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Introduction

The bile duct system follows the passage of the bile from its 
production by the liver cells through the intra- and extra-
hepatic bile ducts to the duodenum. Along this passageway, 
the gallbladder serves as a storage organ, storing up to 50% 
of the bile and releasing it when food is ingested.

Cancers that arise from the various segments of the biliary 
system exhibit varied clinico-pathological characteristics. 
Thus, they are traditionally separated into categories 
based on their specific location in the system: gallbladder 

carcinoma, intra-hepatic cholangiocarcinoma, hilar or 
perihilar cholangiocarcinoma, carcinoma of the distal 
common bile duct, and ampullary carcinoma (1).

Tumorigenesis of the biliary epithelium in general 
follows the dysplasia to carcinoma sequence. The initiation 
and progression of this process is known to be heavily 
influenced by various risk factors including: (I) chronic 
inflammation related to insults such as biliary lithiasis, 
hepatobiliary flukes, primary sclerosing cholangitis and viral 
hepatitis; (II) developmental anomalies such as abnormal 
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junction of the pancreatic and bile ducts, and choledochal 
cysts; and (III) other environmental or metabolic factors 
such as smoking and diabetes. Consequently, there exists a 
geographic difference in cancer incidence with the highest 
incidence occurring in East and South Asia and parts of 
South America, as well as a trend towards an increasingly 
higher global incidence (2,3).

At the molecular level, a number of mutational targets 
have been implicated in these tumors including KRAS, 
NRAS, GNAS, EGFR, TP53, DCKN2A, BRAF, and 
CTNNB1 (4,5). Recent genomic profiling studies have shed 
further light into the genetic makeup of biliary cancers (5-8). 
It is becoming increasingly clearer that genomic alterations 
differ in tumors of the different segments of the biliary 
system, and data are emerging revealing alterations such as 
increased levels of EGFR and ERBB2 signaling, that are 
clinically actionable, in biliary tumors. 

 DNA mismatch repair (MMR) deficiency leading to 
microsatellite instability (MSI) has been recognized as a 
distinct tumorigenesis pathway (9,10). Lynch syndrome, 
defined by deleterious germline mutation in one of the 
four major MMR genes (MLH1, MSH2, MSH6 and 
PMS2) or the EPCAM gene, represents the hereditary 
prototype of MMR deficiency leading to tumor formation. 
MLH1 promoter methylation is by far the most prevalent 
mechanism causing sporadic MMR deficient cancers. 
Although MSI most commonly occurs in colorectal and 
endometrial cancers, a wide variety of other tumor types, 
including biliary cancers, have been shown to exhibit MSI 
as well (11-13). Understanding the role of MMR deficiency 
in such non-colorectal tumors may not only benefit the 
detection and management of Lynch syndrome, it bears 
implication in the management of sporadic cancer patients 
as well. 

In this article, we provide a summary of the pathology of 
the biliary carcinomas, and using this summary as a basis, 
we further examine the current status on our understanding 
of the role of DNA MMR deficiency in biliary carcinomas. 

The pathology of biliary carcinomas

Gallbladder carcinoma

Gallbladder carcinomas tend to have a diffuse and scirrhous 
pattern of growth, and are less likely to form a distinct mass. 
A luminal polypoid component may be present, and when 
it occurs, this component often represents an intracystic 

papillary neoplasm. Upon sectioning, the infiltrative tumor 
is often firm and gritty. Gallstones are often present as 
gallbladder carcinomas are often associated with gallstones. 
In cases of porcelain gallbladder, the wall of the gallbladder 
is typically rigid and calcified. 

Histologically, gallbladder carcinomas may evolve from 
different forms of precursor lesions and can assume various 
phenotypical subtypes, as outlined by the 4th edition of 
the WHO classification of tumors of the digestive system 
(Table 1) (14). The microscopic appearance varies depending 
on the histological subtype. The majority show features 
typical of pancreatobiliary-type adenocarcinoma. Tumors 
may invade the wall in a “non-continuous” fashion and 
appear as haphazardly distributed foci (Figure 1A), or 
grow in continuity with mucosal dysplasia (Figure 1B). 
Characteristically, the tumor cells form glands or grow 
in cords and nests, with or without conspicuous mucin  
(Figure 1C). As with all biliary carcinomas, tumors can 
be poorly differentiated, and not infrequently, they have 
“squamoid” features (Figure 1D), and overt adenosquamous 
carcinoma may happen. 

