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Abstract

Pancreatic ductal adenocarcinoma (PDAC) prognosis remains poor even after complete

resection owing to no valuable biomarkers for recurrence and chemosensitivity. Tumors not

expressing MSH3 show elevated microsatellite alterations at selected tetranucleotide

repeats (EMAST). EMAST reportedly occurs in several tumors. In colorectal cancer (CRC),

EMAST was reportedly correlated with 5-fluorouracil (5-FU) sensitivity. However, EMAST

prevalence in PDAC and its significance as a prognostic biomarker are unknown. This study

aimed to investigate EMAST prevalence in PDAC and the associations between EMAST

and pathological factors, EMAST and prognosis, and EMAST and MSH3 expression via

immunohistochemistry (IHC). We assessed 40 PDAC patients undergoing surgery. Geno-

mic DNA was extracted from tumors and normal tissues. EMAST and microsatellite instabil-

ity-high (MSI-H) were analyzed using five polymorphic tetranucleotide markers and five

mononucleotide markers, respectively. Tumor sections were stained for MSH3, and staining

intensity was evaluated via the Histoscore (H-score). Eighteen of 40 (45%) PDAC patients

were EMAST-positive; however, none were MSI-H-positive. Clinicopathological characteris-

tics including overall survival (OS) and recurrence-free survival (RFS) were not significantly

different between EMAST-positive and EMAST-negative patients (P = 0.45, 0.98 respec-

tively). IHC was performed to evaluate MSH3 protein expression levels for the PDAC tissue

specimens. H-scores of EMAST-positive patients ranged from 0 to 300 (median, 40) and

those of EMAST-negative patients ranged from 0 to 300 (median, 170). MSH3 protein was

not significantly downregulated in EMAST-positive patients (P = 0.07). This study is a pre-

liminary study and the number of cases investigated was small, and thus, study of a larger

cohort will reveal the clinical implication of EMAST.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related mor-

tality in the United States, with a 5-year survival rate of 8% [1]. Surgical resection is the only

curative treatment. PDAC is difficult to diagnose owing to obscure and nonspecific symptoms.

Notwithstanding advancements in diagnostic modalities, such as computed tomography, mag-

netic resonance imaging, positron emission tomography, endoscopic ultrasonography, meth-

ods have yet to be standardized for primary screening of the asymptomatic phase [2, 3].

Consequently, fewer than 20% of patients are eligible for curative surgical resection because a

majority of PDAC patients have advanced disease at the time of diagnosis [4].

In addition to surgical treatment, patients with resectable PDAC were administered adju-

vant or neoadjuvant chemotherapy, and patients with unresectable PDAC were also adminis-

tered chemotherapy. The lack of valuable biomarkers for cancer treatment and prognosis

remains a significant concern [5].

A microsatellite is a region of repetitive DNA containing certain DNA motifs (1–6 bp or

more)[6]. Microsatellite instability (MSI) is a form of genomic instability resulting from alter-

ations in the length (increased or decreased) of microsatellite repeats. Loss of DNA mismatch

repair (MMR) functions causes the accumulation of point mutations and insertion/deletion

loops of one or a few base pairs [7]. Thus, loss of MMR function causes MSI [8].

Several proteins such as hMLH1, hMSH2, hMSH3, and hMSH6, are involved in MMR.

Among them, the complex of hMutSα and hMutSβ comprises heterodimers of MMR proteins

hMSH2-hMSH6 and hMSH2-hMSH3, respectively [9, 10]. The hMutSα complex recognizes

most single-base mismatches [9, 11]. However, hMutSβ identifies larger insertion/deletion

loops (IDLs) [9, 11, 12].

