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Abstract
Cholangiocarcinomas are a heterogeneous group of highly aggressive cancers that may arise anywhere within the biliary tree. There is a wide geographical variation with regards to its incidence, and risk-factor associations which may include liver fluke infection, primary sclerosing cholangitis, and hepatolithiasis amongst others. These tumours are classified into intrahepatic, perihilar and distal based on their anatomical location. Morphologically, intrahepatic cholangiocarcinomas are further sub-classified into small and large duct variants. Perihilar and distal cholangiocarcinomas are usually mucin-producing tubular adenocarcinomas. Cholangiocarcinomas develop through a multistep carcinogenesis and are preceded by dysplastic and in situ lesions. While clinical characteristics and management of these tumours have been extensively elucidated in literature, their ultra-structure and tumour biology remain relatively unknown. This review focuses on the current knowledge of pathological characteristics, molecular alterations of cholangiocarcinoma, and its precursor lesions (including biliary intraepithelial neoplasia, intraductal papillary neoplasms of the bile duct, intraductal tubulopapillary neoplasms and mucinous cystic neoplasm). 
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Core Tip: Cholangiocarcinoma is a heterogeneous and aggressive epithelial malignancy of the biliary system. The majority of cholangiocarcinomas are diagnosed at an advanced stage when choice of treatment is limited. Cholangiocarcinoma is classified into intrahepatic, perihilar, and distal bile duct cancer, according to the anatomical location. This review focuses on the current knowledge of histopathological features, molecular alterations and clinical characteristics of cholangiocarcinoma and its precursor lesions (including biliary intraepithelial neoplasia, intraductal papillary neoplasms of the bile duct, intraductal tubulopapillary neoplasms and hepatobiliary mucinous cystic neoplasm. Recently, actionable genetic alterations, mainly IDH1 mutations and FGFR2 fusions have been described, in cholangiocarcinoma. 


INTRODUCTION
Cholangiocarcinoma, although rare, is the second most common primary hepatic cancer after hepatocellular carcinoma (HCC). It accounts for approximately 15% of cases and represents 3% of all gastrointestinal malignancies[1-3] These are a diverse group of highly fatal cancers that arise along the biliary tree[4]. Majority of cholangiocarcinoma are diagnosed in older individuals, with a peak incidence in the 7th decade. It afflicts both genders almost equally (slight male preponderance)[5]. Cholangiocarcinomas encompasse three distinct anatomical categories based on the site of biliary tract involvement, namely intrahepatic (IHCC), perihilar (PHCC) and distal cholangiocarcinoma (DCC). Each of these categories differ in their risk factors, clinical presentations, epidemiological features, morphologic and molecular characteristics[6,7]. Approximately 6%-10% are intrahepatic, 30% are distal and a majority (60%) are PHCC[8]. IHCC are tumours located proximal to the second-order bile ducts within the liver and thus arise from segmental or smaller intrahepatic biliary channels[9]. PHCC are localized to an area between the second-order bile ducts and the insertion of the cystic duct into the common bile duct[10]. DCC include tumours between the origin of the cystic duct and ampulla of Vater[11]. 

EPIDEMIOLOGY
Due to a wide geographical variation in the risk factors (both environmental and genetic), incidence and mortality rates of cholangiocarcinoma vary across regions[12]. The highest incidences of cholangiocarcinoma are reported in the northeast provinces of Thailand where the liver fluke Opisthorchis viverrini is endemic[13,14]. Age-standardized incidence rates in this region is an alarming 85/100000 population. Lowest incidences of this tumour are in Israel and Costa Rica (0.3/100000 population), while in the United States it is 1.6/100000 population[1,5]. Studies in the last few decades have reported increasing incidence of IHCC and a stable or decreasing incidence of PHCC and/or DCC in many European countries (Italy, Germany, England and Wales), United States, Australia and Japan[5,6,12]. The incidence of IHCC, PHCC and DCC has remained stable in France, and decreasing incidence of IHCC have been reported in Denmark[12]. 

RISK FACTORS
Most cases (70%) of cholangiocarcinoma are sporadic, occurring without any probable or known risk factors. Table 1 Lists all known risk factors for cholangiocarcinoma. Parasitic infections like Opisthorchis viverrini and Clonorchis sinensis (liver flukes) induce chronic bile duct inflammation, and periductal scarring which increase the risk of biliary tract malignancy[14]. In the Western world, primary sclerosing cholangitis (PSC) remains the most prevalent risk factor[4]. PSC induces chronic inflammation, biliary epithelial proliferation, and production of endogenous bile mutagens leading to biliary tumorigenesis[5]. Malignant transformation in epithelial lining of biliary cysts can occur as there is reflux of pancreatic enzymes, bile stasis and increased bile acid concentration[5]. Increased risk is also reported in Caroli disease and hepatolithiasis where there is bile stasis, chronic inflammation, bacterial infection, and recurrent cholangitis[12]. In cirrhotic patients, an increased risk of cholangiocarcinoma is observed due to the presence of amplified cell proliferation, release of inflammatory cytokines and scarring[5]. Apart from the presence of cirrhosis, hepatitis B (HBV) and hepatitis C (HCV) viruses have a direct carcinogenic effect on hepatic progenitor cells resulting in an increased risk of cholangiocarcinoma in these patients. Obesity increases the risk of cancer by affecting the levels of leptin, adiponectin and proinflammatory cytokines[15]. Non-alcoholic fatty liver disease may promote cholangiocarcinoma development directly by induction of hepatic inflammation or, indirectly, by resulting in cirrhosis. 

