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Abstract
Background  Although microsatellite instability (MSI) is most commonly detected in colorectal cancer (CRC), improvement 
in MSI analysis method can always help us better assessing MSI phenotypes and gaining useful information in challenging 
cases. The purpose of current study is to explore whether the ProDx® MSI analysis System (ProDx® MSI) can improve 
MSI classification in CRC.
Methods  We compared the MSI profiles of 97 FFPE samples from CRC patients by ProDx® MSI with Promega MSI analysis 
System 1.2 and NCI panel. The result is then confirmed by IHC test, which evaluate MMR protein expression. Furthermore, 
next generation sequencing was performed to double confirm the specimens with discordant results.
Results  Among the total 97 CRC cases, 35 were scored as MSI-High by ProDx® MSI, Promega MSI analysis System 1.2, 
and NCI panel simultaneously. Three extra MSI-High cases were identified by ProDx® MSI. These three cases were classified 
as MSI-Low by NCI panel, while two of these as MSI-Low, and 1 as MSS by Promega MSI analysis System 1.2. ProDx® 
MSI had higher concordance with IHC detection compared with Promega MSI Analysis System 1.2 and NCI panel at 99.0%, 
96.9%, and 95.9%, respectively. The ProDx® MSI distinguished MSI status with 100% sensitivity and 98.4% specificity. Our 
data showed that MSI-High phenotype occurred most frequently in tumor development stage I and stage II.
Conclusions  The colorectal cancer can be classified according to MSI status accurately by ProDx® MSI. More cases with 
MSI-High feature may be revealed by ProDx® MSI than by previous test systems in colorectal cancer.
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1  Introduction

Microsatellite instability (MSI), identified by changes in 
the length of short tandem repeats of microsatellite markers 
in tumor DNA, is caused by an impaired DNA mismatch 
repair (MMR) system that fails to repair DNA replication 
error during tumor development [1]. MSI occurs relatively 
frequently and accounts for 10–15% of colorectal, stomach, 
and endometrial cancers, while it is less frequent in other 
solid tumors [2]. The MSI status has broad clinical implica-
tions: (1) It is considered a hallmark for Lynch syndrome. 
(2) Patients with MSI tumors are known to have better prog-
nosis of disease than those with microsatellite stable (MSS) 
lesions [3]. (3) Patients with MSI tumors are less responsive 
to 5-FU adjuvant chemotherapy [4]. (4) MSI status may act 
as a biomarker for immunotherapy treatment [5].

Historically, two distinct strategies have been used to 
determine MSI status and MMR function: (a) MSI analysis 
to determine the instability in microsatellite markers and 
(b) immunohistochemistry (IHC) to determine the loss of 
one or more MMR protein expression. In 2008, Shia and 
Zhang reviewed the pros and cons of each strategy [6, 7]. 
Both methods, especially MSI analysis, have undergone 
significant changes since then. Early in 1997, a National 
Cancer Institute (NCI) workshop proposed the Bethesda 
Guidelines recommending a panel of five microsatellite 
markers (NCI panel with 2 mononucleotide repeats and 2 
dinucleotide repeats) for MSI detection and tumor classifi-
cation in colon cancer [8]. In 2004, NCI published Revised 
Bethesda Guidelines recommending an additional marker 
panel of all mononucleotide satellite markers to further 
increase sensitivity [9]. A commercial MSI analysis sys-
tem from Promega Corp containing five mononucleotide 
repeats demonstrated improved sensitivity, specificity, 
and popularity [10, 11]. Furthermore, studies showed that 
tumors with MSH6 deficiency, or certain tumor types such 
as endometrial cancer, were difficult to assess by the dinu-
cleotide repeat markers [12, 13]. The existing MSI analy-
sis markers were also found less sensitive in early onset 
cancer [14]. MSI is a progressive phenomenon that MSI 
phenotype might change during the cancer development.

