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Abstract
Background: DNA mismatch repair (MMR) deficiency is a major pathway of genomic instability in cancer. It leads
to the accumulation of numerous mutations predominantly at microsatellite sequences, a phenotype known as
microsatellite instability (MSI). MSI tumors have a distinct clinical behavior and commonly respond well to immune
checkpoint blockade, irrespective of their origin. Data about the prevalence of MSI among gallbladder cancer (GBC)
have been conflicting. We here analyzed a well-characterized cohort of 69 Western-world GBCs.
Methods: We analyzed the mononucleotide MSI marker panel consisting of BAT25, BAT26, and CAT25 to determine
the prevalence of MMR deficiency-induced MSI.
Results: MSI was detected in 1/69 (1.4%) of analyzed GBCs. The detected MSI GBC had a classical histomorphology,
i.e. of acinar/tubular/glandular pancreatobiliary phenotype, and showed nuclear expression of all four MMR proteins
MLH1, MSH2, MSH6, and PMS2. The MSI GBC patient showed a prolonged overall survival, despite having a high
tumor stage at diagnosis. The patient had no known background or family history indicative of Lynch syndrome.
Conclusions: Even though the overall number of MSI tumors is low in GBC, the potentially therapeutic benefit of
checkpoint blockade in the respective patients may justify MSI analysis of GBC.
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Introduction
The incidence of DNA mismatch repair (MMR)-deficient, microsatellite-unstable (MSI) tumors is of particular clinical relevance since it has been shown that
MMR-deficient tumors are more responsive to immune
checkpoint blockade, particularly using antibodies directed against the immune checkpoint PD-1 or PD-L1
[1], than MMR-proficient tumors. Histomorphologically, gallbladder cancer (GBC) is a diverse group of tumors, most often displaying phenotypes of an
adenocarcinoma. Clinically, GBC is often treated together with cholangiocarcinomas (CCAs) as biliary tract
cancers and thus as one disease, although genetic
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heterogeneity as well as differences in clinical behavior is
nowadays widely acknowledged [2]. Most patients with
GBC present with unresectable or metastatic disease.
Despite systemic chemotherapy, prognosis remains poor
and to date there are no established molecular targeted
therapies tailored to GBC [3]. Molecular events occurring during the development of biliary tract cancers
(BTC) are heterogeneous and likely follow a multistep
process encompassing alterations of several oncogenes
and tumor suppressor genes, such as KRAS, TP53,
EGFR, and ERBB2/3. The genomic spectra of BTC have
been previously nicely depicted [4], and we have recently
demonstrated the presence of MSI in a small proportion
(4/308; 1.3%) of CCAs [5].
So far, there are no systematic data available informing
about the prevalence of DNA mismatch repair deficiency
and MSI in GBC. Previous studies on MSI in biliary
tract cancers have reported MMR deficiency and MSI in
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Table 1 Clinicopathological data of the gallbladder carcinoma
cohort with complete clinicopathological data and correlation to
the MSI status (n = 69)

Table 1 Clinicopathological data of the gallbladder carcinoma
cohort with complete clinicopathological data and correlation to
the MSI status (n = 69) (Continued)

All GBC
patients

All GBC
patients

Number (percent

Number (percent)

Number (percent)

total

non-MSI

MSI

69 (100.0)

68 (98.6)

1 (1.4)

Agea

other

< 69.8 yrs

28 (40.6)

27 (39.1)

1 (1.4)

> 69.8 yrs

41 (59.4)

41 (59.4)

0 (0.0)

m

21 (30.4)

21 (30.4)

0 (0.0)

w

48 (69.6)

47 (68.1)

1 (1.4)

T1

5 (7.2)

5 (7.2)

0 (0.0)

T2

30 (43.5)

29 (42.0)

1 (1.4)

T3

26 (37.7)

26 (37.7)

0 (0.0)

T4

8 (11.6)

8 (11.6)

0 (0.0)

N0

13 (18.8)

13 (18.8)

0 (0.0)

N1

19 (27.5)

