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The detection of defective mismatch repair (MMR), as
assessed by the presence of tumor microsatellite insta-
bility (MSI) and/or loss of MMR protein expression by
IHC, has been useful for risk assessment, prognosis, and
prediction of treatment in patients with colorectal can-
cer. We analyzed tumors for the presence of defective
MMR from 5927 Colorectal Cancer Family Registry pa-
tients recruited at six international consortium sites. We
evaluated the appropriate percentage instability cutoff
used to distinguish the three MSI phenotypes [ie, stable
(MSS), low instability (MSI-L), and high instability (MSI-

H)]; the sensitivity, specificity, and performance charac-
teristics of individual markers; and the concordance
between MSI and IHC phenotypes. Guided by the results
of the IHC testing, our findings indicate that the distinc-
tion between an MSI-H phenotype from a low-instabil-
ity or MSS phenotype can best be accomplished by
using a cutoff of 30% or greater of the markers show-
ing instability. The sensitivity and specificity of the
mononucleotide markers were higher than those of
the dinucleotide markers. Specifically, BAT26 and
BAT25 had the highest sensitivity (94%) and specific-
ity (98%), and the use of mononucleotide markers
alone identified 97% of the MSI-H cases correctly. As
expected, the presence of MSI-H correlated with an
older age of diagnosis, the presence of tumor in the
proximal colon, and female sex. (J Mol Diagn 2011, 13:

271–281; DOI: 10.1016/j.jmoldx.2010.12.004)

Based on the presence or absence of functional DNA
mismatch repair (MMR), colorectal cancer (CRC) is gen-
erally divided into two broad categories.1,2 Tumors with
defective MMR (dMMR) are characterized by the pres-
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ence of a particular tumor phenotype, termed microsat-
ellite instability (MSI), and by the absence of protein
expression for any one of several genes involved in DNA
MMR, including hMLH1, hMSH2, hMSH6, or hPMS2.3,4

MSI is recognized by the presence of insertion and de-
letion mutations in repetitive DNA sequences, called mi-
crosatellites, that consist of repeating mononucleotide,
dinucleotide, or polynucleotide sequence loci. Tumors
with dMMR have been identified in approximately 15% to
20% of sporadic CRCs and in CRCs of most patients with
hereditary nonpolyposis colon cancer (HNPCC)/Lynch
syndrome.5

In sporadic CRC, three distinct MSI phenotypes have
been described: MSS (none of the examined loci dem-
onstrate instability), MSI with low instability (MSI-L; from
�30% to 40% of loci examined), and MSI with high in-
stability (MSI-H; from 30% to 40% or greater of loci ex-
amined).6,7 Most sporadic cases with MSI-H (approxi-
mately 95%) are because of inactivation of hMLH1.8,9

Data suggest that the most common mechanism of MLH1
gene inactivation among unselected cases (approxi-
mately 90% of cases) is promoter hypermethylation and,
less frequently, mutations in the gene itself.10–12 Of pa-
tients with the MSS/MSI-L phenotype, only a few demon-
strate the loss or mutation of any of the MMR genes.

Germline mutations in these same MMR genes are
responsible for HNPCC/Lynch syndrome, with hMLH1
and hMSH2 accounting for most cases (approximately
40% each) and hMSH6 and hPMS2 accounting for fewer
cases (approximately 10% and 5%, respectively).13–15

Among all MSI colon cancer cases with loss of hMSH2 or
hMSH6 detected in the tumor, the presence of a germline
mutation appears to be the most common mechanism of
gene inactivation. Thus, the molecular etiology of those
tumors involving dMMR is heterogeneous, involving sev-
eral different genes and numerous mechanisms of gene
inactivation, including epigenetic, somatic, and germline
alterations.

The MSI-H phenotype in patients with sporadic colon
cancer is associated with distinct clinicopathological fea-
tures, including proximal tumor site, high grade, early
stage, and diploidy.16,17 The presence of the MSI-H tu-
mor phenotype among these patients is gaining recog-
nition as a prognostic marker2,18–21 and may also prove
to be a predictive marker for response to 5 fluorouracil or
irinotecan treatment.22 Several studies23–26 suggest that
patients with tumors characterized by the presence of
dMMR seem to show an improved overall survival and do
not appear to benefit from 5 fluorouracil–based adjuvant
chemotherapy. Among patients at risk of having an in-
herited form of colon cancer (eg, young age of onset and
family history), tumor testing for the presence of dMMR
has also been useful as a screening method for identify-
ing MMR germline mutation carriers (ie, HNPCC/Lynch
syndrome).