Elevated microsatellite alterations at selected tetranucleotide repeats (EMAST) are identified

owing to frameshift mutations in tetranucleotide repeats of DNA sequences [13]. MutSβ has a

potent affinity for recognizing more than two unpaired nucleotides [11, 12]. Therefore, MSH3

deficiency in human cells increases the instability at loci containing tetranucleotide repeats [14–

16]. One of the causes of the deficiency and downregulation of MSH3 is considered to be a

frameshift mutation in the A (8) tract of exon 7 of MSH3 in microsatellite instability-high

(MSI-H) tumors [17]. EMAST occurs in multiple solid organ tumors such as colorectal cancer

(CRC), lung cancer, ovarian cancer, prostate cancer, renal cancer, and endometrial cancer [18].

Clinicopathological factors are reportedly correlated with EMAST status in CRC patients [19].

Only 1–2% of PDAC patients presented MSI-H [20–22]. Compared to MSI-H, the preva-

lence of EMAST has not been reported in detail in the past. PDAC is characterized by hypovas-

cular tumors and dense desmoplastic stroma [23]. Furthermore, the hypoxic state or

inflammation in tissues decreases MSH3 function [24]. Therefore, some PDAC patients are

expected to be EMAST-positive.

The association between EMAST and 5-fluorouracil (5-FU) chemosensitivity remains con-

troversial, and previous studies have reported a correlation between EMAST and 5-fluoroura-

cil (5-FU) sensitivity in CRC [13, 25].

This study aimed to investigate EMAST prevalence in PDAC and the association between

EMAST and PDAC prognosis and between EMAST in PDAC and MSH3 expression via

immunohistochemistry (IHC).

Materials and methods

We retrospectively assessed 40 patients who underwent surgical treatment for PDAC at the

Hamamatsu University School of Medicine, from 2005 to 2014. This study was approved by

the institutional review board of Hamamatsu University School of Medicine. Since we used
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pre-existing pathological specimens, the institutional review boards waived the need for

informed consent from the patients or relatives. Clinicopathological data of patients were used

in this study. All patients underwent a radical surgical procedure. Tumor location, patient age,

sex, tumor site, administration of chemotherapy, tumor stage, tumor size, and histopatholog-

ical grade were obtained from the medical records system. Formalin-fixed, paraffin-embedded

blocks were prepared from surgical resection samples, and serial sections were prepared for

hematoxylin and eosin (H&E) staining. Dissected specimens were deparaffinized in a micro-

fuge tube with xylene, and DNA was purified with ethanol and QIAmp DNA Investigator Kit

(Qiagen, Valencia, CA, USA) in accordance with a previous method [16]. EMAST status and

MSI-H were determined on the basis of five polymorphic tetranucleotide markers (MYCL1,

D9S242, D8S321, D20S82, and D20S85) and five mononucleotide markers (BAT-25, BAT-26,

NR-21, NR-22, and NR-25) [16]. Genomic DNA was extracted from tumors and normal tis-

sues, and each of them was amplified via polymerase chain reaction (PCR) with specific prim-

ers for each mononucleotide and tetranucleotide marker, using AmpliTaq Gold (Thermo

Fisher Scientific, MA, USA) in accordance with the manufacturer’s protocol. PCR was per-

formed using fluorescent-labeled primers. S1 Table enlists the sequence of all primers. The

Cycling conditions were as follows: initial denaturation at 95˚C for 15 min; 40 cycles at 94˚C

for 1 min, 55˚C for 1 min, and 72˚C for 30 s; final extension at 72˚C for 10 min. Fluorescently

labeled fragments generated via PCR were analyzed using an Applied Biosystems 3130xl

Genetic Analyzer with the GeneMapper. We analyzed the PCR products to identify frameshift

mutations at mononucleotide and tetranucleotide repeats for each track. When aberrant peak

+/- multiples of 4 nucleotides were observed in the electrophoretograms from the tumor com-

pared to control cases, the marker was considered positive for frameshift mutation-induced

instability. Tumors with frameshift mutations in at least two markers, compared to control

cases, were defined as MSI-H tumors or EMAST-positive tumors, and all others were defined

as MSI-L/MSS or non-EMAST tumors.