To further improve the assay sensitivity, Bacher et al. 
screened a class of very long mononucleotide repeat markers 
of 40–60 bp, which are distinctly longer than the traditional 
mononucleotide repeats. The frequency of mutation in mon-
onucleotide repeats increases exponentially with accumulat-
ing number of repeating units, which leads to increased sen-
sitivity of MSI detection. Their study showed that employing 
the long mononucleotide repeat markers improved detection 
sensitivity and specificity compared with the commercially 
available five mononucleotide repeat panel and NCI panel 
in early colorectal lesions and other tumors [15].

In this report, we compared the new ProDx® MSI Analy-
sis System (ProDx® MSI), containing the long mononucleo-
tide repeats (LMR), against the commercially available MSI 
analysis system version 1.2 (MSI 1.2), the NCI panel, and 
the MMR—IHC detection methods. Our findings suggested 
that the ProDx® MSI increased the detection sensitivity of 
MSI-High in colorectal cancer samples with easier pheno-
type determination. This enhanced detection sensitivity for 
the ProDx® MSI may help labs identifying true MSI-High 
phenotypes in many cancer types to guide proper clinical 
treatment.

2 � Method

2.1 � Tissue Specimens

Total 97 cases of formalin-fixed paraffin-embedded (FFPE) 
specimens from colorectal cancer with a complete medical 
history archived in Peking Union Medical College Hospital 
were analyzed retrospectively.

2.2 � IHC Analysis

The IHC study on MMR protein (MLH1, PMS2, MSH2, 
and MSH6) expression in tumor tissue was carried out 
on 4-µm-thick FFPE sections using manufacturer-recom-
mended automated staining protocols on a BOND-III Fully 
Automated IHC and ISH Stainer (Leica Microsystems; 
Melbourne, Australia). The MMR antibodies (MLH1, 
PMS2, MSH2, and MSH6) used in this study are clones 
ES05, MOR4G, 25D12, and PU29, respectively (Novocas-
tra; New Castle, UK).

2.3 � Microsatellite Analysis

DNA was extracted from macro-dissected FFPE tumor tissue 
slides and from matching normal FFPE tissue by Maxwell 
16 FFPE Tissue DNA Purification Kit (Promega, Madison, 
WI). The DNA concentration was then quantified using a 
Nanodrop (Thermo Scientific, Wilmington, DE). Approxi-
mately 5–10 ng of purified DNA was used for MSI analysis 
with three different microsatellite testing panels: (1) ProDx® 
MSI containing eight mononucleotide repeat markers with 
four new long mononucleotide repeats (BAT-52, BAT-56, 
BAT-59 and BAT-60) and four traditional markers (NR-
21, BAT-25, BAT-26, and MONO-27) and two additional 
pentanucleotide repeats Penta C and Penta D for sample 
identification (Shanghai Promega), (2) MSI 1.2 (Shanghai 
Promega) containing five traditional mononucleitide repeats 
BAT-25, BAT-26, NR-21, NR-24, and MONO-27 and two 
pentanucleotide repeats Penta C and Penta D for specimen 
identification (Promega, Madison), (3) the NCI panel (also 
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Fig. 1   MSI and IHC results for case 50N/T. Panels A-D were MSI 
test electropherograms using ProDx® MSI kit. Panels E-F were MSI 
test electropherograms using MSI1.2 kit. Panel H was MSI test elec-
tropherogram with three dinucleotide repeat markers from NCI panel. 
For each panel, top trace was from normal tissue, and bottom trace 

was from the tumor tissue. Red arrows indicated  unstable mark-
ers. Bottom panels were immunohistochemistry staining for 4 MMR 
proteins in tumor tissue with anti-MLH1, MSH2, MSH6, and PMS2 
antibodies, respectively
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known as the Bethesda panel) consisting of two mononu-
cleotide repeats BAT-25 and BAT-26 and three dinucleotide 
repeats D2S123, D5S346, and D7S250 [15]. PCR products 
were separated on a 3500Dx Genetic Analyzer with POP7 
polymer and 50-cm capillary configuration. The data were 
analyzed with GeneMapper 5.0 Software (Applied Biosys-
tems). MSI determination: allelic sizes for matching tumor 
and normal specimens were compared, and the marker was 
defined as MSI unstable if there was a shift of three base 
pairs in the cancer allele. Specimens were categorized into 
MSI-High (MSI-H) when two or more microsatellite mark-
ers were unstable, MSI-Low (MSI-L) when one marker was 
unstable, or MSI stable (MSS) when there was no any unsta-
ble marker.

