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Abstract. Determining whether a tumor exhibits microsatellite instability (MSI) is useful in identifying patients with heredi-
tary non-polyposis colorectal cancer and sporadic gastrointestinal cancers with defective DNA mismatch repair (MMR). The
assessment of MSI status aids in establishing a clinical prognosis and may be predictive of tumor response to chemotherapy. A
reference panel of five markers was suggested for MSI analysis by a National Cancer Institute (NCI) workshop in 1997 that has
helped to standardize testing. But this panel of markers has limitations resulting from the inclusion of dinucleotide markers,
which are less sensitive and specific for detection of tumors with MMR deficiencies compared to other types of markers that are
currently available. This study demonstrates that mononucleotides are the most sensitive and specific markers for detection of
tumors with defects in MMR and identifies an optimal panel of markers for detection of MSI-H tumors. A set of 266 mono-,
di-, tetra- and penta-nucleotide repeat microsatellite markers were used to screen for MSI in colorectal tumors. The best markers
for detection of MSI-H tumors were selected for aMSI Multiplex System, which included five mononucleotide markers:BAT-25,
BAT-26, NR-21, NR-24 andMONO-27. In addition, two pentanucleotide markers were added to identify sample mix-ups and/or
contamination. We classified 153 colorectal tumors using the new MSI Multiplex System and compared the results to those
obtained with a panel of 10 microsatellite markers combined with immunohistochemical (IHC) analysis. We observed 99% con-
cordance between the two methods with nearly 100% accuracy in detection of MSI-H tumors. Approximately 5% of the MSI-H
tumors had normal levels of four MMR proteins and as a result would have been misclassified based solely on IHC analysis,
emphasizing the importance of performing MSI testing. The newMSI Multiplex System offers several distinct advantages over
other methods of MSI testing in that it is both extremely sensitive and specific and amenable to high-throughput analysis. The
MSI Multiplex System meets the new recommendations proposed at the recent 2002 NCI workshop on HNPCC and MSI testing
and overcomes problems inherent to the original five-marker panel. The use of a single multiplex fluorescent MSI assay reduces
the time and costs involved in MSI testing with increased reliability and accuracy and thus should facilitate widespread screening
for microsatellite instability in tumors of patients with gastrointestinal cancers.
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1. Introduction

The majority of tumors from patients with hereditary
non-polyposis colorectal cancer (HNPCC also known
as Lynch syndrome) and approximately 15% of spo-
radic colorectal tumors exhibit microsatellite instabil-

∗Corresponding author: Jeff Bacher, Ph.D., Promega Corporation,
2800 Woods Hollow Road, Madison, WI, 53711-5399, USA. Tel.:
+1 608 277 2608; E-mail: jeff.bacher@promega.com.

ity (MSI), which is characterized by alterations in the
length of short tandem repeats in tumor DNA [1,16,44].
Microsatellite instability is caused by DNA mismatch
repair (MMR) deficiency and subsequent failure to re-
pair errors introduced during replication of DNA [6,11,
22]. Repetitive DNA sequences like microsatellites are
especially prone to errors during DNA replication. The
analysis of their stability combined with the analysis
of DNA MMR proteins’ levels by immunohistochem-
istry (IHC) provides a sensitive and specific method for
identifying tumors with defective DNA mismatch re-
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pair. The MSI status of a tumor is predictive of clinical
outcome and may also be predictive of tumor response
to adjuvant therapies [9,13,28–30,35,37,39,47,49].

In 1997, a National Cancer Institute sponsored work-
shop recommended a panel of five microsatellite mark-
ers for detection of MSI consisting of two mononu-
cleotide markers (BAT-25 andBAT-26) and three dinu-
cleotide repeats (D2S123, D5S346 andD17S250). This
panel of markers is referred to as the Bethesda panel [5].
Tumors with instability in two or more of these mark-
ers are defined as MSI-High (MSI-H), whereas those
with one unstable marker are designated as MSI-Low
(MSI-L). Tumors with no detectible alterations are sta-
ble (MSS). The Bethesda panel of markers provides a
uniform set of markers and criteria for tumor classifi-
cation that has helped standardize MSI analysis. This
panel of markers does, however, have some limitations
that were detailed at a 2002 NCI workshop that revised
recommendations for MSI testing (46). These limita-
tions are a result of including dinucleotide repeats in
the panel, as they are less sensitive and less specific
for detection of tumors with MMR deficiencies than
mononucleotides and can result in misclassification of
MSI-L tumors as MSI-H. In addition, interpretation
of allelic profiles using dinucleotide repeats is compli-
cated by the presence of stutter, which is a PCR artifact
produced by repeat slippage during amplification.

Current evidence suggests that only the MSI-H phe-
notype is associated with HNPCC and sporadic tumors
with MMR defects and that there may be molecular
and clinopathological differences between MSI-H and
MSS/MSI-L colorectal cancers [references]. As com-
pared to MSS tumors, MSI-H tumors are more likely
to occur in individuals with a positive family history of
colorectal cancer, to arise in the right colon, to occur in
women, and to be associated with a favorable progno-
sis [25,26,28,32,39,40,44,49]. MSI-H tumors are more
likely to have mutations in genes with short repetitive
tracts includingTGF-βRII, BAX, IGF2R genes [27,30,
32,34,42,50] and less likely to have loss ofAPC [1,15,
31,38] or have mutations in p53 [1,7,24,31,38,41] and
K-ras genes [1,24,31,38]. Tumors with MSI-H pheno-
type are usually diploid or nearly diploid as opposed to
MSS/MSI-L tumors that are typically aneuploid [18].
At the morphological level, MSI-H tumors are charac-
teristically mucinous, poorly differentiated and show
lymphocytic infiltration [17,18,20,36].