Overall, there are convincing data demonstrating bio-
logical and genetic differences between tumors with the
MSI-H phenotype compared with those with the MSI-L/
MSS phenotype.27–29 Although tumors with an MSI-L
phenotype appear to behave in a similar fashion to MSS

tumors, there remains controversy about whether there
are true clinical and biological differences between these
two tumor phenotypes.30–34

Since its description, testing tumors for the presence of
dMMR has been an invaluable research tool. Given the
importance of assessing tumors for the presence of dMMR,
widespread clinical testing has also been implemented,
with most clinical laboratories having the capacity to pro-
vide immunohistochemical (IHC) and MSI testing. For MSI
testing, marker selection, marker performance, and per-
centage of markers showing instability in distinguishing
MSS/MSI-L from MSI-H continue to be important issues to
consider when determining the significance of the MSI test
results.35,36

In the current study, we analyzed a set of tumor sam-
ples from the Colorectal Cancer Family Registry (Colon
CFR) and evaluated the appropriate percentage instabil-
ity cutoff in distinguishing the three MSI phenotypes (ie,
MSS, MSI-L, and MSI-H), the performance characteristics
of individual markers, and the sensitivity and specificity of
the individual MSI markers in determining MMR protein
deficiency. In addition, we looked at these same factors
stratified by ascertainment method (population versus
clinic based) to see if testing results were affected by
sample ascertainment, given the likely different distribu-
tion of etiology between these two groups. To our knowl-
edge, this study represents the largest reported collec-
tion of both population- and clinic-based cases used for
this purpose.

Materials and Methods

Study Population

The Colon CFR has been described in detail else-
where.37 Briefly, subjects were recruited between 1997
and 2007 by six Colon CFR centers: Cancer Care On-
tario, Toronto, ON, Canada; University of Southern Cali-
fornia Consortium, Los Angeles, CA; University of Mel-
bourne, Australia; University of Hawaii, Honolulu, HI;
Mayo Clinic, Rochester, MN; and Fred Hutchinson Can-
cer Research Center, Seattle, WA. Ascertainment of pop-
ulation-based cases was conducted at all centers; how-
ever, a variety of different sampling schemes was used
based on age and/or family history. Thus, without using
proband weighting, this group of cases is not intended to
represent the frequency of various genotypes in an un-
selected population. Clinic-based cases were ascer-
tained at three of the six centers [University of Melbourne,
University of Southern California Consortium (through the
Cleveland Clinic, Cleveland, OH), and Mayo Clinic]. Gen-
erally, these cases relate to clinical recognition of fea-
tures suggesting increased possibility of genetic risk.
Newcomb et al37 provide complete details of ascertain-
ment. Epidemiological data, blood samples, tumor
blocks, and pathological reports were collected on all
subjects with CRC at each site using standardized core
protocols. All participants gave informed consent for the
study, which was approved by the Institutional Review

Board at each Colon CFR site.
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A total of 8167 subjects were available in the Colon
CFR database. For this study, we used systematic exclu-
sion criteria to narrow the list to a well-defined group of
subjects. Those subjects with noncolorectal tumors and
those with multiple tumors were excluded. In total, we
included 5927 CRC subjects (International Classification of
Diseases for Oncology, 3rd Edition (http://www.who.int/
classifications/icd/adaptations/oncology/en): colon, codes
18.0 through 18.9; rectosigmoid junction, code 19.9; and
rectum, code 20.9), of whom 4707 (79.4%) were popu-
lation-based subjects and 1220 (20.6%) were clinic-
based subjects.

MSI Status

MSI was performed using standard protocols.38 Paired
normal and tumor DNA samples isolated from FFPE
material were tested for MSI using a panel of 10 mark-
ers. These markers included four mononucleotide
markers (ie, BAT25, BAT26, BAT34C4, and BAT40),
five dinucleotide repeat markers (ACTC, D5S346,
D10S197, D17S250, and D18S55), and one complex
repeat marker (MYCL). The MSI test result at each
locus was reported as follows: i) stable; ii) unstable; iii)
equivocal; iv) stable, normal DNA not used in test; v)
unstable, normal DNA not used in test; vi) equivocal,
normal DNA not used in test; vii) quantity of DNA or
tissue not sufficient; viii) not tested; and ix) no amplifi-
cation. A minimum of four unequivocal results (MSI
codes stable and unstable) were required to determine
tumor MSI status.

Immunohistochemistry

IHC analysis of hMLH1, hMSH2, hMSH6, and hPMS2
expression was performed on FFPE samples, as previ-

Table 1. Characteristics of the Study Subjects

Characteristics
Total sample
(N � 5927)

Center
Cancer Care Ontario 1127 (19)
USC 635 (11)
University of Melbourne 1187 (20)
University of Hawaii 230 (4)
Mayo Clinic 1416 (24)
FHCRC 1332 (22)

Age (years)
Range 15–93
Mean 58
�50 2146 (36)
51–60 1468 (25)
61–70 1544 (26)
�70 757 (13)
Not designated 12 (�1)

Sex
Male 3097 (52)
Female 2830 (48)