18 (26.1)

1 (1.4)

Nx

37 (53.6)

37 (53.6)

0 (0.0)

Sex

Number (percent

Number (percent)

Number (percent)

total

non-MSI

MSI

69 (100.0)

68 (98.6)

1 (1.4)

6 (8.7)

6 (8.7)

0 (0.0)

a

Median patients’ age was 71.4 years and mean age was 69.8 years; bCases
with pNx had no lymph nodes resected, therefore, UICC status could not
be assessed
pT Pathology-based tumor stage, pN Pathology-based nodal status, M Distant
metastasis status, UICC Tumor stage, G Tumor grade, L Lymph vessel invasion,
V Blood vessel invasion, Pn Perineural invasion. The 6 tumors listed in the
histology section as „other “are 3 adenosquamous carcinomas, 2 signet ring
carcinomas, and 1 clear-cell adenocarcinoma

pT

pN

up to 30% of cases, particularly in liver-fluke-associated
CCA specimens from endemic regions in Thailand [6].
For GBC, reported proportions of MSI tumors also varied greatly, because of a high diversity of marker panels
used for determining MSI.
In the present study, we aimed to determine frequency
and clinicopathological characteristics of MSI tumors in
a well-characterized German cohort of GBC.

Methods

M
M0

56 (81.2)

55 (79.7)

1 (1.4)

M1

13 (18.8)

13 (18.8)

0 (0.0)

UICC 2

5 (7.2)

5 (7.2)

0 (0.0)

UICC 3

18 (26.1)

17 (24.6)

1 (1.4)

UICC 4

18 (26.1)

18 (26.1)

0 (0.0)

NA

28 (40.6)

28 (40.6)

0 (0.0)

G1

4 (5.8)

4 (5.8)

0 (0.0)

G2

41 (59.4)

40 (58.0)

1 (1.4)

G3

24 (34.8)

24 (34.8)

0 (0.0)

L0

42 (60.9)

42 (60.9)

0 (0.0)

L1

27 (39.1)

26 (37.7)

1 (1.4)

V0

53 (76.8)

52 (75.4)

1 (1.4)

V1

16 (23.2)

16 (23.2)

0 (0.0)

Pn0

50 (72.5)

50 (72.5)

0 (0.0)

Pn1

19 (27.5)

18 (26.1)

1 (1.4)

ductal

48 (69.6)

47 (68.1)

1 (1.4)

papillary

6 (8.7)

6 (8.7)

0 (0.0)

mucinous

8 (11.6)

8 (11.6)

0 (0.0)

intestinal

1 (1.4)

1 (1.4)

0 (0.0)

b

UICC

G

L

V

Pn

Clinicopathological characteristics of gallbladder
carcinoma patients

Resection specimens from 69 patients (mean age: 69.8
years, median age: 71.4 years) who underwent hepatobiliary surgery at the University Hospital Heidelberg between
1995 and 2010 were included in this study. The GBC cohort consisted only of adenocarcinomas, including all
histologic variants. None of the patients received radioand/or chemotherapy prior to surgery. Tumors were
restaged according to the 8th TNM Classification of Malignant Tumors and classified according to the current
World Health Organization (WHO) tumor classification
system (WHO Classification of Tumours of the Digestive
System, 4th Ed., 2010) by two experienced pathologists,
i.e. consultant pathologists of our institute with a
specialization in hepatobiliary pathology (BG and SS). A
summary of clinicopathological data is given in Table 1.
The use of the tissues for this study was approved by the
institutional ethics committee (206/05).
Tissue microarray construction

Histology

From all 69 GBC FFPE tissue blocks, 3 μm sections were
cut and stained with H&E. Representative areas were
marked by experienced pathologists (BG and SS). For
each case, tumor tissue cores (1.0 mm diameter) from
the selected representative tumor areas were punched
out of the sample tissue blocks and embedded into a
new paraffin array block using a tissue microarrayer
(Beecher Instruments, Woodland, CA, USA).
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Immunohistochemical staining of MMR proteins