While the distinction between MSI-H and MSI-L
tumors is generally accepted, the separation between
MSI-L and MSS groups remains controversial [14,
21,23,45]. Most non-MSI-H colorectal tumors ex-

hibit some low level of instability if enough markers
are used. Halford and colleagues reported that 68%
of sporadic non-MSI-H tumors displayed instability
in at least one marker when 44 microsatellite mark-
ers were tested [14]. Similarly, Laiho and colleagues
found 79% ofBAT-26 stable tumors were MSI-L us-
ing 377 dinucleotide repeats [21]. Further, MSI analy-
sis with different sub-sets of microsatellite markers re-
sulted in identification of almost totally different MSI-
L groups. While it was suggested that MSI-L is a real
phenomenon and a quantitative trait, no evidence was
found of a discrete MSI-L group or association between
MSI-L and any clinopathological feature. It remains
unclear whether MSI-L is caused by some specific un-
derlying defect or results from the process of carcino-
genesis in general, such as random microsatellite slip-
page accompanied by clonal expansion.

Therefore, we focused our efforts on distinguishing
between tumors with the MSI-H phenotype, a well-
established subgroup of colorectal cancers with a char-
acterized underlying cause, and non-MSI-H tumors.
Our goals were to improve on the existing panel of MSI
markers described by Boland and colleagues to signif-
icantly increase the throughput and accuracy of MSI
tests [5]. We identified an optimal set of markers that
providedmaximal sensitivity and specificity for MSI-H
tumors lacking expression of one or more MMR genes
and incorporated them into a multiplex fluorescent as-
say for simple, rapid and accurate detection of MSI-H
tumor phenotype.

2. Material and methods

2.1. DNA samples

The three different sets of colorectal tumor and
matching normal samples used in this study were
derived from samples collected at the Mayo Clinic
(Rochester, MN), with the exception of sample set
A that also contained blood and tissue samples ob-
tained through the Cooperative Human Tissue Network
(Columbus, OH). Sample set A consisted of 35 MSI-H
and 30 non-MSI-H pairs, sample set B consisted of 49
MSI-H and 114 non-MSI-H pairs and sample set C con-
sisted of 72 MSI-H and 81 non MSI-H pairs. DNA from
tumor samples was isolated from paraffin-embedded
material and corresponding normal DNA was derived
from peripheral blood as described elsewhere [23].

Genomic DNA from 177 Caucasian-American, 236
African-Americanand 127 Asian-American healthy in-
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dividuals was obtained from the BODE Technologies
Group (Springfield, VA) and genotyped to determine
allelic size ranges and allele frequencies forBAT-25,
BAT-26, NR-21, NR-24 andMONO-27 markers. The
frequency of germline mutations in a selected group
of microsatellite markers was estimated by analyzing
200–300 healthy parent-child kindreds also obtained
from BODE Technologies Group.

2.2. MSI and IHC analysis

The MSI status of all tumor DNA samples ana-
lyzed in this study had been previously determined
with a panel of 10 microsatellite markers including
mononucleotidesBAT-25, BAT-26, BAT-40, BAT34c4,
dinucleotidesD5S346, D17S250, ACTC, D18S55,
D10S197 and a complex penta-tetra-mononucleotide
repeat markerMYCL1. In addition, the status of mis-
match repair proteins was determined by immunohis-
tochemistry assays either for MLH1 and MSH2 in sam-
ple set A, or for MLH1, MSH2 and MSH6 in samples
sets B and C. IHC assay for PMS2 was performed on
sample set C in cases where loss of the other MMR pro-
teins was not observed. Immunohistochemicalanalysis
revealed a lack of MLH1, MSH2, MSH6 or PMS2 pro-
teins in 63%, 25%, 9% and 2% of MSI-H tumor sam-
ples tested, respectively. MSI assays and IHC analysis
were carried out as described by Lindoret al. [23].

We evaluated a total of 266 mono-, di-, tetra- and
penta-nucleotide repeat microsatellite loci for sensitiv-
ity to MSI. Microsatellite markers screened for MSI in-
cluded: (a) 7 mononucleotide repeats including,BAT-
25, BAT-26, BAT-34c4, BAT-40, NR-21, NR-24 and
MONO-27 [8,43], (b) 6 dinucleotide markers from
the Bethesda panel of markers including,D2S123,
D5S346, D17S250, ACTC, D18S55 andD10S197 [5,
23], (c) 245 tetranucleotide repeat markers from the
Research Genetics CHLC/Weber Human Screening Set
Version 9.0 (Research Genetics, Huntsville, AL) plus
MYCL1, and (d) 8 pentanucleotide repeats including,
TP53-penta andPenta A, B, C, D, E, F, andG mark-
ers [2,3,8]. All markers have been described previously
except,MONO-27 (Genbank accession #AC007684),
which was identified by screening Genbank DNA se-
quence database. PCR and gel electrophoresis of mark-
ers from the CHLC/Weber Human Screening Set Ver-
sion 9.0 were amplified following the manufacturer’s
protocol. All other markers were amplified in 25µl
PCR reactions using 2.5µl GoldST�R 10X Buffer
(Promega, Madison, WI), 0.1-1µM each primers,
0.05µl AmpliTaq Gold DNA Polymerase (5Units/µl)

(Perkin Elmer, Wellesley, MA) per locus and 1-2ng
DNA. PCR was performed on a PE 9600 Thermal Cy-
cler using cycling profile: 1 cycle 95◦C for 11 minutes;
1 cycle 96◦C for 1 minute; 10 cycles 94◦C for 30 sec-
onds, ramp 68 seconds to 56◦C, hold for 30 seconds,
ramp 50 seconds to 70◦C, hold for 45 seconds; 20 cy-
cles at 90◦C for 30 seconds, ramp 60 seconds to 56◦C,
hold for 30 seconds, ramp 50 seconds to 70◦C, hold for
45 seconds; 60◦C for 30 minutes final extension; 4◦C
hold.