Tumor site
Proximal 2297 (39)
Distal 3387 (57)
Not designated 243 (4)
Data are given as number (percentage) of each group.
ously described.38 IHC staining for all of the tumors was
performed at three centers: Mayo Clinic, University of
Queensland, and Cancer Care Ontario. The interpretation
of IHC slides was performed by a pathologist without any
knowledge of the corresponding tumor MSI status. The
IHC result for each protein was reported as follows: i)
negative, loss of expression; ii) positive, expression pres-
ent; iii) positive, technically poor; iv) positive, technically
equivocal; v) negative, technically poor; vi) negative,
technically equivocal; vii) heterogeneous tumor; viii) re-
duced expression; ix) quantity of tissue not sufficient; x)
not tested; and xi) technical failure. A total of 5296 sub-
jects had IHC data available for analysis, 3964 of whom
had staining for all four proteins (3346 population-based
subjects and 618 clinic-based subjects). PMS2 immuno-
staining was not performed on 1332 tumors enrolled at
the University of Southern California.

Statistical Analysis

The frequency distribution of cases was stratified by both
percentage MSI and presence or absence of the expres-
sion of hMLH1, hMSH2, hMSH6, and hPMS2 proteins.
The missing IHC data cases and those that had data
available on fewer than four informative MSI markers
were not included in further analyses. Associations be-
tween age groups (�50 years versus 51 to 60 years, 61
to 70 years, and �70 years), sex (female versus male),
and tumor site (distal versus proximal) variables and MSI
were analyzed using Fisher’s exact test. Contingency
tables were used to assess the frequency of the variables
by MSI phenotypes. Population- and clinic-based cases
were also analyzed separately. All reported P values cor-
respond to two-sided tests. Differences were considered
statistically significant when P � 0.05. The sensitivity and
specificity of each MSI marker in determining the MMR

Population-based sample
(n � 4707)

Clinic-based sample
(n � 1220)

1126 (24) 1 (�1)
508 (11) 127 (11)
688 (15) 499 (41)
230 (5) 0 (0)
823 (17) 593 (49)

1332 (28) 0 (0)

18–93 15–91
59 54

1476 (31) 670 (55)
1247 (26) 221 (18)
1362 (29) 182 (15)
614 (13) 143 (12)

8 (�1) 4 (�1)

2456 (52) 641 (53)
2251 (48) 579 (47)

1791 (38) 506 (41)
2789 (59) 598 (49)
127 (3) 116 (10)

http://www.who.int/classifications/icd/adaptations/oncology/en/
http://www.who.int/classifications/icd/adaptations/oncology/en/
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protein deficiency were calculated separately among
population- and clinic-based groups and among all sub-
jects. Sensitivity is defined as the proportion of tumors
with instability in a specific MSI marker among the tumors
with MMR protein deficiency. Specificity is defined as the
proportion of tumors without instability in a specific
marker among the tumors without MMR immunostaining
loss. All analyses were conducted using JMP statistical
software, version 7.0 (SAS Institute Inc., Cary, NC).

Results

Characteristics of the Study Subjects

A total of 5927 CRC cases, recruited at six Colon CFR
sites, were included in this study. Table 1 describes the
characteristics of the study population. The mean (range)
age at diagnosis was 58 years (15 to 93 years). Of all
patients, 36% were diagnosed when they were younger
than 50 years and 13% were diagnosed when they were
older than 70 years. Overall, 52% were male and 48%
were female. For tumor site, tumors of the distal colon
were more common (57%).

Colon CFR cases were recruited by two ascertainment
methods: population based (79%) and clinic based
(21%). Population-based cases (n � 4707) were enrolled
at all six CFR sites. Clinic-based cases (n � 1220) were
enrolled at only three CFR sites: University of Melbourne,
University of Southern California Consortium (through the
Cleveland Clinic), and Mayo Clinic. Because of system-
atic oversampling for specific characteristics, this cohort
should not be interpreted as a true population-based
sample of all CRCs.

Determination of Percentage Instability Cutoff
for MSI Classification

All of the 5927 tumors were tested for MSI and the ab-
sence of protein expression by IHC. The MSI data were
available for four or more markers for 4482 cases (3824
population-based cases and 658 clinic-based cases)
(see Supplemental Tables S1–S3 at http://jmd.amjpathol.
org). Approximately 13% (n � 441) of the 3346 popula-
tion-based cases with available IHC data exhibited loss
of protein expression: 9.8% MLH1/PMS2, 1.9% MSH2/
MSH6, 1% MSH6 only, and �1% PMS2 only (see Supple-
mental Table S2 at http://jmd.amjpathol.org). A much higher
prevalence of protein expression loss (36.6%, n � 226)
was observed among the clinic-based cases: 19.1%
MLH1/PMS2, 13.9% MSH2/MSH6, 1.1% MSH6 only, and
�1% PMS2 only (see Supplemental Table S3 at
http://jmd.amjpathol.org).