2.4 � Next Generation Sequencing Analysis

MMR gene mutations were further analyzed by NGS for 
case 50N/T with MSI-H feature identified by 3 methods of 
MSI assays but with intact MMR protein IHC staining, as 
well as cases of 46N/T, 67N/T, 138N/T, 165N/T, 75N/T, 
132N/T and 55N/T which with MSI-L feature tested by 
ProDx® MSI but with MSS phenotype detected by MSI 
NCI panel and MSI 1.2. Purified FFPE DNA extracted 
from macro-dissected FFPE tumor tissue slides and match-
ing distal peritumoral tissue was quantified and analyzed by 
next generation sequencing (NGS). The sequencing panel 
included MLH1, MSH2, MSH6, PMS2, and 19 other genes 
that are indicators for familial inherited risk of solid tumor.

2.5 � Data Analysis

The sensitivity and specificity for the recognition of MSI-H 
phenotype were measured using IHC test, which is the gold 

Fig. 2   Example of unstable marker profile in MSI-H samples. Top panels displayed the marker profiles for the normal tissue, and bottom panels 
were the marker profiles for the matching tumor samples
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standard, for MLH1, PMS2, MSH2, and MSH6 protein 
expression in tumors. Sensitivity and specificity for discrim-
inating MSI-H feature in the samples were assessed using 
the following formulas:

•	 Sensitivity = true positives/ (true positives + false nega-
tives).

•	 Specificity = true negatives/(true negatives + false posi-
tives).

•	 Concordance = (true positives + true negatives)/total sam-
ples.

True positives were demonstrated MSI-H with loss of 
MMR expression by IHC (or germline MMR gene muta-
tion). True negatives were MSI stable with normal MMR 
expression by IHC. False positives were MSI-H with intact 
MMR protein expression by IHC. False negatives were MSI 
stable with lack of MMR founction by IHC (or germline 
MMR gene mutation).

3 � Results

3.1 � Study Patients and Specimens

Ninty-seven patients with colorectal cancer were included 
in the study in Table 1.

3.2 � MSI Analysis in Colorectal Cancer

We conducted MSI analysis on 97colorectal cancers with 
the ProDx® MSI, the MSI 1.2, and the NCI panel. The 
results were cross referenced with IHC for MLH1, MSH2, 
MSH6, and PMS2 protein expressions in Table 2. Of 97 
colorectal cancers, 37 samples were scored as MSI-H via 

Fig. 3   Base changes in long 
vs traditional MSI markers in 
MSI-H cases and size distri-
bution of the ProDx® MSI 
analysis marker in 160 cases 
of normal tissues in Chinese. a 
Electropherogram example 
of shifted marker for the long 
mononucleotide repeat (LMR) 
marker and the traditional 
mononucleotide repeat (TMR) 
marker of the same paired 
sample. b Scatter graph of 
shifted bases for each unstable 
marker. c Each dot represented 
the highest allele location for 
the marker from one proband. 
Red line represented the median 
size for the tallest allele in the 
marker cluster
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the ProDx®MSI, compared to 35 by MSI 1.2 and 34 by 
the NCI panel. In all cohorts, three MMR protein defi-
cient (dMMR) cases, 43N/T, 36N/T, and 163N/T, were 
detected as MSI-L by the NCI panel. Two of these, 36N/T 
and 163N/T, were tested as MSI-L by MSI 1.2. All three 
were correctly distinguished as MSI-H with the ProDx® 
MSI. The data indicated that ProDx® MSI detected more 
MSI-H phenotypes in colorectal cancers compared with 
the two historic MSI analysis systems. The extra MSI-H 

detection was a result of instability in the long mononu-
cleotide repeat markers BAT-52, BAT-56, BAT-59, and 
BAT-60.