Separation and detection of amplified fragments was
performed on an ABI PRISM� 310 or 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA) fol-
lowing the manufacturer’s protocol. Data was analyzed
with GeneScan Analysis and Genotyper Software pack-
ages from Applied Biosystems to identify predominate
allele size for each locus. Allelic patterns or genotypes
for normal and tumor pairs were compared and scored
as MSI positive if one or more different alleles were
present in the tumor DNA samples that were not found
in normal samples from the same individual.

The classification of microsatellite instability was
based on guidelines suggested by a National Cancer
Institute workshop [5]. Using the 5-locus Bethesda
panel of microsatellite markers, tumor samples with
40% MSI were classified as MSI-high (MSI-H), less
than 40% as MSI-low (MSI-L), and no alterations were
classified as microsatellite-stable (MSS). If more than
5 markers are to be used, MSI-H group was defined
as tumors having MSI at 30% or more of the markers
tested, whereas the MSI-L tumors exhibit MSI in 1–
29% of the markers.

2.3. Multiplex analysis

MSI multiplex analysis was performed using 1–2ng
of template DNA in a 25µl PCR reaction using the
following protocol: 17µl nuclease free water, 2.5µl
GoldST�R 10X Buffer (Promega), 2.5µl 10X mul-
tiplex primer mix, 0.5µl AmpliTaq Gold DNA Poly-
merase at 5Units/µl and 2.5µl DNA at 0.4–0.8ng/µl.
PCR was performed on a PE 9600 Thermal Cycler us-
ing cycling profile: 1 cycle 95◦C for 11 minutes; 1 cy-
cle 96◦C for 1 minute; 10 cycles 94◦C for 30 seconds,
ramp for 68 seconds to 56◦C, hold for 30 seconds, ramp
50 seconds to 70◦C, hold for 45 seconds; 20 cycles at
90◦C for 30 seconds, ramp for 60 seconds to 56◦C,
hold for 30 seconds, ramp 50 seconds to 70◦C, hold for
45 seconds; 60◦C for 30 minutes final extension; 4◦C
hold.
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Table 1
Sensitivity and specificity of microsatellite markers for MSI-H tumors

Locus Repeat type Genbank accession Sensitivity Specificity Sample set
number

BAT-40 Mono M38180 100% (118/118) 95% (188/198) B & C
MONO-27 Mono AC007684 98% (107/109) 100% (177/177) B & C
NR-21 Mono XM 033393 99% (64/65) 100% (74/74) C
BAT-25 Mono U63834 96% (115/120) 99.5% (187/188) B & C
BAT-26 Mono U41210 93% (111/120) 100% (194/194) B & C
NR-24 Mono X60152 92% (56/61) 100% (73/73) C
BAT-34c4 Mono – 92% (102/111) 99.5% (188/189) B & C

Mean 96% 99%
D2S123 Di Z16551 91% (31/34) 86% (25/29) A
D18S55 Di Z16621 90% (88/98) 97% (182/188) B & C
D10S197 Di Z16611 89% (88/99) 96% (171/179) B & C
D17S250 Di X54562 88% (93/106) 93% (170/182) B & C
ACTC Di NM 005159 84% (93/111) 95% (184/193) B & C
D5S346 Di NM 005669 81% (91/112) 98% (188/192) B & C

Mean 87% 94%
D3S2432 Tetra G08240 76% (32/42) 98% (80/82) B
D7S3070 Tetra G27340 74% (35/47) 95% (105/111) B
D7S3046 Tetra G10353 68% (27/40) 98% (92/94) B
D7S1808 Tetra G08643 67% (31/46) 98% (112/114) B
D10S1426 Tetra G08812 61% (28/46) 95% (105/111) B

Mean 69% 97%
Penta-E Penta – 57% (16/28) 100% (29/29) A
Penta-B Penta – 43% (12/28) 96% (27/28) A
Penta-D Penta AC000014 35% (30/87) 100% (104/104) A & C
Penta-A Penta – 31% (9/29) 100% (29/29) A
Penta-F Penta – 21% (6/29) 100% (29/29) A
Penta-G Penta Z83847 21% (6/29) 97% (28/29) A
Penta-C Penta AL138752 14% (12/87) 98% (100/102) A & C
TP53-penta Penta – 14% (4/29) 97% (28/29) A

Mean 27% 99%
MYCL1 Complex 80% (94/117) 85% (164/192) B & C

Sensitivity is defined as the percent of MSI-H samples with MSI
Specificity is defined as the percent non-MSI-H samples in which that marker was stable
Data Set A= MSI-H (N = 35), non MSI-H (n = 30)
Data Set B= MSI-H (N = 49), non MSI-H (n = 114)
Data Set C= MSI-H (N = 74), non MSI-H (n = 81).