BILIARY TRACT ANATOMY
The biliary tract extends from the canals of Hering to the common bile duct and are broadly subdivided into extrahepatic and intrahepatic segments[16,17]. It is a complex structure showing wide variation in anatomy and histology[18]. The intrahepatic bile ducts (ducts proximal to the right and left duct confluence) are further subclassified into large and small intrahepatic bile ducts. Large intrahepatic bile ducts (> 300 μm in diameter) are also referred to as the ‘perihilar’ bile ducts and consist of the segment, right and left hepatic bile ducts. These ducts are lined by tall columnar epithelium with basally placed hyperchromatic-isomorphic nuclei, mucin filled cytoplasm and a fibro-collagenous duct wall[18]. The intrahepatic biliary tree begins at the level of canals of Hering which are lined partly by biliary epithelium and hepatocytes[19]. The canals of Hering continue into a channel, termed the ductule (< 20 μm in diameter). These are entirely lined by cholangiocytes and continue as the interlobular bile ducts (20-100 μm in diameter). The interlobular bile ducts are lined by cuboidal cells resting on a basement membrane. Multiple Interlobular bile ducts fuse to form septal (> 100 μm in diameter), area and segmental bile ducts. The septal ducts are lined by tall columnar cells with fibro-collagenous duct walls[18]. 
Embryologically, small intrahepatic bile ducts evolve from hepatoblasts through a process of ductal plate formation. During the first weeks of gestation, the ductal plate develops as a cylindrical, double-layered sleeve of cholangiocytes with a slit-like lumen surrounding a portal vein branch. Remodelling and partial involution of these cylindrical ductal plates give rise to bile ducts. Large ducts are formed from the caudal portion of the hepatic diverticulum[18]. The exact process of fusion of these ducts has not been entirely elucidated, but they appear in continuity throughout development. Peribiliary glands are physiologically distributed within the fibromuscular walls of extrahepatic bile ducts and large intrahepatic bile ducts[20].

GROWTH PATTERNS
Macroscopic pattern
Based on their macroscopic growth patterns, IHCC are classified into mass forming, periductal infiltrating, and intraductal growth types[21,22]. Mass forming lesions are the predominant type, accounting for 60-80% of IHCC[23-26]. These are firm, solid tumours with a white or greyish cut-surface, with well-defined borders within the hepatic parenchyma (Figure 1A). Intrahepatic metastases or coalescing lesions may be observed. Mucin may also be identified along the cut-surface. These tumours are thought to arise in small intrahepatic bile ducts and are commonly characterized by central necrosis or scaring. The periductal infiltrating type accounts for 15%-35% of IHCC and extends along the portal tracts presenting as bile duct strictures with luminal narrowing. The intraductal growth variant of IHCC is characterized by a papillary or polypoid lesion within a dilated bile duct and most often represent a malignant progression of intraductal papillary mucinous neoplasm (IPNB)[26]. They are the least common variant and account for 8-29% of cases. IHCC can have mixed growth patterns, for example, mass forming and periductal infiltrating[27]. Rarer undefined patterns have also been reported[22].
Macroscopically, PHCC and DCC have similar growth patterns; they present as flat or poorly defined nodular sclerosing tumours with thickening of the duct wall, often with diffuse infiltration into adjacent structures (approximately 80%) (Figure 1B) and, less frequently, as intraductal papillary tumours[26,28]. American Joint Committee on Cancer (AJCC)/ Union for International Cancer Control (UICC) and College of American Pathologists (CAP) recognize only the mass forming and periductal infiltrating types (or mixed types); they do not recognize intraductal or undefined growth patterns. This adds to the uncertainty in classifying these tumours[29].

Microscopic pattern
The histological classification of cholangiocarcinoma is highlighted in Table 2.

IHCC
Traditionally, IHCC are sub-classified into two broad sub-groups: well, moderately (Figure 1), poorly differentiated tubular/acinar adenocarcinoma or the uncommon morphological variants[21,30]. These tumours are lined by cuboidal to columnar epithelial cells, resembling biliary lining epithelial cells and demonstrate stromal desmoplasia and variable inflammation[26]. Tumour cells may show mucin production into the lumen of tubular structures on their apical aspect, and within the cell cytoplasm (Figure 1C). Poorly differentiated tumours demonstrate solid, cord-like, or cribriform growth patterns with variable cytological and nuclear pleomorphisms (Figure 1D). Variable necrosis has also been demonstrated. The cancer may show compression of hepatic parenchyma and no evidence of fibrous capsule. The neoplastic cells display invasion between hepatocytes and appear to infiltrate the sinusoids[31-33]. IHCC demonstrate a prominent desmoplastic microenvironment characterized by a dense collagenized stroma and abundance of cancer-associated fibroblasts and, to a lesser extent, tumour-associated histiocytes with a varying number of innate immune cells. 

Large and small duct variants of IHCC
The large duct variant of IHCC (LD-IHCC) arises from intrahepatic bile ducts or its associated peribiliary glands. The neoplastic cells lining the malignant acini are cuboidal to tall columnar containing cytoplasmic mucin and usually form large acini within open luminal spaces associated with abundant desmoplastic stroma (Figure 1E)[34,35]. Sites of hepatic parenchymal infiltration show variable tumour histology, some resemble the small duct type or bile ductular type. 
Small bile duct type of IHCC (SD-IHCC) arise from progenitor cells and mature hepatocytes and resemble -cholangiolar cells. These tumours show small monotonous or anastomosing glands which are lined with cuboidal cells. The cells have uniform nuclei with scant to moderate eosinophilic or amphophilic cytoplasm and no mucin production (Figure 2A, 2B). This classification into large and small duct types also has clinicopathologic, immunohistochemical, and molecular importance[22,26]. SD-IHCC are associated with chronic liver disease/cirrhosis (especially viral hepatitis), whereas LD-IHCC are linked to chronic biliary disease, precursor lesions, and hepatolithiasis. SD-IHCC nearly always has a mass forming macroscopic growth pattern and often with a central scar, whereas LD-IHCC have variable macroscopic growth patterns with mucin production (Figure 2C, 2D), poorer differentiation, perineural invasion, and lymph node metastases[26].

Ductal plate malformation type of IHCC
This subtype was first reported in 2012. The tumour was noted to mimic ductal plate malformations (DPM)[36]. DPM are developmental anomalies resulting from a lack of ductal plate remodelling during bile duct morphogenesis. Common examples of DPM include fibrocystic diseases such as Caroli’s disease, congenital hepatic fibrosis, and von Meyenburg complex. Majority of patients with DPM type of IHCC are males aged over 60 years at diagnosis. Sixty percent of cases are associated with chronic liver disease and the remaining show mild steatosis and/or portal inflammation. The tumours are usually solitary with whitish solid cut surface. Microscopically, the tumours are arranged in small nodules with desmoplastic stroma. The malignant acini show irregularly dilated lumen lined with a single layer of cuboidal or low columnar neoplastic cells with mild nuclear isomorphism and irregular protrusions and bulges (Figure 3A). The neoplastic cells are frequently positive for CK19, epithelial cell adhesion molecule (EpCAM), and epithelial membrane antigen (EMA). Neural cell adhesion molecule (NCAM) may also be variably expressed. These tumours show low proliferation with Ki67 index (< 10%) and p53 is scarcely expressed.