IHC was performed as described previously [26]. Briefly, tumor tissue sections were immu-

nostained for MSH3 [EPR4334 (2); ab111107; Rabbit monoclonal; 1:500] (Abcam, Cambridge,

MA, USA) and detected via streptavidin-biotin-horseradish peroxidase complex formation.

Staining intensity was evaluated using the Histoscore (H-score) [27]. H-score is an assess-

ment method for both staining intensity (graded as: 0, non-staining; 1, weak; 2, median; or 3,

strong using adjacent normal mucosa as the median) and the percentage of positive cells. The

range of possible scores is 0–300. The expression levels of each component were evaluated.

The statistical software package SPSS 24.0 (SPSS, Inc., Chicago, IL, USA) was used for sta-

tistical analysis of the data. Mann-Whitney’s U test was performed to analyze MSH3 expres-

sion levels in EMAST-positive tumors versus non-EMAST tumors. Correlations between

EMAST status and clinicopathological characteristics were analyzed via Fisher’s exact test or

Log-Rank test. Correlations between EMAST status and overall survival (OS) or recurrence-

free survival (RFS) were analyzed via the Log Rank test. A P-value less than 0.05 was consid-

ered statistically significant.

Results

We included 40 PDAC patients from the Hamamatsu University School of Medicine and

obtained clinicopathological data and tissues for genetic analysis. Table 1 enlists all patients

and tumor profiles.

Among the 40 patients assessed for EMAST, 18 patients (45%) were EMAST-positive,

defined as 2 or more tetranucleotide markers showing frameshift mutation [16] (Table 2).
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We compared EMAST-positive patients with non-EMAST patients, as shown in Table 1.

No significant differences were observed between EMAST and non-EMAST patients with

regards to sex, tumor location, tumor size, differentiation, or stage (Table 1).

Twenty-two patients (55%) experienced PDAC recurrence. Ten of 22 patients were

EMAST-positive, and the others were EMAST-negative. The site of recurrence was local (8

Table 1. Clinicopathological characteristic of the pancreatic ductal adenocarcinoma patients.

All EMAST Non-EMAST

(n = 40) (n = 18) (n = 22) P value

Age(years),median(range) 71 (45–87) 68 (46–85) 70 (45–87) 0.630

Sex 1.00

Female 23 10 13

Male 17 8 9

Tumor site 0.447

Head 30 14 16

Body 5 3 2

Tail 5 1 4

Chemotherapy 0.709

Adjuvant 27 11 16

Neoadjuvant 1 1 0

None 12 6 6

Primary tumor 0.343

T1a 3 2 1

T1b 0 0 0

T1c 6 4 2

T2 16 7 9

T3 14 4 10

T4 1 1 0

Regional lymph Nodes 0.764

N0 14 7 7

N1 19 9 10

N2 7 2 5

Distant metastasis 1.00

M0 37 17 20

M1 3 1 2

AJCC prognostic Groups

(8th edition) 0.591

IA 6 4 2

IB 3 2 1

IIA 3 0 3

IIB 18 8 10

III 7 3 4

IV 3 1 2

Tumor size (mm) 0.399

Median(range) 33 (5–70) 37 (16–70) 30 (5–65)

Differentiation 0.538

Well 7 2 5

Moderately 19 10 9

Poorly 14 6 8

https://doi.org/10.1371/journal.pone.0208557.t001
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EMAST-positive patients, 3 non-EMAST patients), liver (4 EMAST-positive patients, 2 non-

EMAST patients), lymph node (2 EMAST-positive patients, 1 non-EMAST patient), lung (1

EMAST-positive patient), bone metastasis (1 non-EMAST patient), and peritoneal carcinoma-

tosis (1 non-EMAST patient). No significant difference was observed in recurrence status

between EMAST-positive and non-EMAST patients.

We also estimated RFS and OS via Kaplan-Meier analysis (Fig 1A and 1B). Forty patients had a

median OS of 1327 d (95% CI, 774–1879 d) and a median RFS of 537 d (95% CI, 162–911 d).