Gallbladder carcinoma may spread loco-regionally to 
the liver or adjacent structures by direct extension or to the 
regional lymph nodes through the lymphatic drainage (15).  
The 7th edition AJCC staging manual (16) defines N1 
disease by metastases to nodes along the cystic duct, 
common bile duct, hepatic artery and portal vein, and 
N2 disease by metastases to periaortic, pericaval, superior 
mesenteric artery, and/or celiac artery lymph nodes. 
Distant metastases of the gallbladder carcinoma occur via 
hematogenous spread, and typically target sites such as the 
peritoneum, liver, and occasionally to the lungs and pleura.

Intrahepatic cholangiocarcinoma

These tumors typically occur as well circumscribed masses. 
Less commonly, they may assume a periductal infiltrating 
pattern or a mixed pattern of mass forming and periductal 
infiltrating type (17). Histologically, the tumor cells show 
resemblance to interlobular bile ducts with cuboidal cells 
and typically with no mucin production (Figure 2A,B), 
and the tumors characteristically have ample amount of 
desmoplastic stroma. Histological variations occur not 
infrequently and tumors may be spindly and sarcomatoid 
(Figure 2C) or with squamous differentiation (Figure 2D).  
A unique challenge in the diagnosis of intrahepatic 
cholangiocarcinoma relates to the fact that many extra-
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Table 1 WHO Classification [2010] of biliary epithelial neoplasms

Gallbladder and extra hepatic bile duct epithelial tumors (not neuroendocrine)

Premalignant lesions

Adenoma

Tubular

Papillary

Tubulopapillary

Biliary intraepithelial neoplasia (BilIN-3)

Intracystic (gallbladder) or intraductal (bile ducts) papillary neoplasm with low- or intermediate-grade intraepithelial neoplasia

Intracystic (gallbladder) or intraductal (bile ducts) papillary neoplasm with high-grade intraepithelial neoplasia

Mucinous cystic neoplasm (MCN) with low- or intermediate-grade intraepithelial neoplasm

MCN with high-grade intraepithelial neoplasm

Carcinoma

Adenocarcinoma

Biliary type

Gastric foveolar type

Intestinal type

Clear cell

Mucinous

Signet ring

Adenosquamous carcinoma

Intracystic (gallbladder) or intraductal (bile ducts) papillary neoplasm with an associated invasive component

MCN with an associated invasive component

Squamous cell carcinoma

Undifferentiated carcinoma

Intrahepatic biliary epithelial tumors 

Benign

Bile duct adenoma (peribiliary gland hamartoma and others)

Microcystic adenoma

Biliary adenofibroma

Premalignant lesions

BilIN-3

Intraductal papillary neoplasm with low- or intermediate-grade

Intraepithelial neoplasia

Intraductal papillary neoplasm with high-grade intraepithelial neoplasia

MCN with low- or intermediate-grade

Table 1 (continued)
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hepatic adenocarcinomas (such as adenocarcinomas of 
the upper gastrointestinal tract, breast, and lung) that can 
show similar morphological patterns can metastasize to 
the liver, rendering determination of site of origin difficult 
or, in some cases, impossible, on pure histologic grounds. 
Notably, the recent development of branched DNA-
enhanced albumin RNA in situ hybridization technique has 
afforded the promise of high accuracy diagnosis of hepatic 
primary with a reported sensitivity of 99% (18); intrahepatic 
cholangiocarcinomas show positive signal whereas metastatic 
tumors do not. 

Biliary intraepithelial neoplasia (BilIN) is well accepted 
to be a pre-malignant lesion for biliary adenocarcinoma. 
Within the liver, BilIN is more commonly detected in 

the setting of primary sclerosing cholangitis-associated 
carcinoma. The intriguing question of whether some 
intrahepatic cholangiocarcinomas develop from a pre-
existing bile duct adenoma remains to be answered.  

Mucinous cystic neoplasm (MCN) of the liver represents 
another unique form of pre-malignant neoplasia. It is 
characterized by well encapsulated multiloculated cystic 
lesion with ovarian-type stroma. The lining epithelium may 
be columnar, cuboidal, or flattened, and is mucus-secreting. 
This lesion can give rise to invasive adenocarcinoma that 
typically is of ductal type with tubulopapillary or tubular 
growth patterns. The associated MCN distinguishes 
these carcinomas from conventional  intrahepatic 
cholangiocarcinoma.