Overall, a microsatellite stable result was seen across
all tested markers in 3117 cases (69.5%), with the remain-
ing cases demonstrating instability in one or more of the
markers (see Supplemental Table S1 at http://jmd.amjpathol.
org). Among all 4482 cases, results demonstrated a dis-
tribution with the lowest point between 30% and 49% of
the markers showing instability (approximately 0.8% of

the cases at 30% to 39% and approximately 0.8% at 40%
to 49%) (see Supplemental Table S1 at http://jmd.amjpathol.
org). Overall, the plot of the frequency distribution of cases
with and without loss of expression within MSI percentage
ranges exhibited a bimodal distribution (Figure 1). At the 0%
to 19% range, no cases showed loss of expression for any
of the MMR proteins by IHC. A single case in each ascer-
tainment group was detected at the 20% to 29% range: an
MLH1/PMS2 loss case in the population-based group (see
Supplemental Table S2 at http://jmd.amjpathol.org) and an
MSH2/MSH6 loss case in the clinic-based group (see Sup-
plemental Table S3 at http://jmd.amjpathol.org). The fre-
quency of cases that showed loss of expression of any
MMR protein by IHC increased with increasing proportion of
unstable markers beyond the 30% to 39% category. De-
pending on the percentage instability cutoff used, 2 and 21
cases had discordant MSI/IHC results using an instability
cutoff of 30% and 40% for MSI-H, respectively (see Sup-
plemental Table S1 at http://jmd.amjpathol.org). Thus, using
the MSI distribution, along with the IHC results as a guide,
the most appropriate cutoff for distinguishing the MSI-H
phenotypes appears to be approximately 30%. The subse-
quent analyses were based on this 30% cutoff.

Evaluation of Individual MSI Marker Locus
Instability Based on IHC Status

Further evaluation of the correlation between MSI at indi-
vidual marker loci and IHC status was assessed by com-

Figure 1. Distribution of cases with complete presence (no loss) or loss of
expression in any of the four proteins (ie, MLH1, MSH2, MSH6, and/or PMS2)

by IHC within percentage MSI phenotypes: population-based cases (n �
3824) (A) and clinic-based cases (n � 658) (B).

http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://jmd.amjpathol.org
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paring the frequency of instability for each MSI marker
among cases, with the loss of expression for any of the
four proteins. Only cases with unequivocal loss of expres-
sion results were included in this analysis (categories 1
and 2 in the Materials and Methods section). The remain-
ing categories were grouped under “equivocal” IHC
data. The percentage of cases demonstrating instability
for each of the 10 MSI markers was calculated for those
cases that had loss of protein expression (MLH1/PMS2,
MSH2/MSH6, PMS2, or MSH6) (Figure 2). The four mono-
nucleotide markers (ie, BAT25, BAT26, BAT34C4, and
BAT40) consistently demonstrated a higher frequency of
MSI for each of the four IHC groups. Most of the mono-
nucleotide markers showed at least 80% instability in all
four groups of MMR loss, with the exception of BAT26
and BAT34C4 in the MSH6 loss group. The difference
between the mononucleotide and the other dinucleotide
markers was most significant within the MSH6-only loss
group, in which these tumors demonstrated a much lower
frequency of MSI (�40%) with the dinucleotide marker
group. The frequency distribution of individual MSI
marker instability with loss of MMR protein expression
was similar among both population- and clinic-based
cases. The cases with loss of PMS2 presented an overall
high rate of instability for each of the markers, but there
was significant variability for several of the dinucleotide

Figure 2. MSI marker panel percentage instability by IHC status among ML
MSH6 loss-only cases (D). Only cases with IHC codes zero and four are i

interpretable. Percentage instability is calculated by dividing the number of unstable
case counts in parentheses are total numbers and not specific to individual MSI ma
markers between the ascertainment groups (see Supple-
mental Table S4 at http://jmd.amjpathol.org).

Evaluation of Sensitivity and Specificity of
Individual MSI Markers

In an effort to determine the best markers with high spec-
ificity and sensitivity in identifying the MSI-L or MSI-H, two
approaches were taken. First, individual marker percent-
age instability was calculated among cases that showed
either 1% to 29% MSI-L (Figure 3A) or 30% or greater
MSI-H overall instability (Figure 3B) to address the ques-
tion of sensitivity and specificity of each marker for the
MSI-L and MSI-H groups. Among MSI-L cases, most
mononucleotide markers showed a low prevalence (from
1% to 2%) of instability, with the exception of BAT40 (9%).
Among the other markers, the rates varied considerably,
with MYCL showing the highest prevalence of instability
(approximately 40%). The markers were much more uni-
form in the prevalence of instability among the MSI-H group.
The mononucleotide markers were in the �80% range,
whereas the dinucleotide markers showed more variability,
ranging from 60% to 80% instability. No significant differ-
ences were observed between population- and clinic-
based cases.