When MSI-H samples were grouped by the disease 
stages, our data indicated that MSI-H phenotype occurred 
most frequently in tumors at development stage I and stage 
II. When grouped by the development stage, earlier stage 
cancer group showed higher percentage of MSI-H phenotype 
compared with the later stage groups. MSI-L phenotypes 
also occurred in higher percentage in stage I and II cancers 
in Table 3. In addition, germline sequencing was conducted 
on nine cases who were confirmed as Lynch syndrome posi-
tive [16]. All Lynch syndrome cases exhibited MMR protein 
expression loss by IHC and MSI-H by ProDx® MSI test.

MSI results were detected by ProDx® MSI. Percentage 
was calculated within each disease stage.

3.3 � IHC Analysis and NGS Analysis

IHC analysis for MLH1, PMS2, MSH2, and MSH6 protein 
expression was performed on all samples. Compared with 
MMR-IHC detection, the ProDx® MSI showed 100% sen-
sitivity and 98.4% specificity, where it detected MSI-H on 
all dMMR case and two more MSI-H on pMMR cases. The 
MSI 1.2 showed 94.4% sensitivity and 98.4% specificity; the 
NCI panel showed 91.7% sensitivity and 98.4% specificity 
in colorectal cancers.

Our data indicated one discordance between ProDx® 
MSI and MMR-IHC detection. Case 50N/T with wild type 
MMR protein expression by IHC analysis showed MSI-H 
in all three MSI analyses in Fig. 1.

To verify the discordant results between ProDx® MSI 
and MMR-IHC detection, case 50N/T was sequenced for 
MLH1, PMS2, MSH2, and MSH6 gene exon mutations in 
matching normal and tumor tissues . Case 50N/T had pos-
sible pathogenic mutation (c.3438+1G>A) in MSH6 gene 
with increased disease risk in both normal tissue and tumor 
tissue.

Pathological MMR gene mutations were not found in 
cases of 46N/T, 67N/T, 138N/T, 165N/T, 75N/T, 132N/T 
and 55N/T by NGS assay.

3.4 � Characterization of ProDx® MSI in the Chinese 
Population

Microsatellite marker instability is commonly defined as the 
presence of new ≥ 3 bp alleles in the tumor specimen com-
pared to that in matching normal sample. In addition to the 
presence of new “hand shape” peaks, our study observed 
markers with ≥ 3 bp extended “shoulder” and defined these 
as marker unstable in this study in Fig. 2 (Panel D). The 
definition was consistent with the “subtle” marker changes 

Table 1   Sample demographics.

Characteristic Number of patient Percent (%)

Gender
 Female
 Male

39
58

40.0
60.0

Age
 < 50
 ≥ 50, < 60

19
18

19.6
18.6

 ≥ 60, < 70 32 33.0
 ≥ 70 28 28.9

Tumor stage (T)
 1 6 6.2
 2 12 12.4
 3 66 68.0
 4 13 13.4

Lymph node stage (N)
 0 61 62.9
 1 25 25.8
 2 11 11.3

Distant metastases (M)
 0 94 96.9
 1 3 3.1

Disease stage
 I 13 13.4
 II 44 45.4
 III 37 38.1
 IV 3 3.1

Tumor size
 < 4 cm 44 45.4
 5–9 cm 49 81.4
 >10 cm 4 4.1

Differentiation grade
 Poorly differentiated 4 4.1
 Moderately differentiated 68 70.1
 High differentiated 24 24.7

Unknown 1 1.0
Vascular invasion
 No 96 99.0
 Yes 0 0
 Unknown 1 1.0
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shown in 2014 College of American Pathologists (CAP) 
survey summary [11].