Small pool PCR was also performed with the MSI
multiplex using 6pg genomic DNA (roughly 1 genome
equivalent), as determined by PicoGreen dsDNA Quan-
titative Kit (Molecular Probes, Eugene OR) following
the manufacturer’s protocol. The approximate number
of genome equivalents were estimated by amplifying
increasing amounts of (0.1–1µl) of a 10pg/µl DNA
dilution in a total of 10 PCR reactions, followed by
Poisson analysis of the number of reactions positive
and negative for a given marker [51]. Small pool PCR
was carried out in 10µl reactions by proportionally re-
ducing the PCR reaction components described above
for the MSI Multiplex and by increasing the number of
PCR cycles to 35. Capillary electrophoresis and sam-
ple analysis was as describe above except, GeneScan
(Applied Biosystems) data was imported into a Geno-
typer software (Applied Biosystems) macro developed
for the MSI Multiplex System to automate genotyp-

ing of samples, including assigning locus names, al-
lele sizes and to compare matching normal and tumor
sample pairs for shifts in allele sizes.

2.4. Allele frequency determinations

Allele size ranges for all loci included in MSI mul-
tiplex were determined by genotyping at least 540 nor-
mal DNA samples from individuals from three differ-
ent racial groups (African-American, Asian-American,
and Caucasian-American) using the MSI Multiplex
System. Genotypes were determined for mononu-
cleotide repeat lociBAT-25, BAT-26, MONO-27, NR-21
andNR-24 to calculate allele frequencies and percent
heterozygosity.
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Table 2
Germline and somatic mutation frequencies

Germline mutation frequency Somatic mutation frequency in non-MSI-H tumors
Locus Repeat Number alleles Number mutants Mutation rate Number alleles Number mutants Mutation rate

BAT-25 Mono 560 0 < 1.8 × 10−3 576 2 3.4× 10−3

BAT-26 Mono 560 0 < 1.8 × 10−3 606 0 < 1.7 × 10−3

MONO-27 Mono 560 0 < 1.8 × 10−3 420 0 < 2.4 × 10−3

BAT-40 Mono 534 2 3.7 × 10−3 436 10 2.3× 10−2

D2S123 Di 534 0 < 1.9 × 10−3 60 4 6.7× 10−2

D5S346 Di 534 0 < 1.9 × 10−3 525 4 7.6× 10−3

D17S250 Di 534 0 < 1.9 × 10−3 426 13 3.1× 10−2

D7S1808 Tetra 560 0 < 1.8 × 10−3 290 2 6.9× 10−3

D7S3046 Tetra 560 0 < 1.8 × 10−3 250 4 1.6× 10−2

D7S3070 Tetra 560 1 1.8 × 10−3 284 7 2.5× 10−2

D10S1426 Tetra 560 0 < 1.8 × 10−3 284 9 3.2× 10−2

MYCL1 Tetra 534 0 < 1.9 × 10−3 386 36 9.3× 10−2

2.5. Mutation studies

Germline mutation frequency was determined for
selected mononucleotides (BAT-25, BAT-26, BAT-
40, MONO-27), dinucleotides (D2S123, D5S346,
D17S250), tetranucleotides (D3S2432,D7S1808, D7S3
046, D7S3070, D10S1426 and MYCL1) by pedigree
analysis of up to 280 healthy parent-child pairs. Parent-
age of all parent-child kindreds was confirmed by anal-
ysis with PowerPlex�16 (Promega) which provided
paternity/maternity indices exceeding a million to one
in favor of parentage for each kindred. Somatic mu-
tations frequencies were estimated by MSI analysis of
non-MSI-Hhigh tumor DNA samples with normal mis-
match repair protein expression.

3. Results

3.1. Screening microsatellite markers

Several criteria were used to select the best markers
for MSI analysis, including sensitivity, specificity, ease
of interpretation and percent stutter. Sensitivity of a
marker was defined as the percent of MSI-H samples
in which that marker was unstable, whereas specificity
of a marker was defined as the percent of non-MSI-
H samples (MSS and MSI-L) in which that marker
was stable. Stutter products are PCR artifacts that are
generated by polymerase slippage during amplification
of short tandem repeat sequences that differ in size from
the actual allele by one or more repeat units.

Markers showing the highest sensitivity and speci-
ficity for each of the different repeat types are summa-
rized in Table 1. By far the most sensitive and specific
markers were the mononucleotides, showing between

92 and 100% sensitivity and 99.5 to 100% specificity
for MSI-H samples. The order of sensitivity observed
was mononucleotides, dinucleotides, tetranucleotides
then pentanucleotides with an average of 96%, 87%,
69% and 27% of MSI-H tumors exhibiting instabil-
ity, respectively. The ranking for specificity was dif-
ferent, with mononucleotide markers showing an av-
erage of 99% specificity (excludingBAT-40), followed
by pentanucleotide markers at slightly less than 99%,
tetranucleotides at 97% and dinucleotides at 94% speci-
ficity. Dinucleotide markersD2S123 andD17S250 and
tetranucleotide markerMYCL1 exhibited lowest speci-
ficities for MSI-H. This observation was also reported
by Whitehallet al. (2001) who found thatMYCL1 and
D2S123 were the most commonly mutated microsatel-
lite loci in MSI-L cancers, showing MSI in 67% (28/42)
and 24% (10/42) of MSI-L tumors, respectively [48].