Immunohistochemical analyses were performed on 3 μm
thick sections in all tumors classified as MSI by
PCR-based methods. Briefly, the slides were pretreated
by boiling for 10 min with a microwave in target retrieval buffer (pH 9, Dako, Hamburg, Germany) before
application of monoclonal antibodies specific for MSH2
(clone FE11, dilution 1:100, Calbiochem, Darmstadt,
Germany), MLH1 (clone G168–15, 1:100, BD Biosciences, San Diego, CA, USA), MSH6 (clone 44; 1:200; BD
Biosciences, San Diego, CA, USA), and PMS2 (clone
EPR3947, ready to use; Cell Marque, Sigma Aldrich, St.
Louis, Missouri, USA). An immunoperoxidase method
was used to visualize bound antibodies with DAB
(3-amino-9-ethylcarbazole, Dako) as chromogen.
Molecular microsatellite instability analysis

DNA was extracted using the DNeasy Blood and Tissue
kit (Qiagen, Hilden, Germany) and eluted in pure water.
PCR with fluorescence-labelled oligonucleotides was performed to amplify the mononucleotide markers BAT25,
BAT26, and CAT25 from tumor tissue DNA as described
previously [7]. From the tumor classified as MSI, in
addition BAT40 was amplified, using the oligonucleotide
primers 5′-ATTAACTTCCTACACCACAAC-3′ and
5′-gTAgAgCAAgACCACCTTg-3′. Amplified fragments
were visualized on an ABI3130xl genetic analyzer (Applied
Biosystems, Darmstadt, Germany) to detect potential
length alterations of the microsatellites. Fragment sizes
differing from the normal range of allelic size variation
known for the amplicons encompassing BAT25 (108–110
bp), BAT26 (116–118 bp), and CAT25 (146–148 bp) were
regarded as MSI [7]. Tumors showing such amplicons in
two or more markers were classified as MSI.
Statistical analyses including correlation analyses with
other immunohistochemical variables

Statistical analyses were performed with the statistical
computing environment R version 3.0.1. Correlation
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analyses of MSI status with clinicopathological and other
immunohistochemical variables were assessed with Fisher’s exact test. Due to the low number of detected MSI
cases, a statistical correlation analysis was not feasible
for all given parameters. Univariate survival analysis was
performed for overall survival by generation of
Kaplan-Meier curves using GraphPad Prism 6. Significance of differences between the groups was assessed
using the Log-rank-test. P values < 0.05 were considered
significant. Data concerning expression of PD-L1, MHC
I, quantity and quality of tumor infiltrating immune
cells, as well as proliferation index (Ki-67) were available
partly from previously published studies [8, 9].

Results
Frequency of microsatellite instability in gallbladder
carcinoma

All cases were tested for MSI status using a highly sensitive mononucleotide marker panel (BAT25, BAT26,
CAT25), which specifically detects DNA mismatch repair
deficiency-induced alterations at long mononucleotide repeats [7, 10]. One (1.4%) out of 69 analyzed GBCs showed
MSI at all three markers, whereas no aberrant peaks were
detected in the remaining 68 tumor specimens. MSI status
was confirmed by repeating the analysis from independently isolated tumor DNA and corresponding non-tumor
DNA from the same paraffin block, and by testing BAT40
as an additional marker (Fig. 1). Immunohistochemistry
for DNA mismatch repair proteins MLH1, PMS2, MSH2,
and MSH6 revealed no loss of nuclear immunoreactivity
for all tested repair proteins (Fig. 2).
Clinicopathological data of MSI gallbladder carcinoma
and patient survival

The detected MSI GBC had a typical histomorphology,
i.e. showing the typical acinar/tubular/glandular (NOS)
pancreatobiliary phenotype (Fig. 2 and Additional file 1:
Figure S1). Furthermore, the MSI patient was female,
belonged to the younger patient group (age at diagnosis:

Fig. 1 Results of microsatellite instability analysis. Peak patterns of the MSI tumor analyzed by the GeneMapper Software (version 5, Applied
Biosystems) show aberrant peak profiles indicative of MSI in all 4 tested mononucleotide markers. Highest peaks in MSI profiles obtained from
normal tissue are marked by asterisks (upper panel). Aberrant peaks detected in tumor tissue are marked by red arrows (lower panel)
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Fig. 2 Histology and immunohistochemistry of the detected MSI gallbladder
carcinoma. a: Hematoxylin & Eosin (HE) staining of a full-slide section
of the detected MSI GBC shows a typical ductal morphology of
pancreatobiliary subtype (representative atypical neoplastic ducts
are indicated by arrows, original magnification: 20x). b-e:
Immunohistochemistry of MMR proteins showed retained nuclear
signals in the neoplastic epithelia (MLH1, PMS2, MSH2, and
MSH6; original magnification: 100x)

68 years, not significant different to mean age of the entire GBC cohort: 69.8 years), showed a positive lymph
node status (pN1) and a high UICC stage (UICC stage 3;
Table 1). Nevertheless, the MSI GBC patient showed an
overall survival of 4.5 years after surgery, compared to a
median OS in patients with non-MSI tumors of 1.6
years.

Immune phenotype of microsatellite-unstable gallbladder
carcinoma

MSI tumors commonly present with a high density of
local immune cell infiltration and expression of immune
checkpoint molecules. We analyzed the quantity and
quality of tumor infiltrating immune cells, MHC class I,
PD-L1, and HER2-status in the same GBC cohort [8, 9].
In the MSI GBC, a high expression of MHC class I antigen on the tumor cell surface could be detected (Table
2), while numbers of tumor-infiltrating immune cells
were within the range of non-MSI cases of the cohort.
The MSI GBC showed no PD-L1 expression, neither on
the tumor cell surface nor on tumor-associated inflammatory cells. The proliferation index (Ki-67) was low
(6%). Due to only one MSI GBC detected in this cohort,
statistical correlation analyses for clinicopathological parameters and immune characteristics were not feasible.

Table 2 MSI vs non-MSI gallbladder carcinomas with regard to
MHC class I immunoreactivity
MHC score