In addition to different MSI analysis systems, we also 
evaluated the individual marker’s sensitivity and specificity 
in comparison with MMR-IHC phenotype in Table 4. The 

LMR markers (BAT-52, BAT-56, BAT-59, and BAT-60) 
and the traditional mononucleotide repeat markers (NR-21, 
NR-24, BAT-25, BAT-26, and MONO-27) had similar detec-
tion sensitivity and specificity in CRC compared with IHC 
data. However, the mononucleotide repeat markers were 

Table 2   Comparison of MSI results for colorectal cancers with 3 assay panels

The MSI status classifications of tumor samples scored by the ProDx® MSI, the MSI 1.2, or the NCI panel. Samples were classified as MSI-
H(green) when two or more markers were unstable, as MSI-L (yellow) when only one marker was unstable, and MSS when there was no any 
unstable marker. IHC staining scores were also listed in the right. The MSS samples by all panels and with intact MMR staining were not shown. 
“+” indicates MSI marker stable or MMR-IHC staining proficient (pMMR) ; “−” indicates MSI marker unstable or IHC staining deficient 
(dMMR). MMR-IHC deficient samples are also in green. Samples marked with “*”were Lynch syndrome cases that carried germline pathogenic 
MMR gene mutations
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significantly more sensitive than the dinucleotide repeat 
markers (D2S123, D5S346, and D7S250) in this study.

The long mononucleotide repeat markers (BAT-52, BAT-
56, BAT-59, and BAT-60) were compared with the tradi-
tional mononucleotide repeat markers (NR-21, NR-24, BAT-
25, BAT-26, MONO-27). When marker was unstable, the 
allele size change for the long markers were greater than the 
short markers in MSI 1.2, averaging 15 bp vs 7 bp, respec-
tively ( Fig. 3a/b), p < 0.0001, student t test). The larger 
changes made marker scoring easier.

The long MSI marker allele frequency in the Chinese 
population is unknown. We summarized the allele frequency 
from 160 cases of normal tissues from different Chinese 
individuals. Most of the short markers NR-21, BAT-25, 
BAT-26, and MONO-27 were homozygous (Fig. 3c) . NR-21 
showed 3.7% heterozygosity in the Chinese population. In 
addition, the size distribution for the short marker sizes were 
very stable in the population. The median size for NR-21 

was 92 bases, with the heterozygosity peak at 88 bases in 
the ProDx® MSI and under the tested condition. The median 
sizes for BAT-25, BAT-26, and MONO-27 were 94, 95, and 
117, respectively, under the current condition. In contrast, 
the long markers BAT-52, BAT-56, BAT-59, and BAT-60 
showed a high degree of heterozygosity at 21%, 42%, 63%, 
and 64% of the population, respectively.

4 � Discussion

MSI analysis method and IHC method for four MMR pro-
tein were reported as equally effective in detecting DNA 
mismatch deficiency in CRC [6, 7]. Our data supported that 
the ProDx® MSI had very high concordance with MMR-
IHC analysis. In this study, we identified 1 discordant cases 
between MSI analysis and MMR in 97 samples. The MLH1, 
MSH2, MSH6, and PMS2 gene exon mutations in the match-
ing normal and tumor tissues were sequenced by next gen-
eration sequencing. The sequence results for case 50N/T 
indicated possible pathogenic mutations in the MSH6 gene 
in both tumor and normal tissue, which supported the MSI-H 
results shown from MSI testing. However, the mutation was 
classified as possibly pathogenic with increased risk level. 
The sequencing data could not conclude that IHC results 
were false. The sequencing results indicated the poten-
tial limitations of NGS in determining MMR mutation’s 
pathological function. Cases of 36N/T and 163N/T showed 