Two qualities of microsatellite markers that affect
the ease of interpreting allelic profiles are the amount
of stutter product generated during PCR amplification
and heterozygosity. In general, loci with shorter repeat
units have a higher incidence of stutter (Fig. 1). For
example, mononucleotide markersBAT-25 andBAT-26
had stutter peaks at the N-1 position (1bp or one re-
peat unit less that actual allele peak) that were on av-
erage 79% and 72% as high as the actual allele peak.
Dinucleotide markersD5S346, D17S250 andD2S123
had stutter peaks at N-2 position that were on average
35%, 49% and 53% as high as the actual allele peaks.
In comparison, tetranucleotide repeat lociD10S1426,
D7S1808 andD7S3046 had N-4 stutter peaks averag-
ing of 6–7%, and pentanucleotide lociPenta-D, Penta-
C and Penta-E had N-5 stutter peaks all averaging less
than 1%. The amount of stutter clearly affects ease
of scoring as demonstrated by MSI analysis with high
stutter dinucleotide and low stutter tetranucleotides
(Fig. 2). But unfortunately the more stable tetra- and
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Fig. 1. Effect of microsatellite repeat unit length on stutter (repeat slippage). DNA samples were amplified using fluorescently labeled primers
for mono- (BAT-40), di- (D5S346), tri- (TBP), tetra- (D5S818) and pentanucleotide microsatellite repeat loci (Penta D). Stutter is observed more
frequently with shorter repeat unit length.

pentanucleotide repeats generally displayed lower sen-
sitivity for MSI. Another factor that affects ease of
genotyping is heterozygosity. Genotyping DNA from
homozygous individuals is easier than from a heterozy-
gous individual. Dinucleotide repeats exhibited both
high levels of stutter and heterozygosity. By contrast,
mononucleotides were nearly monomorphic and allelic
shifts in MSI-H tumors were generally large, making
MSI analysis relatively straightforward.

3.2. Somatic and germline mutation rates

Dinucleotide and tetranucleotide repeats were fre-
quently altered in non-MSI-H tumor samples exhibit-
ing normal levels of MMR protein staining in IHC as-
says. We estimated the frequency of somatic mutations
in up to 303 non-MSI-H tumor samples with normal
IHC (Table 2). Elevated somatic mutation rates were
observed for most di- and tetranucleotide repeats tested
and for mononucleotide markerBAT-40. The greatest
increase in mutation rates were observed inMYCL1
andD2S123 markers, with 19% and 13% non-MSI-H
tumors showing mutations, respectively.

We speculated the reduced specificity of some mi-
crosatellite repeats reflects higher spontaneous muta-
tion rates of these markers. We tested this hypothesis
by genotyping 208 parent-child kindreds for germline
mutations in mononucleotide markers (BAT-25, BAT-
26, BAT-40 and MONO-27), dinucleotide markers
(D2S123, D5S346 and D17S250), tetranucleotide
markers (D3S2432, D7S1808, D7S3046, D7S307 and
D10S1426) and one complex penta/tetra/mono marker
(MYCL1). One germline mutation was observed out of
560 alleles at tetranucleotide markerD7S3046 and two

mutations out of 534 alleles were observed at mononu-
cleotide markerBAT-40 (Table 2). This data does not
support an association between high somatic mutation
frequency in non-MSI-H tumors and higher germline
mutations frequencies, except forBAT-40. Germline
hypermutability of theBAT-40 poly-A tract was also
observed by Bacon and colleagues (2001)who reported
mutations in 7% of germline allele transmissions and
suggested that stable markers may be too sensitive to
provide the specificity needed for MSI testing [4].

We predict that MSI-L tumors could be misclassified
as MSI-H if microsatellite markers with lower speci-
ficity are used. In our study the average percent of din-
ucleotide markers found mutated in non-MSI-H tumors
with normal IHC was 6% (Table 1). Thus, the estimated
background mutation frequency for any two of these
dinucleotide markers in all colorectal tumors is approx-
imately 0.4%. At this background mutation frequency,
around 3% of MSI-H tumors could be misclassified us-
ing a panel of five markers containing two dinucleotide
markers with 94% specificity. To test this hypothe-
sis, we analyzed a set of colorectal tumors (sample set
A) using the Bethesda panel and observed 1 out of 30
(3%) non-MSI-H tumor samples with mutations in both
D2S123 andD17S250. This sample would have been
incorrectly misclassified as MSI-H using the Bethesda
guidelines as indicated by subsequent analysis show-
ing stability at nine other markers and normal IHC. By
contrast, the chance of misclassifying MSI-L samples
as MSI-H using the five mononucleotide markers in the
MSI Multiplex System based on our specificity data
is virtually nonexistent, since onlyBAT-25 was altered
in non-MSI-H samples and this occurred in only 0.5%
(1/188) of the samples.
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Fig. 2. MSI analysis with dinucleotide and tetranucleotide markers. Allelic profiles resulting from amplification of tetranucleotide repeat markers
were simpler to interpret than were those of dinucleotide markers because of lower stutter. Matching normal and MSI-H tumor samples were
amplified with tetranucleotide markerD7S1808 (A) and dinucleotide markerD17S250 (B) loci. A second matching pair of normal and MSI-H
tumor samples were amplified with tetranucleotideD7S3070 (C) and dinucleotideD2S123 (D) marker. New alleles present in MSI-H sample
(bottom panels) are indicated with an arrow. High stutter in dinucleotide markers complicated MSI analysis, especially when shifted alleles were
the same size as stutter peaks.