Cholangiocellular or bile ductular type of IHCC
This is a distinct biliary derived tumour and grossly, this subtype shows mass forming growth pattern[37]. Brightfield microscopy of these tumours show homogeneous morphology with well to moderately differentiated tumour cells forming small tubules, acini or cord-like structures with a slit-like lumen along with arborization resembling proliferating reactive bile ductules (Figure 3B)[38-39]. The neoplastic cells are small in size (small compared to conventional IHCC cells). The non-neoplastic hepatocytes are extensively replaced by tumour cells in the hepatic lobules. Marked collagenisation is also noted around the tumour cells. Immunopositivity for NCAM and EpCAM are observed in the tumour cells. DPM pattern has also been described in cholangiocellular IHCC[40]. 

Lymphoepithelioma-like cholangiocarcinoma
These are rare tumours resembling undifferentiated nasopharyngeal cancers. They have clusters of large cells with vesicular nuclei and prominent lymphoid cell inflammatory infiltrates. These cancers have been reported in various organs including salivary glands, stomach, lung, and the liver, where they present with hepatocellular or biliary features. The latter is labelled as lymphoepithelioma like cholangiocarcinoma (LLCC)[41,42]. These tumours are often associated with Epstein-Barr virus (EBV). 70% of the cases are EBV positive based on Epstein-Barr encoding region (EBER) in situ hybridization. This is contrary to what is observed in conventional biliary tract cancers, which are not associated with EBV infection[43]. 
Hsu et al[45] reported the first case of LLCC in 1996[44]. Compared to conventional cholangiocarcinoma, LLCC present at a younger age and have a female preponderance (female-to-male ratio > 3:1). Histologically, these tumours are composed of acini, clusters and cords of neoplastic cells associated with prominent lymphoplasmacytic infiltration (Figure 3C)[41]. The intimate relationship between the cancer cells and numerous lymphoid cells can make a pathologic diagnosis challenging. Pathologic tools which help confirm the diagnosis of LLCC in the midst of dense lymphoid tissue include a low threshold for cytokeratin immunohistochemistry and EBER in situ hybridization[45].

Clear cell cholangiocarcinoma
These are exceedingly rare liver tumours and are recognized as a special variant of IHCC[46,47]. Diagnostic difficulties may occur in differentiating this carcinoma from other types of clear cell cancers (clear cell HCCs and metastatic clear cell cancers from the kidney, ovary, thyroid, or gastrointestinal tract)[47]. Patients are usually in the 5th or 6th decade of life and there is no gender predilection. Predisposing factors for this tumour are as yet unknown, and there is no report on its relation with hepatitis. The prognosis is relatively better than conventional cholangiocarcinoma. The mechanism for the clear cell change has been speculated to involve glycogen, mucin, or lipid[48]. CD56 immunostaining is useful in diagnosis, as it is frequently expressed in clear cell cholangiocarcinoma, and scarcely in clear cell renal cell carcinoma or lung tumours. 

Sarcomatoid cholangiocarcinoma
Intrahepatic sarcomatoid cholangiocarcinoma is an extremely rare tumour accounting for less than 1% of hepatobiliary system malignancies[49]. Light microscopy reveals a relatively well-delineated tumour characterized by spindle to epithelioid cancer cells having variable nuclear pleomorphism with hyperchromatic nuclei and inconspicuous-to-prominent nucleoli (Figure 3D). The tumour cells are interspersed with stromal tissue. Occasionally, cancer cells with mucin are observed. Inflammatory cell infiltration was present in the abundant stroma[49]. Pleomorphic giant cells have also been reported in the tumour[50]. The sarcomatoid subtype is an independent predictor of tumour recurrence, and has a poorer overall survival among IHCC sub-types[50].

Other rare subtypes
Other rare histological subtypes include squamous and adenosquamous carcinoma, mucinous carcinoma, signet ring cell carcinoma, undifferentiated, HCC-like, and mucoepidermoid carcinoma. 

PHCC AND DCC
PHCC and DCC are histologically similar to LD-IHCC. The conventional types show well to moderately differentiated acinar structures (Figure 4A). Rarely, tumours with poor differentiation with cells arranged in solid sheets or cords may also be seen. Associated sclerotic desmoplastic stroma is usually identified. The nodular-sclerosing type demonstrates marked cancerous thickening of the affected bile ducts. Micropapillary or flat adenocarcinoma are observed on the luminal surface. Perineural invasion is common (Figure 4B), and lymphovascular invasion is variably observed. Mucin-producing epithelial cells lining the large bile duct and/or the hepatic progenitor cells are the purported cells of origin for DCC and PHCC[51]. Extrahepatic cholangiocarcinoma may also demonstrate intraductal growth with papillary, tubular or superficial spreading patterns. Adenosquamous carcinoma (Figure 4C) displaying mixed, isolated, or adjoining keratinizing squamous and tubular components have rarely been reported. Keratinizing squamous cell carcinoma, mucinous carcinoma, signet ring cell carcinoma, clear cell carcinoma, hepatoid and neuroendocrine tumours (Figure 4D) have also been reported. 

IMMUNOHISTOCHEMICAL FEATURES
Cholangiocarcinomas (intrahepatic and extrahepatic) show immunopositivity for CK7, CK19, and EMA (Figure 5A, B and C)[29]. Positivity for Hepatocyte nuclear factor-1β (HNF-1β) (Figure 5D) and C-reactive protein have also been observed[52]. They are usually negative for CDX2 and SAT-B2, however some cases of IHCC may show focal mild positivity for CDX2 and SAT-B2. CK20 immunostain is typically negative or focally positive. These immunostains can help exclude a diagnosis of metastatic colorectal adenocarcinoma, which are typically strong positive for CK20, CDX2, and SAT-B2 but negative for CK7 and CK19. Differentiating cholangiocarcinomas from metastatic pancreatic ductal adenocarcinoma and upper gastrointestinal tract cancers using immunostains is difficult, as these tumours are also positive for CK7 and CK19. Several studies have shown that the LD-IHCC and SD-IHCC have distinct immunohistochemical characteristics[53-56]. LD-IHCC are positive for S100P and TFF1, whereas SD-IHCC tend to be positive for NCAM(CD56) and N-cadherin. NCAM and EMA are often negative or weakly positive for tumour cell cytoplasm in HCC-like IHCC, however strong expression for stem cell makers, including TROP2, EpCAM and Nestin have been reported[57] Fernández Moro et al[58] proposed a comprehensive immunohistochemical panel including CK19, CK20, MUC2, MUC5AC, CA19–9, mCEA, CA125 and SMAD4 to aid in the differentiation of metastatic and pancreatobiliary adenocarcinomas. 