EMAST-positive patients had a median OS of 1423 d (95% CI, 322–2523 d) and a median RFS of

537 d (95% CI, 177–896 d). Non-EMAST patients had a median OS of 878 d (95% CI, 0–1982 d)

and a median RFS of 567 d (95% CI, 72–1062 d). No significant difference in OS and RFS was

observed between EMAST-positive and non-EMAST patients (P = 0.45 and P = 0.98, respectively).

Table 2. Status of elevated microsatellite alterations at selected tetranucleotide repeats (EMAST) status in pancre-

atic ductal adenocarcinoma patients.

Number of marker-positive Number of patients

0 8

1 14

2 12

3 4

4 2

5 0

https://doi.org/10.1371/journal.pone.0208557.t002

Fig 1. Kaplan-Meier plots of cumulative recurrence-free survival and overall survival in elevated microsatellite alterations at selected tetranucleotide repeats

(EMAST)-positive tumors compared with non-EMAST tumors. (A) Cumulative recurrence-free survival of patients with EMAST-positive tumors compared with non-

EMAST positive tumors (P = 0.98, log-rank test). (B) Cumulative overall survival of EMAST-positive tumors compared with non-EMAST tumors (P = 0.45, log-rank test).

https://doi.org/10.1371/journal.pone.0208557.g001
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IHC was performed to evaluate MSH3 protein expression levels in PDAC tissue specimens

(Fig 2A). The H-score of EMAST-positive patients ranged from 0 to 300 (median, 40) and that

of non-EMAST patients ranged from 0 to 300 (median, 170). MSH3 protein expression tended

to be often detected in non-EMAST specimens and frequently absent or downregulated in

EMAST-positive specimens. The H-score distribution is shown in Fig 2B. No significant differ-

ence in H-score was observed between EMAST-positive and non-EMAST specimens (P = 0.07).

Discussion

This study investigated the prevalence of EMAST in PDAC and the effect of EMAST on clini-

copathological factors. The present results indicate that approximately 50% of PDAC patients

were EMAST-positive. This is the first report, to our knowledge, to investigate the prevalence

of EMAST in PDAC.

EMAST reportedly occurs in several tumors [28–30]. In CRC patients, EMAST-positive

patients display the lowest RFS with high probability of distant metastasis and an independent

predictor of recurrent metastasis from stage II/III colorectal cancer [19]. Thus, the presence of

EMAST is a significantly poor prognostic factor for CRC patients. In the present study, no sig-

nificant difference was observed between clinicopathological factors, including OS and RFS,

and EMAST status in PDAC patients.

Hence, EMAST cannot be considered a prognostic marker in PDAC. However, it can possi-

bly serve as a biomarker for chemosensitivity because EMAST and 5-FU sensitivity are report-

edly correlated in CRC [12, 25]. Since only surgical cases were considered in the present study,

few cases were included. We intend to perform further verification in the future.

The reason underlying MSH3 downregulation in PDAC is not yet known. Approximately

15% of colorectal cancers exhibit MSI-H resulting from biallelic inactivation of MMR genes

such as MLH1 or MSH2 [31, 32]. An (A) 8 in the coding domain of MSH3 reportedly often

undergoes frameshift mutations in MSI-H tumors, resulting in loss of MSH3 protein

Fig 2. MSH3 protein expression levels in PDAC tissue specimens. (A) Histoscore (H-score) was calculated via assessment of both the percentage of positive cells and

staining intensity (graded as 0, non-staining; 1, weak; 2, median; or 3, strong using adjacent normal mucosa as the median). The H-scores ranged from 0 to 300. (B)

Distribution of the H-score is shown in the dot-plot graph.

https://doi.org/10.1371/journal.pone.0208557.g002
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expression [17]. Recent reports identified dMMR/MSI in only 1% of PDAC cases [20–22]. Our

results are concurrent with previous results. Therefore, another mechanism, other than

MSI-H, can be considered as a cause of MSH3 downregulation. MSH3 mutations in PDAC

have not been reported despite several whole-genome sequencing and exosome sequencing

studies in the past [21]; hence, certain epigenetic changes may have downregulated MSH3.