3.3. Construction and evaluation of the fluorescent
MSI Multiplex System

Five mononucleotide repeat markers were selected
for multiplexing based upon the characteristics of the
different classes of repeat markers and the variation
in the sensitivity and specificity of particular mark-

ers. Information about the mononucleotide markers
BAT-25, BAT-26, NR-21, NR-24 and MONO-27 in-
cluded in theMSI Multiplex System is given in Table 3.
These five mononucleotide markers were found to be
the most sensitive and specific for detection of MSI-H
tumors. In addition, these markers were found to be
nearly monomorphic, which simplifies interpretation
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of allelic patterns when only a single allele is present
in normal DNA and offers the possibility of perform-
ing MSI assays without the need for matching normal
samples [43]. Two polymorphic pentanucleotide re-
peats,Penta-C andPenta-D, were included in multi-
plex to detect potential sample mix-ups and/or contam-
ination problems that might not be apparent when us-
ing only the nearly monomorphic markers. A match-
ing probability between 1:10 and 1:16 was calculated
for Penta-C, and between 1:18 and 1:33 forPenta-D
based upon allele frequency data [2]. Matching proba-
bility is the average number of people you would have
to survey before you would find the same allelic pat-
tern as a randomly selected individual. Using both
pentanucleotide markers increases the matching prob-
ability such that only 0.2 to 0.6% of individuals will
have the same allelic profile (depending upon ethnic
background). Polymorphic pentanucleotide markers
were selected instead of di- and tetranucleotides be-
cause pentanucleotides are the most stable repeat type
in mismatch repair deficient cells, making sample iden-
tification less ambiguous. The pentanucleotide repeat
markers were not used in determining MSI status.

PCR primers for the multiplex were designed to al-
low robust co-amplification all markers in a single PCR
reaction without generation of non-specific products.
Fluorescently labeled PCR products were resolved by
size and color by fluorescent capillary electrophoresis
with AB 310 or 3100 Genetic Analyzers. An example
of a GeneScan (Applied Biosystems) electropherogram
showing a typical allelic pattern resulting from ampli-
fication of normal DNA or MSS tumors with the MSI
Multiplex System is shown in Fig. 3. All PCR prod-
ucts observed for the mononucleotide markers were
less than 160bp, allowing robust amplification of frag-
mented DNA extracted from most paraffin-embedded
tissues.

3.4. Allele size ranges and frequencies

Genomic DNA from 177 Caucasian-American, 236
African-American and 127 Asian-American healthy
individuals was genotyped to determine allelic size
ranges to confirm there was no overlap between mark-
ers (Table 3). The common allele size forNR-21, BAT-
26, BAT-25, NR-24 and MONO-27 markers was 98,
113, 120, 130 and 150bp, respectively. PCR products
ranged from 98 to 160bp for all mononucleotide mark-
ers, and between 137 and 209bp for all pentanucleotide
markers. There was sufficient size difference between

markers to prevent overlap even with shortened alleles
observed in MSI-H samples.

We examined allele frequencies and heterozygosity
levels for MSI multiplex makers in 540 individuals to
determine whether they were sufficiently monomor-
phic to distinguish between mutations and polymor-
phisms if only tumor samples were used in MSI analy-
sis (Table 4). The most polymorphic population exam-
ined was the African-American group and, therefore,
this ethnic background would have the highest like-
lihood of being heterozygous for the mononucleotide
markers [33,43]. The percent heterozygosity forBAT-
25, BAT-26, MONO-27, NR-21 and NR-24 markers
in the African-American population (n = 236) was
16.1%, 10.9%, 2.5%, 2.2% and 0.9%, respectively.
Based on these data, the highest proportion of African-
American individuals that are heterozygous for two
mononucleotide markers,BAT-25 andBAT-26, would
be 1.8%. The highest proportion of individuals het-
erozygous for the three markers,BAT-25, BAT-26 and
MONO-27, would be 0.04%. When we only consid-
ered heterozygotes that differed by� 3bp, the percent
heterozygosity values lowered to 11.5%, 9.6%, 0.9%,
1.3% and 0.9% forBAT-25, BAT-26, MONO-27, NR-21
andNR-24, respectively. This reduced the predicted
frequencyof individuals heterozygous for two markers,
BAT-25 andBAT-26, to 1.1%, and for three markers,
BAT-25, BAT-26 andNR-24, to 0.014%.

The majority of allelic variation in mononucleotide
markers was within 3bp of the most common allele. To
test whether this variation reflected real differences is
allele sizes, or was due to run-to-run differences in siz-
ing, we looked at consistency of sizing between mul-
tiple ABI 3100 runs of the same PCR product. Allele
sizes were uniform across runs with the exception of
a small number of alleles that had two major peaks of
similar height differing in size by 1bp. Small pool PCR
analysis of the ambiguously sized alleles revealed that
small variations in sizing of mononucleotide markers
can occur in individuals heterozygous for alleles that
differ in size by a few base pairs and we hypothesize
that random events could result in unequal amplifica-
tion and subsequent variation in the prominent allele.
Thus, only shifts of 3 bp or more should be consid-
ered mutants to avoid confusion with natural low-level
polymorphic variation in this type of marker.