PRECURSORS LESIONS OF CHOLANGIOCARCINOMA
Carcinogenesis of cholangiocarcinoma is a multistep process beginning with transformed biliary epithelial cells or from stem/progenitor cells. Table 3 describes precursor lesions of both intrahepatic and extrahepatic cholangiocarcinoma.

Biliary epithelial neoplasia
Biliary intraepithelial neoplasia (BilIN) represents the most frequent precursor lesion of invasive adenocarcinoma in the biliary tract[59]. BilIN are non-invasive microscopic flat, micropapillary (papillary projection with fibrovascular stalk) or pseudopapillary (papillary projection without fibrovascular stalk) lesions with dysplasia. BilIN do not produce clinical symptoms and are not detectable on imaging studies[60]. The 2019 WHO classification histologically stratifies BilIN into a two-tiered classification based on the tumour grade (high vs low) and intraepithelial extent of cellular and nuclear atypia (Figure 6A). This replaces an earlier classification which was three-tiered (BilIN-1, BilIN-2, and BilIN-3). BilIN-1 and BilIN-2 categories from the previous classification are now classified as low-grade and the former BilIN-3 is now classified as high-grade[61]. Furthermore, high grade BilIN is considered as carcinoma in situ. 
The presence of BilIN have been associated with hepatolithiasis, PSC and choledochal cysts. It has also been observed in the mucosa adjacent to invasive adenocarcinoma. They have also been detected in cirrhotic livers from nonbiliary diseases (e.g., alcoholic liver disease and hepatitis C)[61,62]. Multicentricity is common in BilIN. Macroscopically, BilIN may manifest as fine granularity, thickened velvety mucosa, or effacement of underlying tissue layers. However, it often appears grossly normal. Low grade BilIN are usually flat lesions with high N:C ratio, hyperchromatic stratified nuclei, and nucleoli. High grade lesions have papillary projections with loss of polarity, marked nuclear atypia and frequent mitosis[61]. BilIN may further be sub-classified as the classic type demonstrating columnar/cuboidal cells with eosinophilic cytoplasm and round nuclei, and the intestinal type characterized by columnar cells with elongated and hyperchromatic, pseudostratified nuclei along with occasional goblet-type cytoplasmic mucin resembling intestinal adenoma[60]. The classic type shows CK7 immunopositivity whereas intestinal type shows immunopositivity for any of the intestinal immunomarkers (CK20, CDX2, or MUC2)[63]. Distinguishing low-grade dysplasia from reactive atypia can occasionally be difficult. The presence of intraepithelial neutrophils which are observed in reactive changes help solve this conundrum. The term ‘indefinite for dysplasia’ has been proposed in cases where sufficient doubt precludes a definitive classification.

Intraductal papillary neoplasms of the bile duct
Intraductal papillary neoplasia of the bile duct (IPNB) is a unique macroscopic premalignant neoplasm that may arise within intra- or extrahepatic bile ducts[64]. IPNB is typically diagnosed in middle-aged or elderly adults and has a slight male predominance[65]. IPNB is a rare disease entity with a prevalence of 4% to 15% among bile duct tumours, and higher incidence is noted in south-east Asian countries[65,66]. Risk factors include hepatolithiasis, liver fluke infections, PSC and congenital biliary tract disease. These tumours may be single or multiple and can present clinically as large duct obstruction with recurrent abdominal pain, cholangitis and cholestatic hepatic dysfunction[22]. Macroscopically, IPNBs present as visible polypoid, papillary, greyish white or brownish, soft tissue growths within a dilated bile duct lumen (Figure 6B). Some patients may present with mucus hypersecretion. Like intraductal papillary mucinous neoplasm (IPMN) of the pancreas, IPNB is histologically classified into four types based on their histological and immunohistochemical features: pancreaticobiliary (Figure 6C), intestinal, gastric and oncocytic types[67]. Pancreaticobiliary and intestinal subtypes are the most common types, although its frequency varies across geographical regions. Mixed subtypes are observed frequently in these neoplasms, and hence their classification is based on the most prevalent subtype. High-grade dysplasia is often extensive and invasive carcinomas are identified in approximately half the cases. 
Carcinomas that arise from these lesions are usually the pancreatobiliary-type cholangiocarcinomas with tubular growth pattern, although other rare variants including neuroendocrine and mucinous tumours have been reported. Recently, a panel of Japanese and Korean biliary pathologists proposed a consensus classification for IPNB. These lesions are grouped into types 1 and 2, supplementing the traditional two-tiered grading system (low-grade and high-grade dysplasia[68]. Type 1 IPNB is characterized by regular structures, whereas type 2 show irregular structures. Foci of complicated lesions, such as cribriform or solid structures, are frequently observed in type 2. Pancreatobiliary type shows MUC1 immunostaining, while MUC2 is observed in the intestinal type[69]. MUC5AC is positive in all four types.

Intraductal tubulopapillary neoplasms of the bile duct
This is a recently identified distinct intraductal neoplasm with a predominantly tubular growth pattern. It occurs in the large intrahepatic and extrahepatic bile ducts and is often associated with invasive adenocarcinoma at the time of diagnosis (Figure 6D)[21,22]. ITPNs are rare premalignant lesions characterised by polypoid or solid tumours inside a dilated bile duct[70]. The mean age at presentation is 60 years, with no gender predilection. Purely intraductal tumours appear to have favourable outcomes, but metastases are known to occur in the presence of invasive carcinoma[21]. The tumour shows high cellularity with back-to-back tubular glands and solid sheets with minimal papillary architecture. The cells are cuboidal to columnar with mild to moderate cytological atypia[71]. Despite being associated with invasive carcinoma, overall, ITPNs have a better prognosis than IPNBs. This may be due to an earlier diagnosis resulting from a large in situ intraductal component, or could possibly be due to the inherent differences in the molecular background[72].