Table 3   MSI phenotypes grouped by the cancer development stage

Disease stage MSI-H MSI-L MSS Total

I 7 (53.8%) 2 (15.4%) 4 (30.8%) 13
II 19 (43.2%) 4 (9.1%) 21 (47.7%) 44
III 11 (29.7%) 1 (2.7%) 25 (67.6%) 37
IV 0 0 3 (100%) 3
Sum 37 7 53 97

Table 4   The sensitivity and 
specificity for each MSI 
microsatellite marker compared 
with MMR-IHC in 97 colorectal 
cases

True poss False poss False neg True neg Sensitivity (%) Specificity (%)

ProDx® MSI
 BAT-60 33 1 3 60 91.7 98.4
 BAT-59 36 2 0 59 100 96.7
 BAT-56 33 5 3 56 91.7 91.8
 BAT-52 33 3 3 58 91.7 95.1
 NR-21 31 1 5 60 86.1 98.4
 BAT-25 33 1 3 60 91.7 98.4
 BAT-26 34 1 2 60 94.4 98.4
 MONO-27 33 1 3 60 91.7 98.4

MSI 1.2
 NR-21 31 1 5 60 86.1 98.4
 NR-24 29 1 7 60 80.6 98.4
 BAT-25 33 1 3 60 91.7 98.4
 BAT-26 34 1 2 60 94.4 98.4
 MONO-27 33 1 3 60 91.7 98.4

NCI panel
 D5S346 16 0 20 61 44.4 100
 D17S250 15 0 21 61 41.7 100
 D2S123 18 1 18 60 50.0 98.4
 BAT-25 33 1 3 60 91.7 98.4
 BAT-26 34 1 2 60 94.4 98.4
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MSI-L feature detected by MSI 1.2 and NCI panel detec-
tion. But their MSI-H feature was revealed by the new panel 
of microsatellite markers, which confirmed by IHC results 
with defective protein expression. It suggested that ProDx® 
MSI had higher sensitivity than the traditional loci. In our 
study, both MSI analysis method and IHC method could 
effectively identify MSI-H or mismatch deficient cases in 
CRC. Although the two methods used different technology 
platforms, each has advantages and disadvantages in clini-
cal labs. In general, IHC method can identify the missing 
protein caused by mutations that lead to truncation, protein 
instability, or promoter silencing. The method may not be 
effective on missense mutation with intact antigen. Reports 
showed cases of false-normal staining for MLH1 with trun-
cating and large in-frame deletions in MLH1 gene [6]. PCR-
based MSI analysis is a functional test with reported repro-
ducibility close to 100%. It can detect dMMR tumor with 
genetic defects beyond four MMR genes. However, tumor-
specific MSI sensitivity is still unknown [7].

As in the previous report of improved detection sensi-
tivity by the long mononucleotide repeat markers in colon 
polyps, our study on colorectal cancer patients indicated 
that the ProDx® MSI has minor improvement in detection 
sensitivity. This might be due to different tumor types or 
stage effect. In fact, our ongoing study indicates that the 
ProDx® MSI can detect significantly more MSI-H pheno-
types in endometrial cancer and several other cancer types 
(data not shown). This system may have strong advantage 
in other tumors.

More interestingly, ProDx® MSI detected not only more 
MSI-H samples in CRC but also more MSI-L types with 
a LMR marker instability, such as BAT-52, BAT-56, and 
BAT-59 (Table 2). The MSI-L phenotype was very repro-
ducible. In the past, the MSI-L tumor was often considered 
as MSS because those tumors were not linked to Lynch 
syndrome [15, 17]. Our data showed three MSI-L cases 
detected by NCI panel were MSI-H by the ProDx® MSI 
and the MSI 1.2. Those three cases were also identified as 
mismatch repair deficient by IHC. Our data indicate that 
MSI-L cases by the NCI panel could in fact be MSI-H with 
a more sensitive detection system, which implied a bio-
logical relevance for MSI-L in tumor. Other studies sug-
gested that MSI-L phenotype might reflect the early phase 
of losing mismatch repair function during tumor develop-
ment [18, 19]. Our data, although limited by sample size, 
showed the MSI-L occurred more often in stage I and II of 
colorectal cancer (Table 3), which implied its relevance in 
the early stage of cancer development. In addition, MSI-L 
phenotype was also observed in many other cancer types. 
Further research is required to explore the true biological 
significance for a MSI-L type tumor.

