-29b

CCA TRAIL Mcl-1 Mott et al.(2008)114

ICC Gemcitabine
PIK3R1
MMP-2

Okamota et al. (2013)113

miR-205 ICC Gemcitabine Okamota et al. (2013)113

miR-221 ICC Gemcitabine PIK3R1 caspase-3/7 Okamota et al. (2013)113

miR-25 ICC TRAIL DR4 Razumila et al. (2012)115

miR-664b-3p 

CCA Gemcitabine Toyota et al. (2015)112miR-3651

miR-6087

miR-181c CCA Gemcitabine NDRG2 Wang et al. (2016)116

miR-320 CCA 5-FU Mcl-1 Chen et al. (2009)117

Abbreviations: 5FU: 5-fl uorouracil; CCA: cholangiocarcinoma; DR4: Death Receptor-4; ECC: extrahepatic 
cholangiocarcinoma; HCC: hepatocellular carcinoma; ICC: intrahepatic cholangiocarcinoma; IL-6: interleukin-6; miR: 
microRNA; MMP-2: matrix metalloproteinase 2; mTOR: mammalian target of rapamycin; NDRG2: N-myc dow-
stream-regulated gene 2; NF2: neurofi bromatosis 2; PARP: poly (ADP-ribose) polymerase; PI-3: phosphoinositide 
3-kinase; PIK3R1: phosphoinositide-3-kinase regulatory subunit 1; PTEN: phosphatase and tensin homolog; 
PTPN12: protein phosphatase nonreceptor type 12; TRAIL: TNF-related apoptosis-inducing ligand
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Gemcitabine sensitivity has been associated with various proteins regulated by 

miRNAs. Okamoto et al. showed that miR-221, miR-29b, and miR-205 were decreased 

whereas miR-125-5p was increased in gemcitabine resistant cells.113 MiR-221, miR-

29b, and miR-205 upregulation significantly increased gemcitabine sensitivity.113 

MiR-221 mimic increased gemcitabine sensitivity by caspase-3/7 induction and 

phosphoinositide 3-kinase regulatory subunit 1(PIK3R1) suppression.113 Similarly, miR-

29b was associated with PIK3R1 and MMP-2 inhibition, both of which are involved in 

cell survival.113 Moreover, miR-29b directly targets Mcl-1, reducing its expression. Mcl-

1 is involved in TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis.114 

MiR-29b upregulation hence increases TRAIL cytotoxicity through Mcl-1 suppression.114 

Inhibition of miR-25 also increased TRAIL-induced apoptosis through Death Receptor 

4 (DR4) activation.115

Toyota et al. studied the expression of 2,555 miRNAs in CCA cells and demonstrated 

deregulation of 137 and 14 miRNAs in gemcitabine-treated HuCCT-1 and TKKK cell 

lines, respectively, compared to their untreated control cell lines.112 MiR-664b-3p, 

miR-3651, and miR-6087 expression levels were increased in HuCCT-1 cell lines but 

downregulated in TKKK cell lines.112 Possibly, these miRNAs have a role in determining 

CCA cell sensitivity to gemcitabine. Sensitivity to gemcitabine was also higher in CCA 

cells with upregulation of NDRG2.116 Indeed, gemcitabine treatment caused a more 

significant reduction in tumor size in NDRG2 overexpression models in vivo. In CCA, 

NDRG2 is increased by downregulation of miR-181c.116 Therefore, miR-181c-mediated 

NDRG2 regulation could influence gemcitabine sensitivity.

In addition, miR-200b/c was downregulated in 5FU-treated cells and induced 

overexpression significantly enhanced cytotoxicity for 5FU.95 Furthermore, miR-

200b/c was downregulated when comparing CCA to healthy controls. Similarly, 5FU-

treated cells with overexpression of miR-320 showed increased apoptosis. MiR-320 

negatively regulates the anti-apoptotic Mcl-1. Therefore, increased expression of 

miR-320 caused a downregulation of Mcl-1 and subsequent cell apoptosis, enhancing 

chemosensitivity.117

Although clinical use of miRNAs has not yet been established for CCA, chemotherapy 

in concurrence with miRNAs is currently being investigated for other cancer types 

in clinical trials.118,119 This uncovers a new field of research yet to be explored, 

including adequate delivery methods and possible systemic (side-)effects of miRNA 

therapeutics.120



64 65

CONCLUSIONS
To improve diagnostics, eligibility for surgical resection, optimal systemic treatment 

regimens, and, ultimately, survival, minimally-invasive early detection and accurate 

discrimination of CCA is urgently warranted. When comparing CCA to HCs and 

benign lesions, various deregulated circulating miRNAs have been reported. However, 

miRNAs lack diagnostic specificity as those reported are involved in various tumor 

types and disease groups are not sufficiently stratified. In addition, studies report 

contradictory results with respect to miRNA expression profiles in blood and tissue. 