Hepatobiliary mucinous cystic neoplasm
Hepatobiliary mucinous cystic neoplasm (HMCN) are lesions characterized by neoplastic mucinous and/or nonmucinous biliary epithelium surrounded by ovarian-type mesenchymal stroma (Figure 7A)[73]. This is a rare tumour representing less than 5% of all cystic neoplasms of the liver and is diagnosed almost exclusively in women in their fourth or fifth decade of life[73,74]. HMCN display no communication with bile ducts and were previously included in the biliary cystadenoma/adenocarcinoma type[21]. Grossly, they are multilocular neoplasms ranging in size from 5 to 29 cm and show a cyst-in-cyst appearance on pre-operative imaging[75]. HMCNs present either as low- or intermediate-grade dysplasia or malignant features with high-grade dysplasia[75]. The benign and borderline categories are however, more common. Their ovarian-type stroma is positive for estrogen and progesterone receptor, inhibin-α and FOXL2[73]. Non-invasive HMCNs have an excellent prognosis, especially when resected completely[76].

Other precursors to lesions
Premalignant lesions of IHCC, particularly those of the mass forming type remain relatively undefined. Hepatic adenofibroma is a benign tumour similar to biliary micro hamartoma with abundant fibrotic stroma and glandular cystic dilatation. They have potential for malignant transformation[77]. Biliary hamartoma, also known as the von Meyenburg complex are histopathological lesions composed of irregular small bile ducts or dilated ductular structures, frequently containing bile, with a fibrous stroma (Figure 7B). The epithelial lining cells are flattened or cuboidal, monomorphic, and lack mitoses. Biliary hamartomas are typically found adjacent to a portal area and may be multiple. Biliary hamartomas are generally regarded as benign. Few reports of cholangiocarcinoma arising from biliary hamartomas raise the question of its potential role as being a precursor lesion[78,79]. Bile duct adenomas (BDA) and atypical epithelial lesions of small bile ducts have occasionally been reported as candidate preinvasive lesions of peripheral IHCC[26]. BDAs are usually solitary and subcapsular (nearly 90% of the cases), and over 90% are less than 1cm in size. They are composed of small, normal looking bile ducts (Figure 7C). In small biopsies differentiation between a well-differentiated IHCC and BDA may be difficult. Both p53 and p16 immunohistochemistry can be helpful to distinguish these two lesions. P53 shows a strong and diffuse expression in malignant lesions while p16 is constantly expressed in bile duct adenoma. 

MOLECULAR PATHOMECHANISMS
The knowledge of molecular pathology of cholangiocarcinoma has markedly evolved over the past decade. With the advent of high-throughput gene sequencing technologies, multiple new genetic and epigenetic alterations in cholangiocarcinoma have been uncovered[80]. In-depth sequencing has also highlighted the molecular complexity and heterogeneity of these tumours. A better understanding of the underlying pathomechanisms of cholangiocarcinogenesis will help to improve the description of the tumour and its subtypes. Moreover, it will also pave the way for personalized treatment for these rare primary liver cancers[17]. It is important for future studies to search for distinct subgroups within the subtypes on a morphomolecular basis.

Molecular characteristics of intrahepatic cholangiocarcinoma
Table 3 summarizes the clinicopathologic, immunohistochemical, and molecular characteristics of IHCC[53]. Mutation analysis of both LD-IHCC and SD-IHCC reveal KRAS as the most frequently mutated oncogene in LD-IHCC[54]. Large-duct type also show a high mutation frequency of tumour suppressor genes (e.g., p53). SD-IHCC show higher frequency mutations of IDH1 and IDH2[81,82]. IDH1 and IDH2 are relevant in carcinogenesis due to their involvement in cell metabolism[83]. Nakamura described FGFR2 fusion genes in SD-IHCC[81]. With a prevalence of 14%–23% in IHCC, FGFR2 rearrangement is the most common type of FGFR aberration[84]. Lowery et al[85] performed targeted next-generation sequencing assay and reported alterations in ARID1A, BAP1, and TP53, along with IDH1, and FGFR2 gene fusions. They also reported a tendency toward mutual exclusivity between multiple genes including TP53:IDH1, IDH1:KRAS, TP53:BAP1, and IDH1:FGFR2. FGFR2 rearrangements seem to occur more frequently in younger patients and possibly confer a better prognosis[86]. Rarely NTRK fusions have also been reported[86]. 
Jang et al[87] investigated the molecular landscape of IHCC in both histologically unremarkable livers and in those with chronic liver disease (CLD). They employed a high throughput mass spectrometry-based platform and compared the mutation profiles of 43 IHCC with histologically unremarkable livers and 38 with CLD[87] The most commonly mutated gene was KRAS followed by MLH1, NRAS, GNAS and EGFR. The frequency of BRAF, APC, PIK3CA, CDKN2A, PTEN, and TP53 mutations was < 5%. Overall mutation rates of biliary cancer with CLD were lower than that of cancers in a histologically unremarkable liver. Sia et al[88] classified IHCC into two unique subclasses: inflammation and proliferation, each with distinct features, activated genes, and clinical outcomes. The inflammation class demonstrated activated inflammatory signalling pathways, with overexpression of cytokines, and STAT3 activation, while proliferation class was characterized by the activation of RAS, MAPK and MET oncogenic signalling pathways, mutations in KRAS and BRAF as well as expression of genes that were previously associated with worse outcome in patients with HCC. Kim et al[89] classified IHCC into two classes, those primarily driven by either somatic mutations (M class) or by DNA copy number alterations (C class). Compared to M class IHCC with a relative deficit of copy number alterations, C class IHCC harbour recurrent focal copy number alterations including deletions involving CDKN2A, ROBO1, ROBO2, RUNX3, and SMAD4.
DNA mismatch repair (MMR) deficiency leading to microsatellite instability (MSI) have been demonstrated as a distinct pathway for carcinogenesis[90]. MSI is clinically relevant, since these cancers are responsive to immune checkpoint inhibitor therapy[91]. Although MSI most commonly occurs in colorectal and endometrial cancers, a wide variety of other cancers, including biliary cancer exhibit MSI. Goeppert et al[91] analysed the mononucleotide MSI marker panel consisting of BAT25, BAT26, and CAT25 in 159 IHCC and detected high-level of MSI (MSI-H) in 2 cases. Patients affected by MSI-H cholangiocarcinoma were younger and showed atypical histomorphology along with a longer overall survival and high tumour stage. Correlation analysis of MSI status with tumour-infiltrating immune cells, MHC I, and PD-L1 expression in the same cholangiocarcinoma cohort showed increased numbers of CD8, FOXP3, CD20 positive cells and moderate or high MHC I expression levels in MSI-H IHCC[90]. Overall, the frequency of MSI-H based on various studies is 10%[90]. Very recently Zhou et al[92] evaluated the role of Brahma-related gene 1 (Brg1) in IHCC and demonstrated that a high Brg1 expression in hepatic progenitor cells (HPC) promoted HPC expansion, liver cirrhosis, and IHCC development in response to chronic biliary injury.