In addition to MSI-L, our data also showed that MSI-H 
phenotype occurred more frequently in the early stages (I/

II) of cancer development (Table 3). We did not observe 
MSI-H in stage IV colorectal cancer. Although, there was 
a lower presentation of stage IV samples, the observa-
tion was consistent with other reports [20], indicating a 
dynamic alteration of MSI phenotype during cancer devel-
opment [21]. Further study is required to understand the 
MSI-H and its association with different stages of cancer 
development. Moreover, nine samples from Lynch syn-
drome patients were included to evaluate the effectiveness 
of MSI detection in Lynch syndrome who suffered from 
CRC in our cohort. It was not implied the frequency of 
Lynch syndrome in CRC population with and/or without 
MSI-H feature because these samples were not randomly 
selected.      

Acknowledgements  We thank Shanghai Promega Biological Products, 
Ltd and Genecase Co. Beijing for providing the technical help of MSI 
and NGS testing, respectively. This work were supported by the foun-
dation from the National Key Research and Development Program 
of China (2017YFC1309004), CAMS Initiative for Innovative Medi-
cine (2017-I2M-1-005), CAMS Innovation Fund for Medical Sciences 
(2019-I2M-2-002).

Compliance with Ethical Standards 

Conflict of interest  All authors have no conflict of interest to declare.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
Declaration and its later amendments or comparable ethical standards.

Informed consent  The retrospective study was approved by the insti-
tutional review board of Peking Union Medical College Hospital with 
a waiver for the need to obtain informed consent.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

	 1.	 Thibodeau SN, Bren G, Schaid D (1993) Microsatellite instability 
in cancer of the proximal colon. Science 260:816–819

	 2.	 Boland CR, Thibodeau SN, Hamilton SR et al (1998) A National 
Cancer Institute workshop on microsatellite instability for cancer 
detection and familial predisposition: development of interna-
tional criteria for the determination of microsatellite instability 
in colorectal cancer. Cancer Res 58:5248–5257

http://creativecommons.org/licenses/by/4.0/


154	 Interdisciplinary Sciences: Computational Life Sciences (2020) 12:145–154

1 3

	 3.	 Popat S, Hubner R, Houlston RS (2005) Systematic review of 
microsatellite instability and colorectal cancer prognosis. J Clin 
Oncol 23:609–618

	 4.	 Ribic CM, Sargent DJ, Moore MJ et al (2003) Tumor microsatel-
lite-instability status as a predictor of benefit from fluorouracil-
based adjuvant chemotherapy for colon cancer. N Engl J Med 
349:247–257

	 5.	 Dudley JC, Lin MT, Le DT, Eshleman JR (2016) Microsatellite 
instability as a biomarker for PD-1 blockade. Clin Cancer Res 
22:813–820

	 6.	 Shia J (2008) Immunohistochemistry versus microsatellite insta-
bility testing for screening colorectal cancer patients at risk for 
hereditary nonpolyposis colorectal cancer syndrome. Part I. The 
utility of immunohistochemistry. J Mol Diagn 10:293–300

	 7.	 Zhang L (2008) Immunohistochemistry versus microsatellite 
instability testing for screening colorectal cancer patients at risk 
for hereditary nonpolyposis colorectal cancer syndrome. Part 
II. The utility of microsatellite instability testing. J Mol Diagn 
10:301–307

	 8.	 Rodriguez-Bigas MA, Boland CR, Hamilton SR et al (1997) A 
National Cancer Institute workshop on hereditary nonpolyposis 
colorectal cancer syndrome: meeting highlights and Bethesda 
guidelines. J Natl Cancer Inst 89:1758–1762