2 loss cases (A), MSH2/MSH6 loss cases (B), PMS2 loss-only cases (C), and
in the analysis. MSI codes one, two, and six through nine are defined as
H1/PMS
ncluded
cases with the all-interpretable cases for each MSI marker. Loss of expression
rker interpretable data points. Pop. indicates population.

http://jmd.amjpathol.org
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Second, the sensitivity and specificity of each MSI
marker were examined based on MMR immunostaining
status (see Supplemental Figure S1 and Supplemental
Tables S5–S7 at http://jmd.amjpathol.org). The specificity
was high among all subjects, ranging from a low of 92%
for MYCL to �97% for all four mononucleotide markers.
However, the sensitivity was lower, ranging from 87%
(BAT34C4) to 94% (BAT26 and BAT40) for mononucle-
otide markers and 67% (D5S346) to 83% (D10S197 and
D18S55) for dinucleotide markers (Figure 3C).

Evaluation of Performance of Individual MSI
Markers

To further evaluate the performance characteristics of
each marker that defines the percentage instability cutoff

Figure 3. Individual marker percentage MSI: MSI-L cases (A) and MSI-H cases
(B). The sensitivity and specificity of each marker in identifying MMR protein
deficiency are also given. All CFR cases (C). Pop. indicates population.
for MSI classification, the frequency of various MSI out-
comes (ie, stable, unstable, equivocal, and technical fail-
ure) was evaluated for the 4482 cases with available MSI
data on four or more markers. Most marker calls with
stable and unstable scoring were clearly identified. An
equivocal MSI call was given to a case if the assay was
not clearly interpretable because of technical prob-
lems or poor quality of the sample or if the normal DNA
was not run in parallel. Figure 4A shows the distribution
of equivocal calls for each of the 10 MSI markers: the
frequency range was from 1% to 3.6%. The range
varied much more (from 0.8% to 6.9%) when each of
the three MSI groups (ie, MSS, MSI-L, and MSI-H) was
evaluated separately. The equivocal call rate was
higher for most markers in the MSI-H group. The fre-
quency range of technically failed cases that were a
result of no amplification was from 3.8% to 7.8% among
all cases. Overall, no amplification calls were signifi-
cantly more common in the MSI-H group and more
prominent for the three dinucleotide markers (ie, ACTC,
D10S197, and D17S250) and MYCL (Figure 4B).

Overall, the mononucleotide markers performed much bet-
ter in identifying MSI and had much lower equivocal and failed
calls. Specifically, marker BAT26 had the least equivocal calls,
was among the lowest for failed calls, and had the highest
sensitivity (94%) and specificity (98%) in identifying MMR pro-
tein deficiency. On the other hand, dinucleotide markers did
not perform as well. MYCL was the least specific, and D5S346
was the least sensitive, marker among the 10-marker panel
(see Supplemental Table S5 at http://jmd.amjpathol.org). The
markers ACTC, D10S197, and D17S250 performed the worst

Figure 4. Distribution of equivocal (A) and no amplification (B) calls for
each of the 10 markers among the 4482 cases with available data on a
minimum four MSI markers. Among equivocal and no amplification calls, the

frequencies are shown for each of the three MSI phenotypes (ie, MSS, MSI-L,
and MSI-H) and the total.

http://jmd.amjpathol.org
http://jmd.amjpathol.org
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in terms of high frequency of equivocal and technically failed
cases.

Evaluation of MSI Groups with Mononucleotide
Markers Only

Because the mononucleotide markers performed bet-
ter in identifying MSI, they were used alone to determine
their ability to distinguish the three MSI phenotypes.
The phenotypes distinguished based on the 10-marker
panel were compared with the phenotypes based on
the four mononucleotide markers alone to determine
the concordance (Table 2). Of the stable group (MSS),
100% were classified correctly with the mononucle-
otide markers (none of the four markers). The MSI-L
group of tumors showed instability in one of the four
mononucleotide markers for 10.7% and no instability
(none of the four markers) for 89.3% of the cases. By
using a cutoff of 50% unstable markers (two of the four
markers), approximately 3% of the MSI-H cases would
be misclassified by using a mononucleotide locus-only
panel. Specifically, 9 (1.7%) of 530 showed instability
in one of four markers and 6 (1.1%) of 530 did not have
any marker instability (none of the four markers). The
clinical features of these cases were randomly distrib-
uted for Colon CFR site, age, sex, and tumor site. Most
had an unequivocal MSI result from a complete set of
10 markers. Five of the six cases with no instability
(none of the four markers) and six of the nine cases
with low instability (one of the four markers) showed no
loss of protein expression (data not shown).