Recent studies reported that EMAST might be caused by loss of MSH3 in cancer cells owing to

the effects of tumor micro-environmental factors, such as hypoxia and inflammation [24, 26].

The hypoxic state of tumors reduces the activity of the oxygen-dependent ten-eleven transloca-

tion (TET) enzyme group that catalyzes DNA demethylation via oxidation of 5-methylcytosine

and promoter methylation [33]. As another mechanism, oxidative stress induces nucleus-to-

cytoplasm translocation of MSH3 away from its functional site instead of reducing its total

expression level [24].

Furthermore, mislocalization of MSH3 occurs not only with low oxygenation but also

owing to inflammatory cytokines such as IL-6. Inflammatory cell infiltration, including mac-

rophages and neutrophils, was observed in tumor specimens compared to the non-cancer por-

tion, and inflammatory cytokines such as IL-6 were upregulated. Furthermore, mislocalization

of MSH3 by inflammatory cytokines has been reported and is presumed to cause EMAST [13].

IL-6 levels are reportedly considered a prognostic marker of PDAC [34]. We investigated the

association between IL-6 and EMAST via IHC in a clinical specimen. We speculated that IL-6

tended to be often expressed in non-EMAST cases; however, there was no significance differ-

ence in the H-score between EMAST-positive and non-EMAST patients, and MSH3 was not

mislocalized in EMAST-positive patients.

MSH3 is reportedly involved not only in mismatch repair but also in homologous recombi-

nation, a major repair mechanism of DNA double-strand break (DSB) repair [35]. Loss of

homologous recombination results in defective double-strand break repair and allows for the

formation of a loss of heterozygosity (LOH) phenotype in tumors. Loss of MSH3 function

results in DNA repair via non-homologous end joining (NHEJ), a repair mechanism other

than the HR pathway, and LOH increases owing to low precision repair [36]. If the target gene

of LOH induced by the loss of MSH3 expression is clarified, it may help elucidate the underly-

ing mechanism and the stage at which recurrence and chemosensitivity are observed.

The quantity and quality of DNA extracted from FFPE specimens were low; hence, we

could not investigate LOH in this study. Advancements in next-generation sequencing will

help elucidate the association between EMAST and LOH.

NHEJ, a mechanism underlying the repair of DSB in DNA, is regulated partly by the serine/

threonine kinase, a DNA dependent protein kinase (DNA-PK). The DNA-PK holoenzyme

acts as a foothold protein binding disconnected DNA ends and recruiting other repair mole-

cules. MSH3 expression levels were reported as the most significant predictors of DNA-PK

inhibition [35]. DNA-PK inhibition resulted in apoptosis in MSH3 mutant cell lines in vitro
and showed considerable efficacy against MSH3 mutant tumors in vivo. Recently, specific

DNA-PK inhibitors displayed efficient synergistic effects of chemotherapy in vitro [35].

DNA-PK inhibition is expected to be a therapeutic alternative to treat human cancers present-

ing defects in homologous recombination. We are currently investigating the sensitivity of

DNA-PK inhibitors in vitro.

Previously, IHC-based MSI testing for MLH1 and MSH2 provided a sensitive (92.3%) and

an extremely specific (100%) method for screening defects in DNA mismatch repair in CRC

patients [37]. Consequently, IHC-based MSI testing is reportedly highly concordant with

DNA-based MSI analysis. The correlation between protein expression levels of MSH3 via IHC

and PCR-based EMAST analysis had not been conducted in cases of PDAC. In the present

study, no significant positive associations were observed between EMAST status and MSH3

EMAST in pancreatic ductal adenocarcinoma
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protein expression levels upon IHC; however, with subsequently large number of cases, a sig-

nificant difference may be observed. If EMAST status can be evaluated via IHC, EMAST may

be evaluated using a small amount of specimen via methods such as endoscopic ultrasound

fine-needle aspiration (EUS-FNA).

