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Gastric cancer (GC) remains a leading cause of cancer
mortality worldwide. Genetic factors are implicated,
including DNA mismatch repair (MMR) deficiency
manifested as tumor microsatellite instability (MSI).
However, a standardized panel of markers and a def-
inition of low-versus-high level MSI in GC are lacking.
We examined a population-based cohort of early on-
set (<50 yrs) gastric cancer. We identified 211 cases of
early onset gastric cancer in Central-East Ontario
from 1989 to 1993, with archival material available
for 139 cases. Testing included a six-mononucleotide
marker panel and a three-MMR immunohistochemi-
cal panel. Overall , 30% (41 of 139) of GC were MSI� ,
with allelic shifts at one to eight markers. An unex-
pected discordance between the BAT-25, BAT-26, and
BAT-40 markers was observed in the MSI� cases. Six
cases showing multiple loci instability (>3 markers
MSI�/MSI-high) demonstrated MMR protein defi-
ciency. Three novel hMLH1 mutations (two germline
frameshift and one somatic nonsense) were also
found. The only significant clinicopathological asso-
ciations were increased tumor size in MSI� cases (P �
0.04) and Lauren histotype (P � 0.006) and tumor
grade (P � 0.007) in MSI-high cases. Tumor size, lo-
cation, depth, nodal status, and Ming subtype were
significant prognostic variables. Therefore, we pro-
pose a new definition of high-level MSI based on uni-
fying characteristics of instability of more than or

equal to three of six mononucleotide markers and
loss of MMR protein expression. (J Mol Diagn 2005,
7:465–477)

Gastric carcinoma (GC) is a leading cause of cancer
mortality worldwide. Genetic pathways involved in its de-
velopment are not clearly delineated, although several
genetic alterations are implicated including DNA mis-
match repair (MMR) deficiency, manifesting as the mic-
rosatellite instability (MSI) phenotype.1 GC is also a man-
ifestation of inherited cancer predisposition syndromes,
including hereditary nonpolyposis colorectal cancer syn-
drome (HNPCC; MIM 114500) due to germline mutations
in MMR genes hMSH2,2,3 hMLH1,3,4 hMSH6,5 hPMS2,6

and hMLH3.7 hMSH2 and hMLH1 mutations account for
most cases of colorectal cancer (CRC) exhibiting MSI as
currently listed in mutation databases (eg, in the data-
base of the International Collaborative Group on HNPCC
[http://www.insight-group.org/] and in the human gene
mutation database [http://archive.uwcm.ac.uk/uwcm/mg/
hgmd0.html]). The human MMR system repairs DNA rep-
lication errors or physico-chemical induced damage. Mi-
crosatellite regions are susceptible to mutation due to
slippage of DNA polymerase during DNA replication.
Failure to excise these errors may lead to frameshift
mutations in target genes such as TGF�RII, IGFIIR, E2F-4,
and BAX.8–13 Carriers of MMR germline mutations have a
fourfold increased risk of GC and a high risk of early
onset CRC (early onset, CRC presenting at �50
years).14,15

Unlike MSI testing in CRC,16–18 there is no consensus
on MSI testing in GC. Thus widely variable results on the
frequency and definition of MSI in sporadic GC have
been reported depending on the type (mono-, di-, tri-,
tetra-, or pentanucleotide) and number of microsatellites
used. For instance, low-frequency MSI (MSI-L; allelic
shifts in one locus) in sporadic GC in Japan varies from
16 to 39%. High-frequency MSI (MSI-H; variously defined
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as �30 to 40% of loci with allelic shifts and/or BAT-26
locus instability alone) is reported in about 5 to 10% of
these cancers.19–21 This is similar to Western populations
with 24 to 84% showing MSI-L and 2 to 15% MSI-H.22,23

The National Cancer Institute (NCI) developed guidelines
for MSI testing in CRC using a panel of five microsatellite
loci containing two mononucleotide repeats (BAT-25 and
BAT-26) and three dinucleotide repeats (D2S123,
D5S346, and D17S250) and defined MSI-L and MSI-H as
instability in one and two or more markers, respectively.
MSI analysis using BAT-25 and BAT-26 are usually suffi-
cient to establish MSI-H in CRC,24,25 however, Suraweera
et al26 proposed the addition of the quasimonomorphic
mononucleotide markers NR-21, NR-22, and NR-24 that
have a lower frequency of polymorphisms in African and
Caucasian populations and are useful complements to
BAT markers. Although the NCI criteria are effective in
identifying MSI-H in CRC, they should be applied with
caution for other malignancies. Therefore, the optimal set
of markers to diagnose MSI in GC may be different and
needs to be studied.

Despite the nonuniformity of MSI testing in GC, a num-
ber of investigators have reported clinicopathological as-
sociations and prognostic significance of MSI-H in spo-
radic GC. Some suggest that MSI positive (MSI�) tumors
occur predominantly in the gastric antrum, whereas oth-
ers demonstrate an even distribution throughout the
stomach.27 Some authors report a higher frequency of
MSI-H in GC with an intestinal/atypical appearance and
in poorly differentiated subgroups.20,22,27,28 Patients with
MSI-H GC have also been shown to have a lower inci-
dence of lymph node metastasis and an improved long-
term survival (64 to 88%) compared with patients with
microsatellite stable (MSS; defined as the absence of
allelic shifts in tumor versus normal DNA) tumors (39 to
53%).13,28 Of note, there are few studies specific to MSI
in early onset gastric cancer (EOGC), and they have
been limited to single-institution or multicenter collabora-
tions showing variable MSI definitions, frequencies, and
associations.29–33 EOGC has a more aggressive clinical
course than older cases, and the characterization of mo-
lecular alterations responsible in this cohort can be im-
portant in the understanding and future management of
these patients.

