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Abstract Microsatellite instability (MSI) plays an
important biological role in various types of cancers,
and especially in colorectal cancers. This study aimed to
develop a simple, efficient, new method for robust MSI
analysis. DNA was extracted from 175 (105 proximal
colon and 70 distal colorectal) cancer samples and
matched normal tissues, and five Bethesda microsatellite
markers (BAT-25, BAT-26, D5S346, D2S123, and
D17S250) were examined for MSI by denaturing high-
performance liquid chromatography (DHPLC) analysis
at a temperature of 50�C and a flow rate of 0.9 ml/min.
It took just 9 min per PCR product to determine MSI or
microsatellite stability (MSS) using the new protocol.
The DHPLC results were confirmed with conventional
gel-based electrophoresis and capillary-based sequencing
method. Of 175 samples, 45 (26%) showed high micro-
satellite instability (MSI-H), 12 (7%) showed low
microsatellite instability (MSI-L), and 118 (67%)
showed MSS. All MSI samples were deletion mutants
and all 12 MSI-L cases had MSI in dinucleotide markers
(D5S346, D2S123, and D17S250). MSI was significantly

associated with proximal colon cancers (p<0.0001), as
previously reported. The MSI-H tumors were also as-
sociated with tumor node metastasis (TNM) I/II stages
(p=0.05) and high-grade tumors (p<0.01). Here, we
propose a DHPLC-based method as an alternative for
MSI analysis.
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Introduction

Colorectal cancer is one of major causes of cancer death
in the Western population and is becoming more pre-
valent in Asian countries. MSI is caused by a failure of
the mismatch repair (MMR) system to repair errors that
occur during DNA replication. In the case of cancers,
MSI is characterized by the identification of a micro-
satellite allele in the DNA of cancer tissue that is not
found in matching normal tissue DNA (Aaltonen et al.
1993; Boland et al. 1998; Thibodeau et al. 1993). Asso-
ciation between MSI and hereditary nonpolyposis
colorectal cancer (HNPCC) was first reported in 1993,
followed by identification of similar concordances in the
majority of cancer types, i.e., colorectal, gastric, endo-
metrial, breast, thyroid, lung, and prostate cancers
(Boland et al. 1998; Sood et al. 2001). MSI is found in
�90% of HNPCC patients and 10–15% of sporadic
colorectal, gastric, and endometrial cancers (Duval and
Hamelin 2002). HNPCC is caused by germline muta-
tions in MMR genes, especially hMLH1 and hMSH2
(Loukola et al. 2001; Park et al. 2002; Shin et al. 2002).
Thus, as a hallmark of MMR deficiency, MSI is a good
marker of hMLH1 and hMSH2 mutation in these can-
cers (Loukola et al. 2001; Wahlberg et al. 2002).

In general, MSI status has several biological signifi-
cances, and it is well established that colorectal cancer
patients with MSI have a better prognosis (Samowitz
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et al. 2001). Because MSI-H colorectal cancers have
distinct characteristics compared with MSI-L/MSS
colorectal cancers, it is clinically important to classify
colorectal cancers based on the absence or presence of
MSI (Laiho et al. 2002). In addition, significant rela-
tionships have been noted between MSI status and
proximal tumor location, female gender, age at diag-
nosis, poor histological differentiation, and low tumor
stage (Samowitz et al. 2001; Thibodeau et al. 1993). MSI
tumors are generally associated with a low mutation
frequency of the p53 and APC genes and a high muta-
tion frequency of b-catenin (Gonzalez-Garcia et al.
2000; Kim et al. 2003). Also, patients with MSI show
better survival after chemotherapy. Therefore, it is
clinically relevant to determine whether patient prog-
noses and responses to chemotherapy can be predicted
by MSI analysis (Elsaleh et al. 2000).

Five microsatellite markers, known as the Bethesda
panel, have been proposed as efficient determinants of
the MSI status of colorectal cancers: BAT-25, BAT-26,
D5S346, D2S123, and D17S250 (Boland et al. 1998).
MSI-H cancers are defined as having MSI in ‡30–40%
of the markers examined (or ‡2 of the five Bethesda
panel markers), and MSI-L cancers show MSI in
£ 30% (or MSI in only one of the five markers) (Boland
et al. 1998). However, despite the importance of MSI
analysis, techniques have not markedly improved (Sood
et al. 2001). Thus, a simple automatic method would
facilitate the investigation of MSI in cancer patients.