The performance of the mononucleotide marker BAT26
was the most robust among the MSI panel. However, sev-

Table 2. MSI Phenotypes Based on a Zero-, One-, Two-, Three-
Population- and Clinic-Based Cases

MSI phenotypes MSS

CFR all
0 2239 (100.0)
1 0 (0)
2 0 (0)
3 0 (0)
4 0 (0)
Total 2239 (100.0)

Population based
0 2005 (100.0)
1 0 (0)
2 0 (0)
3 0 (0)
4 0 (0)
Total 2005 (100.0)

Clinic based
0 234 (100)
1 0 (0)
2 0 (0)
3 0 (0)
4 0 (0)
Total 234 (100)

Data are given as number (percentage) of each group unless otherw
demonstrate instability; MSI-L, MSI at �30% of loci examined; and MSI-
eral studies have demonstrated a limitation of using this
marker in patients with HNPCC/Lynch syndrome. A large
germline deletion within the MSH2 gene has the potential to
somatically delete the BAT26 MSI marker. Consequently,
the tumor phenotype can be misclassified as MSS when
using this marker alone. The frequency of BAT26 instability
was investigated among MLH1 and MSH2 cases to assess
the usefulness of this marker for the detection of MMR
deficiency. Among all MSI-H cases tested in this study, loss
of MLH1/PMS2 and loss of MSH2/MSH6 were observed in
444 (56.6%) and 150 (19.1%) of 784 tumors, respectively.
The prevalence of BAT26 stability in the MLH1/PMS2 group
was 2.7%, which is much lower than the 10% prevalence in
the MSH2/MSH6 group (P � 0.0004), a difference that may
be explained by the presence of possible deletions in
MSH2 (Table 3).

Evaluation of Tumor Characteristics Based on
MSI Phenotypes

Tumor characteristics, including age at diagnosis, sex,
and tumor site, were compared among the three MSI

r-Mononucleotide Marker Panel versus a 10-Marker Panel in

10-Marker MSI panel

MSI-L MSI-H Total

1 (89.3) 6 (1.1) 2546
6 (10.7) 9 (1.7) 45
0 (0) 27 (5.1) 27
0 (0) 84 (15.8) 84
0 (0) 404 (76.2) 404
7 (100.0) 530 (100.0) 3106

3 (90.7) 5 (1.4) 2283
8 (9.3) 6 (1.6) 34
0 (0) 20 (5.4) 20
0 (0) 54 (14.6) 54
0 (0) 285 (77.0) 285
1 (100.0) 370 (100.0) 2676

8 (77.8) 1 (0.6) 263
8 (22.2) 3 (1.9) 11
0 (0) 7 (4.4) 7
0 (0) 30 (18.8) 30
0 (0) 119 (74.4) 119
6 (100.0) 160 (100.0) 430

ated. MSI phenotypes were as follows: MSS, none of the examined loci
t �30% of loci examined.

Table 3. BAT26 Stability Rates among MSI-H Cases with Loss of
MLH1 and MSH2 Protein Expression

Variable MSI-H* BAT26† P value‡

MLH1�/PMS2� or ND 444 (56.6) 12 (2.7) 0.0004
MSH2�/MSH6� or ND 150 (19.1) 15 (10.0)

�, loss of protein expression; ND, no data.
*Data are given as MSI-H cases with loss of MLH1/PMS2 and MSH2/

MSH6 protein expression and their percentage among all 784 CFR cases
with available MSI and IHC data.

†Data are given as BAT26 stable cases among MSI-H phenotypes with
loss of MLH1/PMS2 and MSH2/MSH6 protein expression and their per-
, or Fou

30
3

33

27
2

30

2

3

centage in the corresponding MSI-H group.
‡By Fisher’s exact test.
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phenotypes. Table 4 shows the frequency of MSI pheno-
types stratified by tumor characteristics among popula-
tion- and clinic-based cases. Across all ages, the pro-
portion of tumors among all cases that showed MSI-L was
similar to cases with MSS, varying between 14% and
31%. However, a significant variation was observed in
MSI-H versus MSS cases (P � 0.0001). Among clinic-
based MSI-H cases, the variation in age distribution dif-
fered significantly (from 6% to 64%), with the highest
proportion in the youngest age group (�50 years). Older
age at diagnosis decreased the likelihood that a given
tumor would be MSI-H in the clinic-based cases (P �
0.0002). In contrast, a younger age of diagnosis de-
creased the likelihood for MSI-H compared with MSS (P �
0.0003) in the population-based cases.

The proportion of MSI-L was relatively similar across
sexes (P � 0.70); however, the proportion of MSI-H cases
in population-based females was significantly higher
(P � 0.0001) than among males. The MSI-H tumors ac-
counted for significantly different proportions of CRCs
across distal and proximal tumor sites (P � 0.0001). High

Table 4. MSI Phenotypes by Age at Diagnosis, Sex, and Tumor

Variables Total

M

MSS

Age at diagnosis (years)
CFR all

�50 1337 856 (28)
51–60 1255 926 (30)
61–70 1291 930 (30)
�70 598 405 (13)

Population based‡

�50 970 701 (25)
51–60 1129 866 (31)
61–70 1203 885 (31)
�70 522 359 (13)

Clinic based
�50 367 155 (51)
51-60 126 60 (20)
61-70 88 45 (15)
�70 76 46 (15)