3.5. Determination of MSI tumor phenotype with the
MSI Multiplex System

Multiplex MSI analysis was performed on a set of
72 MSI-H and 81 non MSI-H matching tumor/normal
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Table 3
PCR product sizes and respective fluorescent dyes for loci contained in the MSI Multiplex System

Locus name Genebank number Gene Repeat motif Size range (bp) Fluorescent label

NR-21 XM 033393 SLC7A8 (A)21 94–101 JOE
BAT-26 U41210 MSH2 (A)26 103–115 FL
BAT-25 L04143 c-kit (A)25 113–124 JOE
NR-24 X60152 ZNF-2 (A)24 130–133 TMR
MONO-27 AC007684 MAP4K3 (A)27 142–154 JOE
Penta C AL138752 – (AAAAG)3−15 143–194 TMR
Penta D AC000014 – (AAAAG)2−17 135–201 FL

Fig. 3. MSI analysis of normal DNA samples with theMSI Multiplex System. The fluorescentMSI Multiplex System contains five nearly
monomorphic mononucleotide repeat loci (BAT-25, BAT-26, MONO-27, NR-21 andNR-24) that are very sensitive and specific for instability in
MSI-H tumors. In addition, two polymorphic pentanucleotide repeats (Penta-C andPenta-D) are included as internal controls to identify sample
mix-ups and/or contamination problems. One nanogram of template DNA was amplified using fluorescently labeled primers in a single PCR
reaction and products analyzed on an ABI 3100 capillary electrophoresis instrument.

pairs (sample set C) that had been previously charac-
terized for MSI status using a panel of 10 microsatel-
lite markers and by IHC analysis for MLH1, MSH2,
MSH6 and PMS2 A typical example of shifts in allele
sizes observed in MSI-H samples is shown in Fig. 4.
There was 97% (70/72) concordance between the MSI

classification using theMSI Multiplex System and the
10-marker panel for the MSI-H group of specimens.
One of these samples was unstable for 4 of 8 informa-
tive markers with the 10-marker panel (3 dinucleotide
markers andBAT-40) and exhibited no instability with
the MSI Multiplex System. This sample had normal
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Table 4
Allele Frequencies for mononucleotide markers in the MSI Multiplex System

NR-21 MONO-27
Size (bp) Caucasian African Asian Size (bp) Caucasian African Asian

94 1 2 8 142 0 1 0
95 1 0 0 143 0 0 0
96 0 3 0 144 0 0 0
97 0 60 0 145 0 0 0
98 27 100 14 146 0 0 0
99 134 62 89 147 0 0 0

100 14 9 23 148 0 3 0
101 1 0 1 149 59 88 42
Total 178 236 135 150 107 141 83

BAT-26 151 5 4 1
Size (bp) Caucasian African Asian 152 1 1 0

103 0 23 0 153 0 0 0
104 0 0 0 154 0 1 0
105 0 0 0 155 0 0 1
106 0 2 1 Total 172 239 127

107 1 0 0 BAT-25
108 0 0 0 Size (bp) Caucasian African Asian
109 0 0 0 113 1 0 0
110 0 0 0 114 0 1 0
111 0 4 0 115 0 12 0
112 14 38 3 116 0 7 0
113 140 131 115 117 0 1 0
114 22 57 8 118 0 8 0
115 0 0 0 119 0 14 0
Total 177 255 127 120 7 111 4

NR-24 121 108 103 93
Size (bp) Caucasian African Asian 122 58 12 30

130 60 197 49 123 8 5 0
131 113 34 77 124 0 0 0
132 0 0 0 Total 182 274 127
133 0 2 2
Total 173 233 128

IHC for all four MMR proteins analyzed. The sec-
ond discordant sample demonstrated instability in 3 of
10 informative markers with the 10-marker panel (two
dinucleotide markers andBAT-40) but did not show in-
stability at any of the markers in the MSI Multiplex
System panel. Repeat analysis of the MSI testing con-
firmed the original results. Additionally, this sample
was negative for MLH1, but the IHC could not be re-
peated because tissue sections were no longer avail-
able. A sub-group of the MSI-H samples from sam-
ple set C showed normal IHC for all MMR proteins
tested, but exhibited high levels of MSI with the MSI
Multiplex System (100% of markers were altered in all
samples) and the 10-marker panel (over 50% markers
altered). This data indicates that approximately 5%
(4/72) of these samples would have been misclassified
if only IHC analysis had been performed. All samples
classified as MSI-L with the 10-marker panel were sta-
ble when analyzed with theMSI Multiplex System and

all exhibited normal MMR protein staining with IHC.
In fact, no samples were classified as MSI-L using the
MSI Multiplex System. All of the MSS tumor/normal
pairs were correctly classified. Thus, theMSI Multi-
plex System accurately distinguishes between MSI-H
and MSS/MSI-L tumors.

4. Conclusion

This study confirms the observation that mononu-
cleotide repeats are most sensitive and specific markers
for MSI analysis [8]. Overall, the order of sensitiv-
ity we observed was mononucleotides, dinucleotides,
tetranucleotides then pentanucleotides with an average
of 96%, 87%, 69% and 27% of MSI-H samples show-
ing instability, respectively. The ranking for specificity
was mononucleotide (99%), pentanucleotide (99%),
tetranucleotides (97%) and then dinucleotides (94%).



J.W. Bacher et al. / Development of a fluorescent multiplex assay for detection of MSI-High tumors 247

Fig. 4. MSI analysis of colorectal tumor and corresponding normal DNA with theMSI Multiplex System. Electropherogram showing an allelic
profile generated from a normal sample (top panel) or from a matching MLH1-deficient tumor sample (bottom panel) using theMSI Multiplex
System. New alleles present in tumor sample that are not found in matching normal sample indicate MSI (new allele peaks indicated by arrows).
Notice that 100% of the mononucleotide repeats were unstable while the pentanucleotide repeats remained unchanged. The pentanucleotide
repeats are not used for MSI classifications, only for the detection of sample mix-ups or contamination problems.