Denaturing high-performance liquid chromatogra-
phy (DHPLC) was initially devised to detect mutation or
single nucleotide polymorphisms (SNPs) by heterodu-
plex formation (Xiao and Oefner 2001). The most
distinct advantage of DHPLC is that automatic
high-throughput analysis is feasible using its computer-
controlled systems. Here, we propose a new DHPLC-
based method for efficient MSI analysis.

Materials and methods

Samples and DNA extraction

A total of 175—105 proximal colon (cecum to splenic flexure)
cancers; 70 distal colorectal (splenic flexure to rectum)
cancers—and matched normal tissues were collected from Seoul
National University Hospital and the National Cancer Center of

Korea. One-hundred-sixty-one samples were sporadic cases and
fourteen were HNPCC cases. Informed consents were obtained
from all patients prior to their inclusion in this study. DNA was
extracted from frozen tumor specimens (containing >50% cancer
cells) and matched normal tissues using the Trizol reagent (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Tumors were classified as low grade (well- or mod-
erately-differentiated adenocarcinoma) or high grade (poorly
differentiated, undifferentiated, or mucinous adenocarcinoma).
Tumor stages were also classified according to the tumor node
metastasis (TNM) staging system.

Gel-based MSI analysis

PCR primer sequences for amplifying the five microsatellite
markers (BAT-25, BAT-26, D2S123, D5S346, and D17S250) were
obtained from the Genome Database (www.gdb.org). PCR primer
sequences for five MSI markers are shown in Table 1. PCR
amplification was performed with 100 ng of genomic DNA, 1·
PCR buffer supplemented with 1.5 mM of MgCl2, 10 pmol/ll of
each primer, 50 lM each dNTP, 12.5 lM [a-32P]-dCTP, and
0.25 U of Taq polymerase (GeneCraft, Germany) in a total volume
of 10 ll. PCR reactions were amplified as follows: 5 min at 94�C,
followed by 35 cycles of 30 s at 94�C; 30 s at 55�C (BAT-25,
D2S123, and D5S346), 50�C (BAT-26) or 52�C (D17S250); 1 min
at 70�C, followed by a final elongation of 7 min at 70�C. PCR
products were then denatured for 5 min at 94�C and then elec-
trophoresed on 6 M urea+6% polyacrylamide gels at 1,800 volts
for 2 h. The gels were transferred onto 3 MMWhatman paper, and
dried and autoradiographed.

Capillary-based MSI analysis

Two markers, BAT-25 and BAT-26, were evaluated by a capillary-
based sequencing analysis. PCR was performed as described above,
except that forward primers were labeled with fluorescent dye
(FAM), and the labeled samples were run on an ABI 3100 se-
quencer (Applied Biosystems Inc., Foster City, CA, USA). Gene-
scan software (Genotyper 2.1, ABI, Foster City, CA, USA) was
used to calculate the size of each fluorescent PCR products
(Loukola et al. 2001).

MSI analysis using DHPLC

PCR primers and conditions were the same as above. PCR
amplification for DHPLC analysis was performed with 100 ng of
genomic DNA, 1· PCR buffer supplemented with 1.5 mM of
MgCl2, 10 pmol/ll of each primer, 50 lM each dNTP, and 0.25 U
of Taq polymerase in a total volume of 25 ll. For heteroduplex
formation, crude PCR products were denatured at 95�C for 5 min
followed by gradual cooling to 25�C over a period of 1 h.
DHPLC was performed using a fully automated system (WAVE,

Table 1 PCR primer sequences
for five microsatellite instability
(MSI) markers. F forward
primer, R reverse primer

Marker Sequence PCR size (bp)