Table 1 (continued)

Intraepithelial neoplasm

MCN with high-grade intraepithelial neoplasm

Ampullary region epithelial tumors (not neuroendocrine)

Premalignant lesions

Intestinal type adenoma:

Tubular adenoma

Tubulovillous adenoma

Villous adenoma

Noninvasive pancreatobiliary neoplasm with low-grade dysplasia (low-grade intraepithelial neoplasia)

Noninvasive pancreatobiliary neoplasm with high-grade dysplasia (high-grade intraepithelial neoplasia)

Flat intraepithelial neoplasia (dysplasia), high grade

Carcinoma

Adenocarcinoma

Intestinal type

Pancreatobiliary type

Adenosquamous carcinoma  

Clear cell carcinoma

Hepatoid adenocarcinoma

iInvasive papillary adenocarcinoma

Mucinous adenocarcinoma

Signet ring cell carcinoma

Squamous cell carcinoma

Undifferentiated carcinoma

Undifferentiated carcinoma with osteoclast-like giant cells
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The pattern of spread of intrahepatic cholangiocarcinomas 
differs according to tumor location (15). Tumors occurring 
in the left lateral bi-segments (segment 2–3) of the liver 
may preferentially drain to lymph nodes along the lesser 
curvature of the stomach and subsequently to the celiac 
nodal basin, whereas tumors in the right liver (segment 5–8)  
may preferentially drain to hilar lymph nodes and 
subsequently to caval and periaortic lymph nodes. 
Involvement of celiac and/or periaortic and caval lymph 
nodes are considered distant metastasis according to the 7th 
edition AJCC staging manual (16). Hematogenous spread 
of the tumor may occur within the organ or causing tumor 
spread to sites such as the peritoneum, lungs, pleura, bone, 
adrenals, kidneys spleen and pancreas. Notably, intrahepatic 
cholangiocarcinoma metastasizing to other intrahepatic 
locations is classified in the T category (as multiple tumors, 
similar to that for hepatocellular carcinoma), not M, by the 
AJCC (16).

Carcinoma of the extra-hepatic bile ducts

Carcinomas of the extrahepatic bile ducts, including the 
hilar hepatic ducts, cystic duct, and common bile duct, can 
be classified into similar histologic types as carcinomas 
of the gallbladder. In fact, the WHO (14) advocates one 
histologic classification system for both the gallbladder 
and the extrahepatic bile ducts (Table 1). Features that 
appear more unique to the bile ducts as compared to the 
gallbladder are often attributable to their unique anatomic 
location. Grossly, because of the relatively thin wall of the 
bile ducts, even small (<1.0 cm) carcinomas invade deeply 
into, or through, the wall and into adjacent soft tissue, liver, 
or pancreas. Very commonly, carcinomas of the bile ducts 
merge imperceptible with adjacent areas of inflammation 
and fibrosis, forming poorly-defined gross lesions, and 
necessitating frozen section diagnosis for margin status at 
the time of surgery. 

Carcinoma of the extrahepatic bile ducts may spread 

Figure 1 Photomicrographs of gallbladder carcinomas. Not infrequently, gallbladder carcinomas invade the wall in a “non-continuous” 
fashion and appear as haphazardly distributed foci (A) (magnification, ×20), while others grow in continuity with mucosal dysplasia (B) 
(magnification, ×20). The carcinoma cells may form glands or grow in cords and nests, and mucin production can occur (C) (magnification, 
×100). As with all biliary carcinomas, tumors can be poorly differentiated, and not infrequently assuming a squamoid appearance (D) 
(magnification, ×100).

A B

C D
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via lymphatic drainage to hilar and pericholedochal nodes 
in the hepatoduodenal ligament, and subsequently to 
periaortic, pericaval, superior mesenteric artery, and/or 
celiac artery lymph nodes. Similar to gallbladder carcinomas 
and intrahepatic cholangiocarcinomas, carcinomas of the 
extrahepatic bile ducts may spread to the peritoneum and 
distally to the lungs and pleura, although the frequency of 
distant metastasis seems relatively low.

Ampullary carcinoma

This tumor type represents carcinomas of the terminal 
portion of the bile duct. Tumors in this region, however, may 
also derive from duodenal epithelium or pancreatic ductal 
epithelium. Consequently, a variety of histological patterns 
can occur, including pancreatobiliary type (Figure 3A),  
intestinal type (Figure 3B), mixed type, and other variants 
including poorly differentiated (Figure 3C) and mucinous 

type (Figure 3D) (Table 1). Histologic classification can 
be challenging in cases with mixed or varied histological 
patterns, and immunohistochemical markers may be helpful 
in such situations (19).