Intratumoural heterogeneity in intrahepatic cholangiocarcinoma
Dong et al[93] performed multiregional whole-exome sequencing to investigate intratumoural heterogeneity (ITH) and its impact on IHCC progression. They demonstrated many factors, such as parallel evolution and chromosome instability may participate and promote the branch diversity of IHCC. In primary and recurrent metastatic tumours, they found evidence of polyclonal metastatic seeding, indicating that symbiotic communities of multiple clones existed and were maintained during metastasis.

Molecular alterations of extrahepatic cholangiocarcinoma
These lesions show similar molecular profiles as LD-IHCC and have the presence of KRAS mutation. As demonstrated in a recent study, KRAS, TP53, ARID1A, and SMAD4 are the most prevalent mutations[94]. Mutations in IDH1/2 and BAP1 and FGFR2-fusions reported in SD-IHCC have not been identified in these tumours. Four distinct transcriptome-based molecular classes of EHCC were identified. Metabolic class showed a hepatocyte-like phenotype with activation of the transcription factor HNF4A and enrichment in gene signatures related to bile acid metabolism. The proliferation class was characterized by enrichment of MYC targets, ERBB2 mutations/ amplifications and activation of mTOR signalling and was more common in patients with DCC. The mesenchymal class was defined by signatures of epithelial mesenchymal transition, aberrant TGFβ signalling and poor overall survival and immune class showed lymphocyte infiltration of the tumour, overexpression of PD-1/PD-L1 and molecular features associated with a better response to immune checkpoint inhibitors. Kim et al[95] investigated and found MSI-H in 1 of 18 EHCC (6%). Overall, the reported frequency of MSI-H in carcinomas of the large bile ducts is estimated to be 5%[90].

Epigenetics of cholangiocarcinoma
Epigenetics are heritable elements that regulate gene expression without modifying the nucleotide sequence of the DNA. They play an important role in cholangiocarcinogenesis[96]. A multitude of alterations of key epigenetic players have been observed in cholangiocarcinoma: DNA methylation, histone modifications, chromatin remodelling and noncoding RNAs (ncRNAs). In tumours, the aberrant DNA methylation occur at the 50 methylcytosine (5-mc) in CpG rich area in the promotor sequence of tumour suppressor genes resulting in gene inactivation[80]. A study investigating 489 cases identified four clusters (cluster 1 to cluster 4) of cholangiocarcinoma based on their DNA methylation pattern with different clinical outcomes[97]. Cluster 1 and 4 were clearly distinguished by their highly distinctive patterns of genome-wide DNA hypermethylation, targeting either promoter CpG islands or promoter CpG shores. Further analysis demonstrated that Cluster 1 cholangiocarcinoma were fluke-positive with increased mutation rates (mutation signature 1 enrichment, and increased point-mutation subclonality), while Cluster 4 were fluke-negative and by comparison relatively clonal. Cluster 1 showed downregulation of the DNA demethylation enzyme TET1 and upregulation of the histone methyltransferase EZH2. Hypermethylation of CpG sites was also observed in cluster 4 with enrichment of FGFR translocations and IDH1/2 and BAP1 mutations. 
Several histone deacetylase (HDAC) enzymes are overexpressed in cholangiocarcinoma[98,99]. Overexpression of HDAC6 is associated with shortening and/or loss of ciliary appendages, an important feature of malignant transformation of cholangiocytes[100] HDAC1 was found to be overexpressed in IHCC cells in vitro as a result of elevated SPRR2A, a gene involved in maintenance of epithelial barriers and wound repair, resulting in deacetylation of p53[101]. Evidence also suggests that a variety of HDAC inhibitors, such as valproic acid (VPA) and vorinostat can in vitro and in vivo inhibit the growth of cholangiocarcinoma individually or in combination with chemotherapeutic agents[99]. ncRNAs are the newly defined players in cholangiocarcinogenesis, being able to act as tumour suppressor genes or oncogenes. Therefore, representing potentially valuable tools in diagnosis and targets for treatment[102].

Molecular alterations of precursor lesions
Genomic alterations accumulate in precursor lesions during the multistep biliary carcinogenesis. An increased expression of p21, p53, cyclin D1 along with a decreased expression of Dcp4 is observed in a histological progression of BilIN[103]. Expression of EZH2 shows a stepwise increase from low grade to high grade to invasive cancer[104]. Molecular alterations of KRAS have also been reported in BilIN[105]. Molecular analysis of IPNBs reveal KRAS mutations, over-expressions of TP53 and losses of p16 in low-grade dysplasia. A loss of SMAD4 is noted in late phases of tumour development[106]. Another study investigated the genetic landscape of biliary papillary neoplasms by whole exome sequencing. Mutations in either APC or CTNNB1 were detected in 4 of 7 cases. Somatic mutations were also identified in KRAS, BRAF, CDC27, KMT2C, KMT2D, and MSH3, MSH6, PMS1[107]. Genetic alterations reported in ITPN are CDKN2A/p16 and TP53[108]. Very recently, Gross et al[109] performed whole exome sequencing of ITPN and demonstrated a high genetic diversity with recurrent copy number variants (CNVs) (loss of chromosome 1p36 and others), and only a few recurrent somatic mutations in TG, SLIT2, FGFR2, and HMCN1. They also identified cell cycle, chromatin remodelling, and DNA damage/repair as key signalling pathways in these neoplasms. In HMCN, there is activation of hedgehog and wnt pathways; and downregulation of T-helper 1 and 2 pathways[73]. 