BAT-25 F: 5¢-TCGCCTCCAAGAATGTAAGT-3¢ 124
R: 5¢TCTGCATTTTAACTATGGCTC-3¢

BAT-26 F: 5¢-TGACTACTTTTGACTTCAGCC-3¢ 122
R: 5¢-AACCATTCAACATTTTTAACCC-3¢

D2S123 F: 5¢-AAACAGGATGCCTGCCTTTA-3¢ 234
R: 5¢-GGACTTTCCACCTATGGGAC-3¢

D5S346 F: 5¢-ACTCACTCTAGTGATAAATCGGG-3¢ 113
R: 5¢-AGCAGATAAGACAGTATTACTAGTT-3¢

D17S250 F: 5¢-GGAAGAATCAAATAGACAAT-3¢ 162
R: 5¢-GCTGGCCATATATATATTTAAACC-3¢
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Transgenomic Inc., Omaha, NE, USA). The cooled samples (5 ll)
were automatically injected into a DNASepcartridge (Transge-
nomic Inc., Omaha, NE, USA) and eluted at a flow rate of 0.9 ml/
min through a linear gradient of acetonitrile containing 0.1 M
triethylammonium acetate (TEAA). Buffer A (0.1 M TEAA solu-
tion) and buffer B (0.1 M TEAA containing 25% acetonitrile
solution) were automatically adjusted to produce optimal running
conditions (Table 2), and the system oven was set to 50�C, which is
recommended for double-strand DNA analysis in WAVEMAKER
software (Transgenomic Inc., Omaha, NE, USA) (Kang et al.
2002). UV detection was performed at 260 nm.

Statistics

Statistical analyses were performed using the ,2 or Fisher’s exact
tests to determine the strength of the correlations between MSI
status, gender, tumor location, tumor grade, and tumor stage. The
Student’s t test was used to assess the statistical significance of
relationships between MSI status and age; a=0.05 was set as the
significance level using the STATISTICA software (StatSoft Inc.,
Tulsa, OK, USA).

Results

MSI frequency

The 175 cancer and matched normal samples were
analyzed by the new DHPLC-based protocol, capillary-
based sequencing method (for BAT-25 and BAT-26),
and by traditional gel-based radioactive electrophoresis
(Fig. 1 and 2). The results were 100% concordant for
these three methods. The BAT-25 marker showed MSI
in 24% (42/175) and the BAT-26 showed MSI in 25%
(43/175). In terms of the polymorphic patterns of BAT-
25 and BAT-26, none of the DNAs from 175 matched
normal samples showed polymorphic BAT-25 and BAT-
26 patterns. In the dinucleotide markers, MSI was found
at D2S123 (19%, 34/175), D5S346 (15%, 26/175), and
D17S250 (18%, 32/175) (Fig. 3). Out of 175 samples, 45
(26%) were MSI-H, 12 (7%) were MSI-L, and 118
(67%) were MSS. Fifty-seven (33%) samples showed
MSI in one or more markers. Thirteen (12%) out of 105
proximal samples and none of 71 distal colorectal can-
cers showed MSI in all five markers. Forty-two of 45
(93%) MSI-H tumors showed MSI at BAT-25, and 43
(96%) showed MSI in BAT-26. All samples showing
MSI were caused by deletion mutations in the five
markers.

Clinical characterization based on MSI status

MSI-H tumors have been reported to be associated with
high-grade tumors (Park et al. 2003). This was con-
firmed in our data, which drew a significant association
between MSI-H and high-grade (p<0.01), TNM I/II
stage (p=0.05) tumors. MSI was significantly associated
with proximal colon cancers (p<0.0001), as previously
well defined (Loukola et al. 2001) (Table 3). No signifi-
cant correlations between gender, age, and MSI status
were found.

MSI analysis by DHPLC

DHPLC-based MSI analysis took an average of 9 min
per amplified DNA sample by DHPLC. As no matched
normal tissue DNA was required for analysis of the
monomorphic markers (BAT-25 and BAT-26), MSI
status of these markers could be determined in 9 min. In
the cases of the polymorphic markers (D2S123, D5S346,
and D17S250), DNA samples were required from cancer
tissues and matched normal tissues, meaning that
determination of MSI took an average of 18 min. The
MSI results were displayed by the WAVEMAKER
software (Transgenomic, Omaha, NE, USA) in real
time. No additional adducts (i.e., radioisotopes or fluo-
rescent-labeled PCR primers) or extra software were
required.

Discussion

Traditionally, radioactive gel-based electrophoresis and
fluorescent-labeled sequencing analysis have been used
for MSI analysis. Gel-based radioactive electrophoresis
is the most popular method because it does not require a
complicated protocol or expensive equipment. However,
this method is time consuming and labor intensive, the
use of radioisotopes limits one-off experimentation, and
the protocol involves several experimental steps (i.e., gel
fabrication, PCR with radioisotope, sample loading, gel
drying, and autoradiography), which are not compatible
with high-throughput analysis. Moreover, it is some-
times difficult to interpret the results of quasimono-
morphic markers, such as BAT-25 and BAT-26, as their
band sizes are similar in MSS samples and boundaries