Markers exhibiting the lowest specificity for MSI-H tu-
mors were mononucleotideBAT-40,dinucleotide mark-
ersD2S123 andD17S250 and tetranucleotide marker
MYCL1. Our data also supports the conclusion by Di-
etmaier et al. (1997) that dinucleotides are most diffi-
cult, and that mononucleotides are the easiest type of
marker with which to interpret allelic changes in MSI-H
tumors [8].

The five most sensitive and specific markers for de-
tection of MSI-H tumors were selected from a panel
of 266 mono-, di-, tetra- and penta-nucleotide repeat
microsatellite markers. They included mononucleotide
markersBAT-25, BAT-26, NR-21, NR-24 andMONO-
27, which were combined into a single fluorescent mul-
tiplex assay for rapid and accurate determination of tu-
mor MSI tumor phenotype. The sensitivity for the in-
dividual markers ranged from 92% to 98% and speci-
ficity from 99.5% to 100% (Table 1). We classified 153
colorectal tumors using the new MSI Multiplex Sys-
tem and compared the results to those obtained with a
panel of 10 microsatellite markers and immunohisto-
chemical (IHC) analysis. Over 97% (70/72) of MSI-
H samples were correctly identified and overall there
was 99% (151/153) concordance in MSI classification

between the two methods. The reasons for the pos-
sible discordant cases are unclear at this time. Ap-
proximately 5% of the tumors that were classified as
MSI-H using the new MSI Multiplex System exhib-
ited no loss of any MMR proteins by IHC. This value
is in close agreement with larger studies conducted at
the Mayo Clinic Rochester, where 4 to 5% of MSI-H
samples were found to exhibit normal IHC results for
MLH1, MSH2, MSH6 and PMS2 (S. Thibodeau, un-
published data). These observations indicate MSI test-
ing may identify MSI-H tumors that are misclassified
based only on IHC. The most striking difference be-
tween the two marker panels was in classification of the
MSI-L group. All of the 43 samples classified as MSI-
L using the 10-marker panel (unstable at dinucleotide
or BAT-40 markers only) were scored as MSS with the
MSI Multiplex System, indicating the high specificity
of the MSI multiplex markers for instability in MSI-H
tumors only.

Use of mononucleotide markers for MSI testing over-
comes one of the disadvantages of the Bethesda panel,
that is, the misclassification of MSI-L as MSI-H in
cases where only dinucleotide markers are altered. This
misclassification can occur because instability of some
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of the dinucleotide markers included in the Bethesda
panel is not specific to tumors with MMR deficiencies.
We found that around 6% of non-MSI-H tumors with
normal IHC carried a mutation in a single dinucleotide
repeat. Based on our data we estimate that as much
as 3% of MSI-H tumors could be misclassified using
the Bethesda panel. In fact, we did find that 1 out of
30 non-MSI-high tumors (sample set A) exhibited mu-
tations in dinucleotide markersD2S123 andD17S250
from the Bethesda panel. This potential problem was
recognized at the 2002 NCI workshop and it was sug-
gested that mononucleotide markers could be used in-
stead of dinucleotide markers to increase sensitivity and
specificity [46].

Suraweera and colleagues have proposed that MSI
status of a tumor can be assessed without reference
to matching normal DNA if a panel of five nearly
monomorphic mononucleotide markers is used [43].
Any deviation of 3 or more base pairs in the tumor al-
lele size from the commonly occurring alleles found in
the larger population was considered MSI. MSI in 0 to
2 markers was scored as MSS and in 3 or more mark-
ers as MSI-H. In general, our allele frequency data for
African-American populations supports the conclusion
that instability in 3 out of 5 markers in MSS tumors
would only occur at very low frequencies (=0.014%
false positives) using the makers in ourMSI Multiplex
System. But, the problem of dismissing an actual MSI-
H case by defining MSS as less or equal to 2 out of 5
markers unstable was observed. In 74 MSI-H cases,
we found one MSI-H case (1.4% false negatives) where
only 2 out of 5 mononucleotide makers were unstable.
False negatives could be avoided, however, in the small
number of cases with only two unstable markers by test-
ing matching normal sample to determine if changes
in allele sizes were due to polymorphism rather than
mutations. The use of a panel of five nearly monomor-
phic mononucleotide markers for MSI testing of tumor
samples without comparison to matching normal sam-
ples has been included into the updated NCI workshop
recommendations for MSI testing [46].

Determination of MSI status has become a useful tool
for screening for HNPCC and sporadic MSI-H tumors,
and defines a subset of colorectal cancers with dis-
tinctive molecular and clinopathological features. This
study provides strong evidence that mononucleotides
are the most sensitive and specific markers for detec-
tion of MSI-H and identifies an optimal panel of mark-
ers that detects MSI-H tumors with nearly 100% ac-
curacy. TheMSI Multiplex System was designed to
analyze small amounts of DNA isolated from paraffin-

embedded tumor samples alone or as matching tu-
mor/normal pairs. The selected panel of markers in-
cludes five nearly monomorphic mononucleotides for
MSI determinations and two polymorphic pentanu-
cleotide for detection of sample mix-ups and/or con-
tamination problems. This configuration of markers
in a single multiplex assay offers several distinct ad-
vantages over other methods of MSI analysis in that
it provides a method that offers both extremely high
sensitivity and specificity while still being amenable to
automated high-throughput analysis using existing flu-
orescent capillary electrophoresis technology. TheMSI
Multiplex System meets the new recommendations pro-
posed at the recent 2002 NCI workshop on HNPCC and
MSI testing and overcomes problems inherent to the
original five-marker panel. This approach should facil-
itate widespread screening for microsatellite instability
in tumors of patients with gastrointestinal cancers.
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