A diagnostic miRNA profile has not yet been established. EMT- and angiogenesis-

associated miRNAs have been implicated in tumor cell dissemination and may be 

useful as prognostic biomarkers. Furthermore, miRNAs involved in cell survival could 

improve poor prognosis, as they have been established as indicators and possible 

targets for chemotherapy sensitivity. Possibly, induction of miRNA expression could 

improve chemosensitivity. In conclusion, despite promising results, further validation 

and randomized clinical trials are required in a larger prospective population to 

determine the diagnostic, prognostic, and predictive value of miRNAs in CCA.   

FUTURE PERSPECTIVES
In the future, liquid biopsies will replace the extensive diagnostic process of imaging 

and invasive procedures. A miRNA profile, in which several miRNAs are combined, 

shows potential in improving diagnostic specificity. Liquid biopsies could provide 

detection of tumors not yet visible with imaging techniques and allow for monitoring 

of cancer progression. Moreover, blood-based miRNAs might be predictive of 

chemotherapy response and their modulation may enhance chemotherapy cytotoxicity. 

In conclusion, cell free miRNAs might help to allow accurate early diagnosis, evaluation 

of prognosis, stratification of patients suitable for (neo) adjuvant chemotherapy, and 

more personalized treatment regimens.
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EXECUTIVE SUMMARY

Introduction
•   Cholangiocarcinoma (CCA) is associated with poor prognosis, due to late diagnosis 

and limited treatment options.

•   MicroRNAs (miRNAs) regulate gene expression and their deregulation plays a key 

role in cancer development and metastasizing.

•   MiRNAs could function as diagnostic, prognostic and predictive biomarkers in CCA.

 MicroRNAs as diagnostic biomarkers in body fluids
•   MiRNAs can be examined in bodily fluids, such as blood and bile, allowing minimally-

invasive techniques for differential diagnosis.

•   MiR-21, miR-26, miR-122, and miR-150 have been reported in various studies as 

diagnostic circulating miRNAs in CCA, although consensus and accuracy is still 

lacking.

•   Cholangiocytes and hepatocytes communicate through miRNAs in bile.

•   Various vesicle-free miRNAs and miRNAs in EVs  are deregulated in CCA bile sam-

ples, including miR-150.

MicroRNAs as independent prognostic factors in CCA and their role in metastasis
•   Clinicopathological factors, which form independent prognostic predictors for 

survival in CCA patients, include radical resection, clinical stage at diagnosis, 

differentiation status, and distant metastases.

•   Epithelial-mesenchymal transformation is a key factor in metastasis and is 

characterized by modification of migratory properties including the cadherin switch. 

EMT is promoted by certain miRNAs via the TGF- β/Smad4 signaling pathway, the 

Notch signaling pathway, PTEN and associated β-catenin/c-Jun signaling pathways, 

Twist, the Rho/ROCK3 signaling pathway and the ZEB1/2-E-cadherin axis. These 

miRNAs include miR-34a, miR-221, the miR-17-92 cluster, miR-200b/c, miR-21, miR-

204, miR-214, and miR-29a. 
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MicroRNA implications in chemotherapy response
•   Inhibition of miR-200b or miR-21 increased gemcitabine-induced apoptosis through 

regulation of Src, PTEN and PI-3.

•   Increased miR-221 improved gemcitabine sensitivity by caspase-3/7 induction and 

PIK3R1 suppression.

•   MiR-29b is associated with PIK3R1, MMp-2, and Mcl-1, which are proteins implicated 

in cell survival.

•   MiR-181c regulated NDRG2 was associated with improved gemcitabine-induced 

reduction in tumor size. 

•   Cytotoxicity of 5FU was enhanced significantly by miR-320 through Mcl-1 down-

regulation and by miR-200b/c.

Conclusions and future perspectives
•   Until today, reported deregulated circulating miRNAs lack tumor specificity.

•   Epithelial-mesenchymal transformation- and angiogenesis-associated miRNAs have 

been implicated in prognosis.

•   MicroRNAs involved in cell survival could function as predictive factors and possible 

targets in chemotherapy. 

•   Optimally, liquid biopsy will replace current diagnostic tools.

•   Circulating miRNAs might be able to diagnose patients in early stages, monitor 

tumor progression, predict chemotherapy response, and function as targets for 

personalized therapy.
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