all GBC cases

MSI neg

MSI pos

0

6

6

0

1

2

2

0

2

3

3

0

3

7

7

0

4

8

8

0

6

5

5

0

8

18

17

1

9

2

2

0

12

8

8

0

NA

10

10

0

total

69

68

1
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Discussion
In summary, our study demonstrates that MMR
deficiency-induced MSI is rare in this well-characterized,
non-liver-fluke associated German GBC cohort (n = 69).
The lower frequency of MSI in our study compared to
several others may be explained, as previously demonstrated for CCA, but also for GBC [10–16], by regional
differences and associated pathogenetic mechanisms. In
addition, in the present study we exclusively used mononucleotide repeats, which are more specific for detecting
DNA mismatch repair deficiency-induced MSI than dior tetranucleotide markers [17, 18], thereby avoiding
false positive results due to incidental slippage events in
MMR-proficient cells. Such events may explain the high
rates of MSI in the literature, which in a recent retrospective literature analysis article was 18 out of 357 (5%)
in GBC [19].
In our analysis, only one (1.4%) out of 69 tumors
showed instability affecting all the sensitive mononucleotide markers BAT25, BAT26, and CAT25. As immunohistochemistry did not show loss of any of the four
MMR proteins analyzed, MSI analysis was repeated
twice from independent tissue blocks and TMA cores,
and the MSI status was confirmed. MSI tumors presenting with retained expression of MMR proteins are rare,
but have been previously reported in the literature [20,
21]. Possible reasons for such a discrepancy may be
somatic missense mutations in DNA mismatch repair
genes that result in the expression of a non-functional
MMR protein, or, as reported recently, mutations in
other MMR-related genes such as the exonuclease domain of the POLE gene [20, 21]. Further analysis such as
exome or whole genome sequencing of tumor tissue
would have been required to identify the molecular
mechanisms leading to MSI and to inform about a possible hereditary background. Unfortunately, in our case
complete somatic mutation analysis of MMR genes was
not feasible due to limited amounts of available tumor
DNA from FFPE tissue specimens.
The classical MSI phenotype including a special
MSI histology with poor differentiation and dense
lymphocyte infiltration, which is known from MSI
colorectal cancers [22–24], was not fully recapitulated
in the detected MSI GBC. However, in line with the
improved prognosis commonly reported to be associated with tumors of the MSI phenotype, the patient’s
overall survival was 4.5 years, compared to a median
overall survival of 1.6 years in the MSS group of the
same stage (UICC 3). Due to the limited number
of patients, a statistical analysis of potential survival
benefits related to MSI in GBC was not feasible. A
recent study, however, did not report a prolonged
survival in MSI compared to non-MSI GBC patients
[10].
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Although the overall frequency of MSI in GBC is low
with less than 2% in the present cohort, MSI testing of
GBC should be considered if the patient has a chance to
benefit from immune checkpoint blockade [25]. Recent
studies demonstrated that patients with MSI BTC in fact
may show significant clinical responses towards treatment with anti-PD-1 or anti-PD-L1 antibodies [1, 26].
Interestingly, even BTC patients with far progressed disease status that are therapy-refractory against chemotherapeutical agents commonly used in the treatment
of BTC can show significant treatment responses upon
immune checkpoint blockade using pembrolizumab
[27]. Although we cannot state, whether MSI in GBC is
associated with an increased immune infiltration due to
limited patient numbers, considering the pronounced
and sustainable benefit reported for advanced MSI cancer patients after treatment with immune checkpoint inhibitors, additional studies are strongly encouraged that
use PCR-based MSI testing in parallel with MMR protein IHC prospectively in larger series of GBC.
Concerning MSI testing in GBC patients, this study
has several clinical implications: i) it demonstrates that
the frequency of MSI is low in Western-world GBC, and
ii) PCR-based MSI analysis using mononucleotide
markers should be considered due to their sensitivity
and specificity for the detection of MMR
deficiency-induced MSI, particularly in GBC patients
who might be eligible for immune checkpoint blockade.

Conclusions
The frequency of MMR deficiency-induced MSI among
Western-world gallbladder cancers is low. However, due
to the significant clinical responses of MSI tumor patients towards immune checkpoint blockade, MSI analysis should be considered in this tumor type.
Additional file
Additional file 1: Figure S1. Histology of the detected MSI gallbladder
carcinoma. High magnification pictures of Hematoxylin & Eosin (HE)
stained full-slide sections of the detected MSI GBC show a typical
glandular, tubular, acinar, ductal morphology of pancreatobiliary subtype
(A: original magnification: 200x and B: 400x). (DOCX 348 kb)

Abbreviations
BTC: biliary tract cancer; CCA: cholangiocarcinoma; GBC: gallbladder cancer;
IHC: immunohistochemistry; MMR: mismatch repair; MSI: microsatellite
instability; PCR: polymerase chain reaction

Acknowledgements
We thank Veronika Geissler, John Moyers (Institute of Pathology, University of
Heidelberg), and Beate Kuchenbuch and Lena Ehret (Department of Applied
Tumor Biology) for excellent technical assistance. We thank the NCT tissue
bank Heidelberg for its support (tissue banking, tissue microarray
manufacturing, technical assistance).