Sex
CFR all

Female 2132 1428 (46)
Male 2350 1689 (54)

Population based‡

Female 1810 1279 (45)
Male 2014 1532 (55)

Clinic based
Female 322 149 (49)
Male 336 157 (51)

Tumor site
CFR all

Distal 2551 2075 (69)
Proximal 1779 951 (31)

Population based‡

Distal 2233 1872 (68)
Proximal 1504 872 (32)

Clinic based
Distal 318 203 (72)
Proximal 275 79 (28)

*Data are given as number (percentage) of each group.
†By Fisher’s exact test.
‡These cases were overselected for specific criteria at some enrollm

population-based cases. On average, this group has a lower proportion
proportions of distal tumors were observed among MSS
cases, whereas proximal site tumors were much more
common in cases that were MSI-H for both the popula-
tion- and clinic-based cases.

Discussion

The goals of this study were to evaluate the appropriate
percentage instability cutoff in distinguishing the MSI
phenotypes (ie, MSS, MSI-L, and MSI-H); to evaluate the
sensitivity, specificity, and performance characteristics of
individual MSI markers in identifying tumors with dMMR;
to assess the concordance between MSI and IHC phe-
notypes; and to compare the relative findings between
CRCs ascertained in high-risk clinics versus the general
population. Overall, these goals are directed at being
able to correctly identify that particular subgroup of pa-
tients with CRC that has dMMR based on molecular
classification.

Since the initial discovery of MSI,16,39–41 MSI-H tumors
have been defined as having instability in 30% or more to

notypes* P values†

I-L MSI-H MSS MSI-L MSS MSI-H

(29) 339 (39)
(31) 176 (20) 1.00 �0.0001
(27) 227 (26) 0.30 �0.0001
(14) 125 (14) 0.94 0.04

(26) 157 (27)
(33) 121 (21) 0.89 0.0003
(28) 196 (34) 0.32 0.95
(13) 107 (18) 0.93 0.04

(46) 182 (64)
(17) 55 (19) 1.00 0.28
(18) 31 (11) 0.43 0.04
(18) 18 (6) 0.43 0.0002

(45) 481 (55)
(55) 387 (45) 0.70 �0.0001

(45) 338 (58)
(55) 243 (42) 0.76 �0.0001

(46) 143 (50)
(54) 144 (50) 0.79 0.81

(59) 192 (23)
(41) 630 (77) �0.0001 �0.0001

(59) 112 (20)
(41) 459 (80) 0.0002 �0.0001

(58) 80 (32)
(42) 171 (68) 0.04 �0.0001

s; therefore, these numbers are not reflective of an unselected series of
ies with Lynch syndrome than found in the clinic-based cases.
Site

SI phe

MS

142
153
134
68

112
142
122

56

30
11
12
12

223
274

193
239

30
35

284
198

249
173

35
25
40% of the markers tested, whereas MSI-L tumors exhibit
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instability in less than 30% to 40% of the markers.6 Al-
though the distinction between MSI-L and MSS tumors
has been less of an issue, the question of what percent-
age of the markers needs to show instability to best
distinguish MSI-H tumors from MSI-L tumors remains un-
answered because of issues surrounding the effect of
MSI panel selection and case ascertainment biases on
test performance characteristics.

Previous studies8,42–45 have reported several different
cutoffs for the classification of MSI-H, ranging between
30% and 50%. Based on results from the current study,
most MSI tumors [793 (91%) of 868] demonstrated insta-
bility, with at least 50% or more of the markers tested.
Only approximately 3.5% of the cases showed instability
in the range of 40% to 49% and approximately 3% in the
range of 30% to 39%, the two lowest points of overall MSI
distribution. Based on the MSI results alone, the distribu-
tion of cases suggests a cutoff in the range of 30% to
50% for accurately identifying true MSI. However, the
inclusion of IHC results for four of the MMR proteins adds
additional information that can be used to establish an
appropriate cutoff.45,46 With the use of this information, a
cutoff of 30% or greater minimized the number of false-
positive and false-negative results using the IHC results
as the standard. With the use of this cutoff, there were
only two MMR-deficient tumors classified as MSI-L com-
pared with the 21 tumors at the 40% cutoff (see Supple-
mental Table S1 at http://jmd.amjpathol.org). Unfortu-
nately, this analysis does not account for those cases
potentially having dMMR, in which the protein showed
normal expression by IHC but MSI was not available; this
might have shifted the cut point in one direction or the
other.45,47 Based on available data, we define MSI-H as
tumors with 30% or greater of markers showing instability.