In conclusion, the present retrospective analysis indicates that approximately 50% of PDAC

patients were EMAST-positive. This is the first study, to our knowledge, to examine the preva-

lence of EMAST in PDAC patients. Although no significant difference was observed between

the clinicopathological factors including OS and RFS with EMAST status in PDAC, further

studies are required to elucidate the role of EMAST status in disease progression and

chemosensitivity.

Supporting information

S1 Table. Primer sequence for five polymorphic tetranucleotide markers and five mononu-

cleotide markers.

(DOCX)

Acknowledgments

We would like to thank the Department of Tumor Pathology, Hamamatsu University School

of Medicine for IHC staining, and Editage (www.editage.jp) for English language editing.

Author Contributions

Conceptualization: Taiki Mori, Yasushi Hamaya.

Data curation: Taiki Mori, Yasushi Hamaya.

Formal analysis: Taiki Mori, Yasushi Hamaya.

Funding acquisition: Yasushi Hamaya, Takahisa Furuta, Hiroaki Miyajima, Ken Sugimoto.

Investigation: Taiki Mori, Yasushi Hamaya.

Methodology: Taiki Mori, Yasushi Hamaya.

Project administration: Yasushi Hamaya, Ken Sugimoto.

Resources: Taiki Mori, Yasushi Hamaya, Takahiro Uotani, Mihoko Yamade, Moriya Iwai-

zumi, Takahisa Furuta, Satoshi Osawa.

Software: Yasushi Hamaya.

Supervision: Yasushi Hamaya, Takahisa Furuta, Hiroaki Miyajima.

Validation: Taiki Mori, Yasushi Hamaya, Hiroaki Miyajima.

Visualization: Taiki Mori, Yasushi Hamaya.

Writing – original draft: Taiki Mori, Yasushi Hamaya.

Writing – review & editing: Taiki Mori, Yasushi Hamaya, Takahiro Uotani, Mihoko Yamade,

Moriya Iwaizumi, Takahisa Furuta, Hiroaki Miyajima, Satoshi Osawa, Ken Sugimoto.

References
1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J Clin. 2017; 67(1):7–30. https://doi.

org/10.3322/caac.21387 PMID: 28055103.

EMAST in pancreatic ductal adenocarcinoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0208557 December 7, 2018 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208557.s001
http://www.editage.jp/
https://doi.org/10.3322/caac.21387
https://doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
https://doi.org/10.1371/journal.pone.0208557


2. Matsumoto I, Shirakawa S, Shinzeki M, Asari S, Goto T, Ajiki T, et al. 18-Fluorodeoxyglucose positron

emission tomography does not aid in diagnosis of pancreatic ductal adenocarcinoma. Clin Gastroen-

terol Hepatol. 2013; 11(6):712–8. https://doi.org/10.1016/j.cgh.2012.12.033 PMID: 23353642.

3. Lee ES, Lee JM. Imaging diagnosis of pancreatic cancer: a state-of-the-art review. World journal of

gastroenterology. 2014; 20(24):7864–77. Epub 2014/07/01. https://doi.org/10.3748/wjg.v20.i24.7864

PMID: 24976723; PubMed Central PMCID: PMCPMC4069314.

4. DeWitt J, Devereaux B, Chriswell M, et al. COmparison of endoscopic ultrasonography and multidetec-

tor computed tomography for detecting and staging pancreatic cancer. Annals of Internal Medicine.

2004; 141(10):753–63. https://doi.org/10.7326/0003-4819-141-10-200411160-00006 PMID: 15545675

5. Herreros-Villanueva M, Bujanda L. Non-invasive biomarkers in pancreatic cancer diagnosis: what we

need versus what we have. Ann Transl Med. 2016; 4(7):134. https://doi.org/10.21037/atm.2016.03.44

PMID: 27162784; PubMed Central PMCID: PMCPMC4842402.