Role of molecular pathology in diagnosis and management
Molecular characterisation of cholangiocarcinoma is now being considered a way to differentiate benign and cancerous biliary strictures. It will potentially help clinicians decide optimal treatment plan. Recently, a study evaluated a 28-gene next-generation sequencing panel (genes that are commonly mutated, amplified, and/or deleted in malignant biliary neoplasms) named BiliSeq using endoscopic retrograde cholangiopancreatography-obtained biliary specimens from patients with bile duct strictures[110]. Combining BiliSeq with pathological evaluation of biliary tissue improved the detection of malignant biliary strictures and allowed for the identification of potentially targetable molecular alterations, thus guiding treatment decisions. 

LIQUID BIOPSY IN CHOLANGIOCARCINOMA
The term liquid biopsies comprise a diverse group of methodologies centring around the detection and analysis of tumour cells or tumour cell products obtained from blood or other body fluids[111]. Different types of liquid biopsies include circulating tumour cells (CTCs), cell free nucleic acids (cfDNA, mRNA, non-coding RNA such as micro-RNA or long non-coding RNA), “tumour-educated platelets” (TEPs) and vesicles such as exosomes[112]. The clinical application of liquid biopsies includes early detection of cancer or tumour recurrence, individual risk-assessment and treatment monitoring. Few studies have evaluated role of liquid biopsies in cholangiocarcinoma. Yang et al[113] showed that CTCs were associated with more-aggressive tumour characteristics and were independently associated with a poorer survival in patients with cholangiocarcinoma. Wintachai et al[114] investigated the diagnostic and prognostic values of plasma cfDNA levels from 62 cholangiocarcinoma patients, 33 benign biliary disease patients and 30 normal controls. They demonstrated a superior diagnostic efficacy of cfDNA in detecting cholangiocarcinoma than CEA and CA19-9. Most commonly identified genetic alterations were in ARID1A (30%), PBRM1 (30%), mTOR (30%), and FGFR3 (30%). The current role of liquid biopsies in cholangiocarcinoma remain limited and further research is required to appreciate its full potential[111].

CLINICAL FEATURES AND MANAGEMENT
Clinically and management-wise cholangiocarcinomas can be classified according to anatomical location of lesion along the biliary tract. IHCC arise proximal to second order of biliary tree and hence are harder to diagnose before they become symptomatic. Symptoms usually arise from the size and pressure on vascular and biliary structures. Compression on the biliary system leads to jaundice. Occasionally, IHCC can co-exist with HCC in a cirrhotic liver and are usually incidentally diagnosed in liver transplant (LT) recipients. In a non-cirrhotic liver, standard of care remains anatomical liver resection with an aim to achieve microscopically negative (R0) resection margins. Radiologically, hypervascular IHCC associated with high microvascular density, arterial vessel density, and cholangiocellular or bile ductular subtype on pathology have a more favourable outcome. These tumours are less aggressive in nature than those with hypovascular features[57]. The roles of adjuvant and neoadjuvant chemo-radiotherapy have not been entirely defined. However, gemcitabine-based adjuvant chemotherapy has shown to improve the overall and disease-free survival. Nonetheless, overall survival remains dismal due to a delay in the diagnosis[115]. Early results from targeted therapies including inhibitors of IDH or fibroblast growth factor receptor (FGFR) in IHCC have been promising[116]. Emerging clinical data from immune checkpoint inhibitors therapy suggest modest efficacy in cholangiocarcinoma[116]. Role of NTRK, BRAF and MEK inhibitors are also being investigated in cholangiocarcinoma[117]. 
Due to their anatomical location, PHCC and DCC usually present earlier than IHCC with symptoms of vascular or biliary compression. The most common presentation is in the form of obstructive jaundice. PHCC also known as Klatskin’s tumour have been variously classified based on the anatomical location, extent of tumour involvement and resectability[118-121]. Bismuth’s classification is based on the anatomical location of the tumour is the most commonly used classification[121]. Standard of care is again R0 resection followed by adjuvant therapy with Gemcitabine based on stage of the lesion[122]. Newer modalities in terms of focussed radiation therapy has shown some promise[123]. LT has been successfully performed in selected cases of unresectable cholangiocarcinoma. Several series have shown good 5-year overall survival in highly selected patients who have undergone neo-adjuvant therapy as a part of specially designed algorithms (e.g., Mayo protocol)[124]. DCC behave akin to periampullary carcinoma and the treatment is mainly surgical in the form of a pancreaticoduodenectomy (Whipple’s procedure)[125]. Surgical resection is the standard therapy for IPNBs confined to the liver. IPNB-associated invasive adenocarcinoma has demonstrated a better prognosis than conventional IHCC[126]. Complete surgical resection is also the treatment of choice for ITPNs. 

Surgical resection and lymphadenectomy
Treatment of choice as mentioned above, is surgical resection for these tumours. Proximal and distal extent of the lesion, along with the degree of vascular involvement combined with the quality and volume of the liver are crucial factors in the surgical management algorithm in cholangiocarcinoma[127]. Arterial and portal vein local resections are indicated when R0 resection can be potentially achieved. Anatomical resection of the liver is sufficient in IHCC, however for PHCC & DCC an extensive locoregional lymphadenectomy is indicated. Lymphadenectomy for these tumours have shown to improve survival, and furthermore allow accurate staging, prognostication and institution of adjuvant therapy. Although data on the extent of lymphadenectomy is not sufficient and conclusive, the involvement of para-aortic lymph nodes is unequivocally a bad prognostic indicator and lymphadenectomy should not be extended to the same[128,129]. 