Goeppert et al. Diagnostic Pathology

(2019) 14:36

Funding
SR and PS were supported by German Research Foundation (DFG) SFB/TR
209 (Liver Cancer) by the German Research Foundation and by funding from
the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 667273 (HEP-CAR).
Availability of data and materials
Not applicable.
Authors’ contributions
Study conception: BG, MK, PS, MKD. Data interpretation: BG, MK, MR, MR.
Molecular tumor analysis: MK, TA, MR. Data analysis: BG, SR, MK, ML, SS, MNV,
MR. Manuscript writing: BG, MK, MNV, PS, MKD. Providing clinical data and
tissue specimens: BG, ML, SS, MR, TA, AM, MNV, AP, EC, BK, CS, CR, KHW. All
authors read and approved the final manuscript.
Ethics approval and consent to participate
The use of tissue specimens for this study was approved by the Ethics
Committee of the Medical Faculty, University Heidelberg (206/05).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Institute of Pathology, University Hospital Heidelberg, Im Neuenheimer Feld
224, Heidelberg, Germany. 2Liver Cancer Center Heidelberg (LCCH),
Heidelberg, Germany. 3Department of General Visceral and Transplantation
Surgery, University Hospital Heidelberg, Im Neuenheimer Feld 110,
Heidelberg, Germany. 4Diagnostic and Interventional Radiology, Thoraxklinik
at University Hospital of Heidelberg, Heidelberg, Germany. 5Department of
Internal Medicine IV, Gastroenterology and Hepatology, University Hospital
Heidelberg, Im Neuenheimer Feld 410, Heidelberg, Germany. 6Department of
Medical Oncology, National Center for Tumor Diseases, University Hospital
Heidelberg, Heidelberg, Germany. 7Department of Applied Tumor Biology,
Institute of Pathology, University of Heidelberg, Heidelberg, Germany.

Page 6 of 6

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Received: 9 December 2018 Accepted: 16 April 2019
22.
References
1. Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al.
Mismatch-repair deficiency predicts response of solid tumors to PD-1
blockade. Science. 2017.
2. Banales JM, Cardinale V, Carpino G, Marzioni M, Andersen JB, Invernizzi P, et
al. Expert consensus document: cholangiocarcinoma: current knowledge
and future perspectives consensus statement from the European network
for the study of cholangiocarcinoma (ENS-CCA). Nat Rev Gastroenterol
Hepatol. 2016;13:261–80.
3. Chan E, Berlin J. Biliary tract cancers: understudied and poorly understood. J
Clin Oncol. 2015;33:1845–8.
4. Nakamura H, Arai Y, Totoki Y, Shirota T, Elzawahry A, Kato M, et al. Genomic
spectra of biliary tract cancer. Nat Genet. 2015;47:1003–10.
5. Goeppert B, Roessler S, Renner M, Singer S, Mehrabi A, Vogel MN, et al.
Mismatch repair deficiency is a rare but putative therapeutically relevant
finding in non-liver fluke associated cholangiocarcinoma. Br J Cancer 2018 Oct
31. doi: https://doi.org/10.1038/s41416-018-0199-2. [Epub ahead of print].
6. Limpaiboon T, Krissadarak K, Sripa B, Jearanaikoon P, Bhuhisawasdi V, Chauin S, et al. Microsatellite alterations in liver fluke related cholangiocarcinoma
are associated with poor prognosis. Cancer Lett. 2002;181:215–22.
7. Findeisen P, Kloor M, Merx S, Sutter C, Woerner SM, Dostmann N, et al. T25
repeat in the 3′ untranslated region of the CASP2 gene: a sensitive and
specific marker for microsatellite instability in colorectal cancer. Cancer Res.
2005;65:8072–8.

23.

24.

25.
26.

27.