6. Li YC, Korol AB, Fahima T, Nevo E. Microsatellites within genes: structure, function, and evolution. Mol

Biol Evol. 2004; 21(6):991–1007. https://doi.org/10.1093/molbev/msh073 PMID: 14963101.

7. Aquilina G, Bignami M. Mismatch repair in correction of replication errors and processing of DNA dam-

age. Journal of cellular physiology. 2001; 187(2):145–54. Epub 2001/03/27. https://doi.org/10.1002/jcp.

1067 PMID: 11267994.

8. Umar A, Kunkel TA. DNA-replication fidelity, mismatch repair and genome instability in cancer cells.

European journal of biochemistry. 1996; 238(2):297–307. Epub 1996/06/01. PMID: 8681938.

9. Boland CR, Goel A. Microsatellite instability in colorectal cancer. Gastroenterology. 2010; 138(6):2073–

87 e3. https://doi.org/10.1053/j.gastro.2009.12.064 PMID: 20420947; PubMed Central PMCID:

PMCPMC3037515.

10. Sargent DJ, Marsoni S, Monges G, Thibodeau SN, Labianca R, Hamilton SR, et al. Defective mismatch

repair as a predictive marker for lack of efficacy of fluorouracil-based adjuvant therapy in colon cancer.

J Clin Oncol. 2010; 28(20):3219–26. https://doi.org/10.1200/JCO.2009.27.1825 PMID: 20498393;

PubMed Central PMCID: PMCPMC2903323.

11. Grady WM, Carethers JM. Genomic and epigenetic instability in colorectal cancer pathogenesis.

Gastroenterology. 2008; 135(4):1079–99. https://doi.org/10.1053/j.gastro.2008.07.076 PMID:

18773902; PubMed Central PMCID: PMCPMC2866182.

12. Hamaya Y, Guarinos C, Tseng-Rogenski SS, Iwaizumi M, Das R, Jover R, et al. Efficacy of Adjuvant 5-

Fluorouracil Therapy for Patients with EMAST-Positive Stage II/III Colorectal Cancer. PLoS One. 2015;

10(5):e0127591. https://doi.org/10.1371/journal.pone.0127591 PMID: 25996601; PubMed Central

PMCID: PMCPMC4440728.

13. Carethers JM, Koi M, Tseng-Rogenski SS. EMAST is a Form of Microsatellite Instability That is Initiated

by Inflammation and Modulates Colorectal Cancer Progression. Genes (Basel). 2015; 6(2):185–205.

https://doi.org/10.3390/genes6020185 PMID: 25836926; PubMed Central PMCID: PMCPMC4488660.

14. Yamada K, Kanazawa S, Koike J, Sugiyama H, Xu C, Funahashi K, et al. Microsatellite instability at tet-

ranucleotide repeats in sporadic colorectal cancer in Japan. Oncology reports. 2010; 23(2):551–61.

Epub 2010/01/01. PMID: 20043121; PubMed Central PMCID: PMCPMC2846616.

15. Haugen AC, Goel A, Yamada K, Marra G, Nguyen TP, Nagasaka T, et al. Genetic instability caused by

loss of MutS homologue 3 in human colorectal cancer. Cancer Res. 2008; 68(20):8465–72. Epub 2008/

10/17. https://doi.org/10.1158/0008-5472.CAN-08-0002 PMID: 18922920; PubMed Central PMCID:

PMCPMC2678948.

16. Lee SY, Chung H, Devaraj B, Iwaizumi M, Han HS, Hwang DY, et al. Microsatellite alterations at

selected tetranucleotide repeats are associated with morphologies of colorectal neoplasias. Gastroen-

terology. 2010; 139(5):1519–25. Epub 2010/08/17. https://doi.org/10.1053/j.gastro.2010.08.001 PMID:

20708618; PubMed Central PMCID: PMCPMC2967646.
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