	 9.	 Umar A, Boland CR, Terdiman JP et al (2004) Revised Bethesda 
Guidelines for hereditary nonpolyposis colorectal cancer (Lynch 
syndrome) and microsatellite instability. J Natl Cancer Inst 
96:261–268

	10.	 Murphy KM, Zhang S, Geiger T et al (2006) Comparison of the 
microsatellite instability analysis system and the Bethesda panel 
for the determination of microsatellite instability in colorectal 
cancers. J Mol Diagn 8:305–311

	11.	 Boyle TA, Bridge JA, Sabatini LM et al (2014) Summary of 
microsatellite instability test results from laboratories participat-
ing in proficiency surveys: proficiency survey results from 2005 
to 2012. Arch Pathol Lab Med 138:363–370

	12.	 Wu Y, Berends MJ, Mensink RG et  al (1999) Association 
of hereditary nonpolyposis colorectal cancer-related tumors 

displaying low microsatellite instability with MSH6 germline 
mutations. Am J Hum Genet 65:1291–1298

	13.	 Wong YF, Cheung TH, Lo KW et al (2006) Detection of micro-
satellite instability in endometrial cancer: advantages of a panel 
of five mononucleotide repeats over the National Cancer Institute 
panel of markers. Carcinogenesis 27:951–955

	14.	 Verma L, Kane MF, Brassett C et al (1999) Mononucleotide 
microsatellite instability and germline MSH6 mutation analysis 
in early onset colorectal cancer. J Med Genet 36:678–682

	15.	 Bacher JW, Sievers CK, Albrecht DM et al (2015) Improved detec-
tion of microsatellite instability in early colorectal lesions. PLoS 
ONE 10:e0132727

	16.	 Wang J, Yi Y, Xiao Y et al (2019) Prevalence of recurrent onco-
genic fusion in mismatch repair-deficient colorectal carcinoma 
with hypermethylated MLH1 and wild-type BRAF and KRAS. 
Mod Pathol 32(7):1053–1064

	17.	 Coelho H, Jones-Hughes T, Snowsill T et al (2017) A systematic 
review of test accuracy studies evaluating molecular micro-satel-
lite instability testing for the detection of individuals with lynch 
syndrome. BMC Cancer 17(1):836

	18.	 Hile SE, Shabashev S, Eckert KA (2013) Tumor-specific micro-
satellite instability: do distinct mechanisms underlie the MSI-L 
and EMAST phenotypes? Mutat Res 743–744.

	19.	 Maneval ML, Eckert KA (2004) Effects of oxidative and alkylat-
ing damage on microsatellite instabilityin nontumorigenic human 
cells. Mutat Res 546:29–38

	20.	 Yuan L, Chi Y, Chen W et al (2015) Immunohistochemistry and 
microsatellite instability analysis in molecular subtyping of colo-
rectal carcinoma based on mismatch repair competency. Int J Clin 
Exp Med 8:20988–21000

	21.	 Savio AJ, Mrkonjic M, Lemire M et al (2019) The dynamic DNA 
methylation landscape of the mutL homolog 1 shore is altered by 
MLH1-93G%3eA polymorphism in normal tissues and colorectal 
cancer. Clin Epiqenetics 9:26


	DNA Mismatch Repair Deficiency Detection in Colorectal Cancer by a New Microsatellite Instability Analysis System
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Method
	2.1 Tissue Specimens
	2.2 IHC Analysis
	2.3 Microsatellite Analysis
	2.4 Next Generation Sequencing Analysis
	2.5 Data Analysis

	3 Results
	3.1 Study Patients and Specimens
	3.2 MSI Analysis in Colorectal Cancer
	3.3 IHC Analysis and NGS Analysis
	3.4 Characterization of ProDx® MSI in the Chinese Population

	4 Discussion
	Acknowledgements 
	References