 Pre-malignant lesions in the ampullary region include 
BilIN, and ampullary or duodenal adenoma. The natural 
history of sporadic adenomas in this region (outside the 
setting of familial adenomatous polyposis) remains to 
be defined. The detection of a mass forming ampullary 
adenoma often results in surgical removal that not 
infrequently involves pancreatoduodenectomy. A substantial 
subset of ampullary adenomas diagnosed on biopsy harbor 
invasive carcinoma upon resection (20). 

Carcinomas of the ampulla may spread through the 
sphincter of Oddi to the duodenum or the pancreas. Nodal 
metastasis occurs most commonly in the peripancreatic 
lymph nodes. Distant spread often involves liver, peritoneum, 
lungs and pleura. 

Figure 2 Photomicrographs of intrahepatic cholangiocarcinomas. A characteristic feature of this tumor type is that the tumor cells show 
resemblance to interlobular bile ducts with cuboidal cells and typically with no mucin production (A,B) (magnification, ×100). Note that the 
stroma can be abundant and fibrotic (A,B). Histological variations, however, frequently occur. For example, in some tumors, the cells can 
become spindly and sarcomatoid (C) (magnification, ×100). Similar to all biliary carcinomas, intrahepatic cholangiocarcinomas can assume a 
squamous appearance (D) (magnification, ×100).

A B

C D
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DNA MMR deficiency in biliary carcinomas

Literature review

Pertinent and comparable studies on MMR deficiency in 
biliary carcinomas are summarized in Table 2. 

MMR deficiency in gallbladder carcinoma
MMR deficiency, mostly measured by PCR based 
MSI testing, with a few studies utilizing MMR protein 
immunohistochemistry (IHC), has been detected in 
some gallbladder carcinomas (21-30,46). The reported 
frequencies of MSI-H varied from 0% to 42%, and averaged 
5% overall (after weighing for sample size) (Table 2).  
Most studies were performed on populations with high 
prevalence of gallbladder carcinoma; frequency studies in 
the North American population are scarce. 

Several characteristics about MMR deficiency in 
gallbladder tumors have emerged from the literature. 
First, its occurrence has been found to be more frequent 
in gallbladder carcinomas from patients with abnormal 

junction of the pancreatic and bile ducts (46,47). Second, 
it is present not only in carcinomas, but in some cases, 
in severe chronic cholecystitis (25) and dysplastic lesions 
(25,27) as well, suggesting that the involvement of MMR 
deficiency in tumor development may be related to chronic 
inflammatory injury and occurs early in the tumorigenic 
process.

In a recent study (30), loss of MSH2 and MSH6 by IHC 
was found to be relatively common in MMR-deficient 
gallbladder carcinomas, however, this was not associated 
with clinical traits of Lynch syndrome (personal and family 
cancer history), suggesting MMR deficiency in gallbladder 
carcinomas may not represent a manifestation of Lynch 
syndrome. Corroborating with this finding, MSI gallbladder 
cancers lacked strong LINE-1 RNA expression indicating 
high methylation status, thus suggesting that methylation is 
likely a major mechanism leading to MMR deficiency. 

Thus far, no particular association has been established 
between MMR deficiency and tumor grade or tumor 
morphology (mucin production or tumor infiltrating 

Figure 3 Photomicrographs of ampullary adenocarcinomas. The two major histological subtypes are pancreatobiliary (A) (magnification, 
×100) and intestinal (B) (magnification, ×100), the former simulates adenocarcinomas of the other biliary sites and pancreas while the latter 
simulate tumors of the tubular gastrointestinal tract. Ampullary carcinomas can also be poorly differentiated, losing traits characteristic of 
pancreatobiliary or intestinal differentiation (C) (magnification, ×100), or they can be mucinous (D) (magnification, ×100).

A B

C D
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lymphocytes) in gallbladder carcinomas. Clinically, a trend 
towards a better prognosis in MSI-H cancers has been 
suggested (27); however, this remains to be confirmed. 

MMR deficiency in intrahepatic cholangiocarcinoma
Most studies came from analyses of patients in Southeast 
Asia, particularly Thailand where liver cholangiocarcinoma 
represents one of the most common cancers and is believed 
to be associated with liver fluke (opisthorchis viverrini) 
infection (48). 