As expected, the cases identified by MSI and IHC
were highly concordant when using the cutoff of 30% or
greater, consistent with observations made by oth-
ers.48,49 In the current series, two MSI-L cases (20% and
22% instability) presented with loss of MMR protein ex-
pression, one with MSH2/MSH6 loss and the other with
MLH1/PMS loss. Given that discordances are still pres-
ent, an absolute cutoff for MSI-H will not have 100%
sensitivity and specificity for defining dMMR with the cur-
rent marker panel. Another possible reason for discor-
dances is an unusually low rate of instability because of
technical problems, such as a low percentage tumor in
the extracted DNA. Furthermore, there were a few cases
(n � 84) that were MSI-H, but the IHC testing showed no
loss of protein expression. Approximately 2.7% of the
3964 cases with available IHC data would have been
missed had IHC alone been used for the assessment.

There has been much discussion on the common
working reference panel of microsatellite markers that
best recognize MSI phenotypes.6,47 Distinct performance
characteristics for each of the markers used for MSI test-
ing vary. The marker set used in this study included four
of the five markers originally recommended for the Be-
thesda panel. The fifth marker, D2S123, was excluded in
the current work because of its poor performance in the
early phase of the CFR study. A total of 10 markers were

tested on CFR cases in an effort to define the presence of
MSI-L cases as well. Finally, four mononucleotide repeats
were included to compare the performance characteris-
tics with those of the dinucleotide markers in general.
Based on the data presented, the mononucleotide mark-
ers outperformed the dinucleotide markers. The choice of
mononucleotide markers to define the MSI phenotype
has also been highlighted in the literature.47 In our find-
ings, mononucleotide markers generally had a lower fre-
quency of unequivocal results and technical failures and
they demonstrated a higher sensitivity and specificity for
the detection of the MSI-H group of tumors. The sensitiv-
ity and specificity of individual MSI mononucleotide mark-
ers were 92% and 98%, respectively; these markers per-
formed better in predicting the IHC cases correctly, along
with the MSI-H cases, as discussed in an earlier study.36

The sensitivity and specificity of the Bethesda panel (two
mononucleotide and three dinucleotide markers)6 were
77% and 97%, respectively. In addition, there was a
greater degree of variability with the dinucleotide mark-
ers, with MYCL being the least productive.

The mononucleotide marker BAT26 has been specific
and sensitive in identifying MSI-H cases.8,45,50,51 Among
all samples, 91% of the MSI-H cases demonstrated in-
stability at this locus. With 94% sensitivity and 98% spec-
ificity for the identification of tumors with MMR deficiency,
BAT26 is the best single marker to distinguish MSI-H.
However, the use of this locus alone has limitations. Ini-
tially, Pastrello et al52 reported that 68% of the tumors
from 10 HNPCC/Lynch families showed stability of
BAT26, even though all developed unstable tumors. Their
findings concluded that stability of BAT26 was because
of the large intragenic MSH2 deletion in exon 5, causing
complete absence of BAT26 sequences in the tumors.
The association between BAT26 stability and MSH2 de-
letion was confirmed by Jaskowski et al.53 Our findings
support these earlier studies showing that screening
HNPCC/Lynch syndrome tumors with BAT26 has sig-
nificant limitations. Therefore, running other or addi-
tional mononucleotide markers has been recom-
mended to correctly detect such cases.7

The importance of MSI and IHC status of CRC tumors
in correlation with age, sex, and site has been reported in
several previous studies.8,16,27,34 Results presented in
the current study are consistent with these other reports.
MSI-H tumors were more frequent in older population-
based cases and in younger clinic-based cases. Among
all patients, MSI-H tumors were more likely to occur in the
proximal colon in both the population- and clinic-based
cases. Sex differences were more pronounced in popu-
lation-based cases, in which MSI-H tumors were much
more common in female than in male patients.

The heterogeneity of the population studied, the heter-
ogeneity of mutations occurring in the MLH1 gene,54 the
presence of large deletions in MSH2,52,53 and technical
issues (eg, quality and quantity of the biospecimen and
weak antibody staining)38 are important factors affecting
the quality, sensitivity, and specificity of both MSI and
IHC testing. MSI markers performed equally well in clinic-
and population-based cases.

There are several strengths to this study that add sig-

nificantly to what is already understood about MSI and

http://jmd.amjpathol.org


280 Cicek et al
JMD May 2011, Vol. 13, No. 3
MMR immunostaining analysis in patients with CRC. The
Colon CFR is the world’s largest CRC biospecimen col-
lection with existing baseline testing for MSI and IHC.
Both population- and clinic-based patient samples were
tested with standardized protocols across CFR sites. The
weaknesses of the study include case-only study design
and missing information that led to exclusion of some
valuable samples. Finally, the frequency of PMS2-only
loss is likely to be underestimated because staining for
this protein was not performed by one of the sites.

In summary, the present study reports overall perfor-
mance of MSI markers in determining colon dMMR phe-
notype among both population- and clinic-based cases
in the large Colon CFR registry. The current data provide
strong evidence that a cutoff of 30% of the markers
should be used to classify colon tumors as MSI-H. The
sensitivity and specificity of the mononucleotide markers
were higher than those of the dinucleotide markers, and
mononucleotide markers alone identified 97% of the
MSI-H cases correctly.
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