Goeppert B, Frauenschuh L, Zucknick M, Stenzinger A, Andrulis M,
Klauschen F, et al. Prognostic impact of tumour-infiltrating immune cells on
biliary tract cancer. Br J Cancer. 2013;109:2665–74.
Goeppert B, Frauenschuh L, Zucknick M, Roessler S, Mehrabi A, Hafezi M, et
al. Major histocompatibility complex class I expression impacts on patient
survival and type and density of immune cells in biliary tract cancer. Br J
Cancer. 2015;113:1343–9.
Moy AP, Shahid M, Ferrone CR, Borger DR, Zhu AX, Ting D, et al.
Microsatellite instability in gallbladder carcinoma. Virchows Arch. 2015;466:
393–402.
Chan-On W, Nairismagi ML, Ong CK, Lim WK, Dima S, Pairojkul C, et al.
Exome sequencing identifies distinct mutational patterns in liver flukerelated and non-infection-related bile duct cancers. Nat Genet. 2013;45:
1474–8.
Jusakul A, Cutcutache I, Yong CH, Lim JQ, Huang MN, Padmanabhan N, et
al. Whole-genome and Epigenomic landscapes of etiologically distinct
subtypes of cholangiocarcinoma. Cancer Discov. 2017.
Chaisaingmongkol J, Budhu A, Dang H, Rabibhadana S, Pupacdi B, Kwon
SM, et al. Common molecular subtypes among Asian hepatocellular
carcinoma and cholangiocarcinoma. Cancer Cell. 2017;32:57–70 e53.
Nagahashi M, Ajioka Y, Lang I, Szentirmay Z, Kasler M, Nakadaira H, et al.
Genetic changes of p53, K-ras, and microsatellite instability in gallbladder
carcinoma in high-incidence areas of Japan and Hungary. World J
Gastroenterol. 2008;14:70–5.
Liengswangwong U, Nitta T, Kashiwagi H, Kikukawa H, Kawamoto T,
Todoroki T, et al. Infrequent microsatellite instability in liver fluke infectionassociated intrahepatic cholangiocarcinomas from Thailand. Int J Cancer.
2003;107:375–80.
Koo SH, Ihm CH, Kwon KC, Lee JS, Park JW, Kim JW. Microsatellite alterations
in hepatocellular carcinoma and intrahepatic cholangiocarcinoma. Cancer
Genet Cytogenet. 2003;146:139–44.
Reuschenbach M, Sommerer C, Hartschuh W, Zeier M, Doeberitz M, Kloor M.
Absence of mismatch repair deficiency-related microsatellite instability in
non-melanoma skin cancer. J Invest Dermatol. 2012;132:491–3.
Bacher JW, Abdel Megid WM, Kent-First MG, Halberg RB. Use of
mononucleotide repeat markers for detection of microsatellite instability in
mouse tumors. Mol Carcinog. 2005;44:285–92.
Silva VW, Askan G, Daniel TD, Lowery M, Klimstra DS, Abou-Alfa GK, et al.
Biliary carcinomas: pathology and the role of DNA mismatch repair
deficiency. Chin Clin Oncol. 2016;5:62.
Lindor NM, Burgart LJ, Leontovich O, Goldberg RM, Cunningham JM,
Sargent DJ, et al. Immunohistochemistry versus microsatellite instability
testing in phenotyping colorectal tumors. J Clin Oncol. 2002;20:1043–8.
Stelloo E, Jansen AML, Osse EM, Nout RA, Creutzberg CL, Ruano D, et al.
Practical guidance for mismatch repair-deficiency testing in endometrial
cancer. Ann Oncol. 2017;28:96–102.
Shia J, Ellis NA, Paty PB, Nash GM, Qin J, Offit K, et al. Value of
histopathology in predicting microsatellite instability in hereditary
nonpolyposis colorectal cancer and sporadic colorectal cancer. Am J Surg
Pathol. 2003;27:1407–17.
Dolcetti R, Viel A, Doglioni C, Russo A, Guidoboni M, Capozzi E, et al. High
prevalence of activated intraepithelial cytotoxic T lymphocytes and
increased neoplastic cell apoptosis in colorectal carcinomas with
microsatellite instability. Am J Pathol. 1999;154:1805–13.
Bauer K, Michel S, Reuschenbach M, Nelius N, von Knebel Doeberitz M,
Kloor M. Dendritic cell and macrophage infiltration in microsatellite-unstable
and microsatellite-stable colorectal cancer. Familial Cancer. 2011;10:557–65.
Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer. 2012;12:252–64.
Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1
blockade in tumors with mismatch-repair deficiency. N Engl J Med. 2015;
372:2509–20.
Czink E, Kloor M, Goeppert B, Froehling S, Uhrig S, Weber TF, et al.
Successful immune checkpoint blockade in a patient with advanced stage
microsatellite unstable biliary tract cancer. Cold Spring Harb Mol Case Stud.
2017;3:a001974.