Results of MSI are somewhat inconsistent attributable 
to different studies using different microsatellite markers 
and different definitions (31-35). Two studies reported 
rates of 13-20% of MSI; however, neither study detected 
instability in mononucleotide repeats. On the other 
hand, a study by Liengswangwong et al. (34) that used the 
NCI criteria (49), reported that none of their 37 intra-
hepatic cholangiocarcinomas exhibited MSI-H. This 
group of patients was further evaluated by MMR IHC in 
a subsequent study (35). In this IHC study (35), 5 of 29 
tumors showed either MLH1 or MSH2 loss, for a total rate 
of MMR deficiency of 17%. Of note, in this study, one case 
showed concurrent loss of MLH1 and MSH2, a pattern 
almost non-exist in colorectal MSI cancers (50). Overall, the 
frequency of MSI-H in intrahepatic cholangiocarcinomas 
based on studies with relatively comparable data was 10%. 

The low number of cases studied in the available studies 
makes it difficult to further assess whether the frequency 
of MMR deficiency differ among patients with different 
etiologies. Also not systematically addressed in the existing 
studies is the question whether and how MMR deficiency 
impact on tumor pathology and clinical behavior.

MMR deficiency in extra-hepatic bile duct carcinomas
Reports on MMR deficiency in extra-hepatic bile duct 
carcinomas are scarce. A study by Suto et al. (36) evaluated 
MSI in 38 tumors using 7 microsatellite markers, and found 
5 (13%) showing instability at 1 or 2 loci, none involving 
mononucleotide markers, and none fulfilling the MSI-H 
criterion that requires 40% or more of the tested loci being 
instable. Another study found 2 of 28 (7%) tumors showing 
MSI-H defined as instability at 40% of the 6 tested markers, 
both tumors showed mononucleotide instability. Similarly, 
Kim et al. (38) used the five NCI panel markers, and found 
MSI-H in 1 of 18 carcinomas (6%). Overall, the reported 
frequency of MSI-H in carcinomas of the large bile ducts is 
estimated to be 5% (Table 2).

Notably, a recent case report (39) described the occurrence 

of a carcinoma of the hilar hepatic duct in a 73-year-
old patient carrying a germline mutation in MLH1, 
c.209_211delAAG. This patient had a personal and family 
cancer history fulfilling Amsterdam Criteria II. The hepatic 
duct carcinoma was found to have lost MLH1 protein by 
IHC and PCR MSI testing revealed instability in 4 of 
the 5 NCI panel markers. Very significantly, the bile duct 
carcinoma was detected at an early stage (pT1) and the 
early diagnosis was enabled by tests prompted by periodic 
surveillance blood examination showing abnormal values of 
hepatobiliary enzymes. Thus, this case not only documents 
the occurrence of bile duct carcinoma manifesting the 
underlying MMR gene abnormality in Lynch syndrome, it 
also illustrates the importance of continuous surveillance 
for extracolonic tumors, including bile duct cancers, in 
patients with Lynch syndrome. However, as yet, cost-
effective strategies for such tumor surveillance remain to be 
determined. 

Further systematic analyses on the association of MMR 
deficiency in bile duct carcinomas with tumor pathology or 
clinical behavior are essentially lacking at the current time.

MMR deficiency in ampullary carcinomas
Among all biliary carcinomas, ampullary tumors are most 
studied with regard to MMR deficiency (23,36,38,40, 
42-45,51). While the reported frequencies of MSI or MMR 
IHC abnormality differed in different studies, the fact 
MMR deficiency occurs in some ampullary carcinomas is 
well established. Overall, the reported frequency of MSI-H 
in ampullary carcinoma is 10% (Table 2). Using IHC with 
all four MMR proteins, we found MMR protein loss in 
6% of ampullary carcinomas (45). Our study and that of 
others have allowed the following conclusions about MMR 
deficiency in ampullary carcinomas. 

First, MMR deficient ampullary tumors can occur in 
Lynch syndrome. Although data are still limited, there 
seems to be a tendency towards ampullary tumors occurring 
in individuals with germline mutation in MSH6, and tumors 
may occur at an old age. Notably, however, at the current 
time, there is no evidence yet to suggest that any ampullary 
carcinoma should trigger MMR immunohistochemical/
MSI testing or genetic testing, but it appears reasonable 
that, in families at high risk for Lynch syndrome, when 
more conventional tumor types are not available, ampullary 
carcinoma be used as a tumor sample for detection of MMR 
protein or function. In terms of surveillance for ampullary 
carcinomas in patients with Lynch syndrome, standard 
recommendations are lacking and similar to the case of 
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bile duct carcinoma, cost-effective detection modalities 
specifically targeting ampullary tumors are still to be 
determined.