CONCLUSION
Cholangiocarcinomas are a heterogeneous group of cancers arising from the biliary tree demonstrating marked geographical variation due to regional differences in risk factors. Traditionally considered as a single disease, extensive genomic and epigenomic characterization in the last decade have uncovered various molecular alterations associated with specific subtypes of cholangiocarcinoma. Mutated genes may be specifically targeted for therapeutic intervention, a few of which include inhibitors of IDH and FGFR in intrahepatic cancers and trastuzumab in HER2-positive extrahepatic cancers. Despite recent advances in our understanding of biliary cancer, many important questions remain for the prevention and treatment of this lethal disease. Currently, there is no international consensus on the histological classification of cholangiocarcinoma, and there remains a need for standardization of nomenclature and diagnostic criteria of these tumours.
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Figure 1 Gross features and morphology of cholangiocarcinoma. A: Mass forming intrahepatic cholangiocarcinoma (IHCC); B: Extrahepatic cholangiocarcinoma with periductal infiltrating growth (arrow) and markedly greenish liver; C: Well differentiated cholangiocarcinoma [hematoxylin and eosin (H&E, × 25)]; D: Poorly differentiated cholangiocarcinoma (H&E, × 25); E: Large duct variant of IHCC (H&E, × 8).
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Figure 2 Intrahepatic cholangiocarcinoma. A: Small duct variant of Intrahepatic cholangiocarcinoma (IHCC) (SD-IHCC) with closely packed small glands [hematoxylin and eosin (H&E, × 15)]; B: SD-IHCC with desmoplastic stroma (H&E, × 15); C: Large duct variant of IHCC (LD-IHCC) with mucin production (H&E, × 20); D: LD-IHCC with mucin [Periodic acid Schiff after diastase, × 15].


[image: D:\小桌面\新建文件夹\SE\jdz-pdf\71871\pdf\figure\71871-g003.png]
Figure 3 Intrahepatic cholangiocarcinoma. A: Intrahepatic cholangiocarcinoma (IHCC) with ductal plate malformation phenotype [hematoxylin and eosin (H&E, × 20)]; B: Cholangiocellular or bile ductular type of IHCC (H&E, × 20); C: IHCC lymphoepithelioma subtype (H&E, × 20); D: IHCC with sarcomatoid areas (H&E, × 20).
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Figure 4 Extrahepatic cholangiocarcinoma. A: Extrahepatic cholangiocarcinoma (EHCC) with large mucin producing malignant glands and abundant desmoplastic stroma [haematoxylin and eosin (H&E, × 8)]; B: EHCC with perineural invasion (H&E, × 20); C: EHCC adenosquamous subtype (H&E, × 15); D: Well differentiated neuroendocrine tumour of the bile duct (H&E, × 20).
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Figure 5 Immunohistochemistry in cholangiocarcinoma. A: Positive CK7 immunostaining; B: Positive CK19 immunostaining; C: Positive epithelial membrane antigen immunostaining; D: Hepatocyte nuclear factor-1 β nuclear immunostaining in a small duct variant of intrahepatic cholangiocarcinoma.
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Figure 6 Precursor lesions of cholangiocarcinoma. A: Biliary intraepithelial neoplasia with low grade dysplasia [haematoxylin and eosin (H&E, × 15)]; B: Intraductal papillary neoplasm of the bile duct (IPNB) (arrow); C: IPNB pancreaticobiliary subtype (H&E, × 10); D: Intraductal tubulopapillary neoplasms of the bile duct with invasive carcinoma (H&E, × 10).
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[bookmark: _GoBack]Figure 7 Other precursor lesions. A: Hepatobiliary mucinous cystic neoplasm with mucinous lining epithelial and ovarian stroma [haematoxylin and eosin (H&E, × 10)]; B: Von Mayenberg complex (H&E, × 20); C: Bile duct adenoma (H&E, × 20).
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Table 1 Definite and probable risk factors for cholangiocarcinoma
	Definite risk factors

	Primary sclerosing cholangitis

	Liver fluke infection (Opisthorchis viverrine, Clonorchis sinensis)

	Hepatolithiasis

	Biliary malformation (choledochal cysts, Caroli’s disease, congenital hepatic fibrosis)

	Thorotrast

	Probable risk factors

	Alcohol

	Hepatitis B

	Hepatitis C

	Cirrhosis

	Toxins (dioxin, polyvinyl chloride)

	Biliary–enteric drainage procedures

	Inflammatory bowel disease

	Asbestos

	Non-alcoholic fatty liver disease

	Metabolic syndrome, type 2 diabetes, obesity

	Smoking

	Chronic pancreatitis




Table 2 Histological classification of cholangiocarcinoma
	Based on histological differentiation

	Well (> 95% of tumour composed of glands)

	Moderately (50%-95% of tumour composed of glands)

	Poor (5%-49% of tumour composed of glands)

	Undifferentiated type (< 5% of tumor composed of glands)

	Based on glandular features

	Conventional type (bile duct type)

	Small bile duct type (intrahepatic)

	Large bile duct type

	Cholangiocellular (intrahepatic)

	Uncommon variants

	Ductal plate malformation type (intrahepatic)

	Lymphoepithelioma type

	Clear cell type

	Squamous/adenosquamous type

	Mucinous carcinoma

	Sarcomatoid

	Signet ring carcinoma

	Neuroendocrine

	 HCC-like


 HCC: Hepatocellular carcinoma.


Table 3 Clinicopathologic, immunohistochemical, and molecular characteristics
	
	Large duct type
	Small duct type

	Location
	Proximal to hepatic hilum
	Peripheral

	Risk factors
	PSC, Liver fluke infection, Hepatolithiasis
	Chronic liver disease, viral hepatitis

	Gross features
	Periductal infiltrating, Mixed pattern
	Mass forming

	Precursor lesion
	BilIN, IPNB, ITPN
	Unknown

	Pathology
	Large, widely spaced glands, Columnar with mucin production, desmoplastic stroma
	Small tubules, fused or anastomosing glands, cuboidal to low columnar, central scarring, minimal to no mucin

	Perinerual invasion
	Common
	Rare

	Lymphovascular invasion/lymph node metastases
	Common
	Rare

	Tumour border
	Infiltrative
	Expansile or pushing, rarely infiltrative

	Immunohistochemical features
	S100P and TFF1
	CD56, N-cadherin, CRP

	Molecular alterations
	KRAS and GNAS mutations COX2 upregulations
	IDH1/IDH2 and BRAF mutations, FGFR2 fusion


BilIN: Biliary intraepithelial neoplasia; CRP: C-reactive protein; IPNB: Intraductal papillary neoplasm of the bile duct; ITPN: Intraductal tubulopapillary neoplasms; PSC: Primary sclerosing cholangitis.
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