Table 2 Experimental denaturing high-performance liquid chromatography (DHPLC) conditions for five microsatellite instability (MSI)
markers

Marker Buffer A (%) Buffer B (%) Oven temp. aTime Flow rate

BAT-25 53 47 50 9 min 0.9 ml/min
BAT-26 53 47 50 9 min 0.9 ml/min
D2S123 46 54 50 b18 min 0.9 ml/min
D5S346 54 46 50 18 min 0.9 ml/min
D17S250 50 50 50 18 min 0.9 ml/min

aTime for the determination of MSI status
b18 min: 9 min for cancer sample analysis and another 9 min for matched normal tissue for polymorphic dinucleotide marker analysis
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between samples may become blurred. Some of these
drawbacks are overcome with fluorescent detection
using a capillary-based automatic sequencer. However,
fluorescent technology requires the use of expensive,
photolabile fluorescent PCR primers and additional
software, i.e., GeneScan 3.1 and Genotyper 2.5 (Applied
Biosystems, Foster City, CA, USA) (Laiho et al. 2002).

Over the years, DHPLC has been widely used for
genetic analysis. Here we have used it to develop a new
method for MSI analysis. DHPLC uses the heteroduplex
principle of altered DNA, namely temperature-modu-
lated heteroduplex analysis (TMHA) (Xiao and Oefner
2001), to separate PCR products that differ by as little as
a few base pairs. PCR products differing by a single
base pair are distinguishable at 50�C by ion-pair,

reversed-phase, liquid chromatography (Xiao and Oef-
ner 2001). The main advantage of DHPLC is its ability
to perform automatic high-throughput analysis under
computer control (Xiao and Oefner 2001). In general,
the use of DHPLC for detection of a mutation or novel
SNP requires an additional sequencing step to analyze
the abnormal chromatograms. However, MSI determi-
nation depends only on the presence of a novel allele in
cancer DNA that is not present in the corresponding
normal tissue, which means that DHPLC analysis of
MSI is a simple, efficient process.

BAT-25 and BAT-26 are known to be quasimono-
morphic, and the other three markers are polymorphic.
BAT-25 and BAT-26 polymorphisms have been re-
ported in 18.4% and 12.6% respectively of African
Americans and in 0.8% of Caucasians (Suraweera et al.
2002). This possible germline alteration in the MSI
marker requires corresponding normal tissue for MSI
analysis, which increases costs and labor requirements
two fold. However, in 175 normal tissue samples from
our Korean patients, no polymorphisms were detected
in BAT-25 or -26, suggesting that the markers are
monomorphic in the Korean population. This enabled
us to perform high-throughput MSI analysis without
corresponding normal tissues. By DHPLC, a single

Fig. 2a–c Microsatellite
instability (MSI) analysis using
BAT-26. a Denaturing high-
performance liquid
chromatography (DHPLC)
results of BAT-26 MSI. The
arrowed tumor samples show
homozygous alterations (MSI)
in BAT-26. The other two
tumors were microsatellite
stability (MSS). b Radioactive
gel-based MSI analysis of the
samples in (a) above. The
marked samples showed MSI in
BAT-26. c Capillary-based MSI
analysis. The marked samples
show MSI in BAT-26

Fig. 1a–c Microsatellite instability (MSI) analysis using BAT-25.
The MSI results of four different tumor samples are shown: a BAT-
25 MSI results from denaturing high-performance liquid chroma-
tography (DHPLC) analysis. Chromatograms of four different
tumor DNAs are shown. The arrows indicate the left-shifted MSI
pattern. The arrowed samples show heterozygous alterations. The
other two samples show microsatellite stability (MSS). b Radioac-
tive gel-based MSI analysis of the same samples in (a) above. The
marked samples show MSI in BAT-25. c Capillary-based MSI
analysis. The marked samples show MSI in BAT-25
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left-shifted peak corresponded to a homozygous deletion
while two peaks (one for normal size and another for the
MSI) corresponded to a heterozygous deletion. In
addition, we screened three dinucleotide markers,
D5S346, D2S123, and D17S250, all of which showed the
expected highly polymorphic patterns. Interestingly, all
12 MSI-L samples had an MSI in one of the dinucleotide
markers (D5S346, D2S123, and D17S250).

In this work, we established a new protocol for robust
MSI analysis using five representative MSI markers
from the Bethesda panel for colorectal cancers. The use
of standard experimental conditions allows robust MSI
analysis and ensures that consistent results may be
obtained in a variety of research applications.
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