Second, MMR deficient ampullary tumors bear certain 
pathological features. It has been observed not only in 
carcinomas, but also in adenomas, suggesting it to be 
an early event in the tumorigenesis process (44). At the 
carcinoma stage, MMR deficiency has been associated with 
both the intestinal (43,44) and the pancreatobiliary (45)  
subtypes. Furthermore, there is also a trend for MMR 
deficient ampullary carcinomas to show morphological 
patterns similar to that seen in MMR deficient colorectal 
cancers, particularly increased tumor infiltrating lymphocytes 
and poor differentiation with “medullary” like histology 
(Figures 4,5) (44,45). 

Clinically, MSI-H ampullary carcinomas have been 
shown to have a significantly longer overall survival than 

MSI-L or MSS tumors (44), although such prognostic 
impact remains to be further confirmed. 

Summary

Overall, the literature data on MMR deficiency in biliary 
cancers are limited. Factors affecting the accumulation of 
comparable data include small sample size, varied study 
populations, different microsatellite markers as well as 
different definitions for MSI, different antibody panels 
and interpretational variations for MMR IHC, and lack of 
detailed correlation with tumor pathology and biological 
behavior. 

Nonetheless,  it  can be gleaned from the above 
review that (I) MMR deficiency indeed occurs in biliary 
carcinomas, albeit at low frequencies; (II) while Lynch 
syndrome families are known to carry an increased risk of 

Figure 4 A pancreatobiliary type adenocarcinoma of the ampulla showing loss of MSH6 (A) (magnification, ×400) but retained staining for 
MSH2 (B) (magnification, ×400), MLH1 (C) (magnification, ×400), and PMS2 (D) (magnification, ×400) by immunohistochemistry (IHC) 
[Reprinted with permission (45)].
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Figure 5 An ampullary carcinoma with medullary histology shown at low (A) (magnification, ×20) and intermediate (B) (magnification, 
×200) power. This tumor lost MLH1 (C) (magnification, ×400) by immunohistochemistry (IHC) [Reprinted with permission (45)].

developing biliary tumor [estimated risk to age 70, 1.4–4.1% 
(13,52,53)], this risk seems site-specific: association with 
Lynch syndrome as yet unproven in gallbladder carcinomas 
where MMR deficiency seems to be primarily a sporadic 
occurrence likely resulting from abnormal methylation, 
but proven in bile duct and ampullary carcinomas where 
tumor onset may be late; and (III) MMR deficient biliary 
cancers may bear other unique pathological and clinical 
characteristics, warranting further investigation.

Conclusions and future perspectives

Biliary carcinomas represent a heterogeneous group 
of tumors resulting from a complex interplay among 
different causative factors and different microenvironment 
throughout the biliary system. Consequently, significant 
heterogeneity exists in tumor pathology and the underlying 
molecular alterations. It seems certain that DNA MMR 
deficiency plays a role in some biliary tumors. This role, 

however, may differ from that seen in other conventional 
Lynch syndrome associated cancer types, and may vary even 
within the family of biliary tumors. 

In the current era of next generation sequencing, it can 
be anticipated that large scale genomic analysis will allow 
a more integrated view of the molecular alterations of the 
various biliary tumors and allow the detection of clinically 
actionable gene targets. Indeed, a recent study (8) utilizing 
whole exome sequencing on a series of biliary carcinomas 
detected an overall 5.9% (14/239) “hypermutated” tumors, 
and found that some such hypermutated tumors harbored 
inactivating (nonsense, frameshift or spice-site) mutations in 
mismatch-repair complex components. More importantly, 
the analysis detected that cases with the poorest prognosis 
had significant enrichment of hypermutated tumors and 
a characteristic elevation in the expression of immune 
checkpoint molecules, suggesting immune-modulating 
therapies might be potentially beneficial for these  
patients (8,54).
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Given the significant tumor heterogeneity, it is imperative 
that future efforts on achieving effective detection of 
clinically actionable molecular targets be site and type 
specific, and utilizes a multidisciplinary approach integrating 
genomic discoveries with not only functional studies but 
also studies of tumor pathology and the tumor’s clinical and 
biological behavior. 
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