To clarify the role of MSI in EOGC, we used a well-
defined population-based cohort of EOGC (�50 years)
and a hexaplex panel of quasimonomorphic mononu-
cleotide markers (BAT-25, BAT-26, BAT-40, NR-21,
NR-22, and NR-24) and two dinucleotide markers
(D5S346 and D17S250) to determine MSI status. Five
commonly used histological classifications were used
to characterize the specific GC subtype. The objec-
tives of this study were 1) to determine the frequency of
MSI and MSI-H in EOGC; 2) to examine the loss of
MMR protein expression (hMLH1, hMSH2, and hMSH6)
in MSI� cases using immunohistochemistry (IHC),
methylation, and mutational analyses; and 3) to char-
acterize genotype-phenotype correlations between
MSI status and clinicopathological variables.

Materials and Methods

Patients, Tissue Collection, Pathology Review,
and DNA Extraction

Using the Ontario Cancer Registry, 211 GC cases �50
years diagnosed between 1988 and 1993 in Central-East
Ontario (population � 4.8 million) were identified. Re-
search Ethics Board of Mount Sinai Hospital, Toronto,
Canada approved all study protocols. Formalin-fixed par-
affin embedded tissue (resections or biopsies) and pa-
thology reports were obtained from 35 hospitals in which
these patients were treated. Patient identifiers were re-
moved, and study numbers were assigned. Clinical infor-
mation (age and gender), gross pathology (Borrmann
type,34 tumor size, and tumor location), and lymph node
involvement were obtained from pathology reports and/or
clinical records where available. Histopathological fea-
tures (tumor grade, tumor depth, and histological sub-
type) were assigned.35 Two pathologists (JB and RR)
jointly assessed and classified cases according to five
classification systems: Carneiro,36 Goseki,37 Lauren,38

Ming,39 and World Health Organization.40 Matched pairs
of formalin-fixed paraffin embedded normal and tumor
tissue were obtained where possible (n � 138 of 139).
Hematoxylin and eosin (H&E) slides were used as refer-
ence to microdissect unstained 7- to 10-�m slides. Laser
capture microdissection (Arcturus, Mountain View, CA)
was used for cases with low tumor cellularity (�70%) and
volume (biopsies, n � 35). Normal and tumor DNA was
extracted using QIAamp DNA minikit (Qiagen Inc., Mis-
sissauga, ON, Canada) following the manufacturer’s
instructions.

MSI Analysis

Five markers endorsed by the NCI consensus panel16,18

of microsatellite markers to define MSI in CRC (three
mononucleotide markers: BAT-25, BAT-26, and BAT-40;
two dinucleotide markers: D5S346 and D17S250) and
three described by Suraweera et al26 in CRC and GC
(NR-21, NR-22, and NR-24) were used (Supplemental
Table S1; http://jmd.amjpathol.org/). Oligonucleotides
were radioactively labeled using T4 PNK (New England
Biolabs, Ipswich, MA). Polymerase chain reactions
(PCRs) were performed in a 15-�l volume containing a
minimum of 20 ng of DNA; 0.4–0.6 mmol/L forward,
reverse, and �-33P-labeled reverse primers (Canadian
Life Technologies, Burlington, ON, Canada); 2.5 mmol/L
MgCl2; 166 �mol/L dNTPs; and 0.5 U Platinum Taq DNA
polymerase (Invitrogen Canada Inc., Burlington, ON,
Canada). Thirty-five cycles of 94°C for 30 s, 56 to 58°C for
30 s, and 72°C for 40 seconds were performed with an
initial denaturation step of 94°C for 4 minutes and final
extension step of 72°C for 10 minutes using the Perkin
Elmer GeneAmp PCR system 9600 (PerkinElmer Life and
Analytical Science Inc., Boston, MA). PCR products were
diluted 1:1 with a loading buffer (98% formamide, 0.1%
xylene cyanol, 0.1% bromophenol blue, and 10 mmol/L
ethylenediaminetetraacetic acid [pH 8.0]), denatured for
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4 minutes at 94°C, and rapidly cooled on ice before gel
loading. From each case, 3.5 �l was electrophoresed on
7% denaturing polyacrylamide gels for 2 to 3 hours at 60
to 70W, dried, and visualized by autoradiography. Three
independent evaluators (JB, ND, and SG) read the auto-
radiograms. Cases demonstrating MSI were confirmed
by a repeat PCR and electrophoresis. The results of the
repeat PCR were consistent in all cases.

Definition of MSI and Characterization of
MSI-H Cases

Microsatellite positive (MSI�) cases were initially defined
as cases showing instability in at least one marker. Tu-
mors in which allelic shifts were not detected in any of the
markers were defined as MSS. In the absence of stan-
dardized criterion for defining MSI-H status in GC, MSI-H
was defined as multiple loci instability in more than or
equal to three of six to eight (38 to 50%) markers tested,
and MSI-L was defined as one to two loci instability.

IHC for hMLH1, hMSH2, and hMSH6

Monoclonal antibodies (Abs) against human hMLH1
(clone G168728; BD Biosciences, Mississauga, ON,
Canada), hMSH2 (clone FE11; Oncogene Research
Products, Mississauga, ON, Canada), and hMSH6 (clone
44; BD Biosciences) were used. Sections (4 �m) were
deparaffinized and dehydrated. Endogenous peroxidase
activity was quenched in 3% H2O2 for 15 minutes. Sec-
tions were washed in water, pretreated using heat-in-
duced epitope retrieval in 0.01 mol/L citrate buffer, pH
6.0, and cooled for 10 minutes. Sections were placed in
0.05 mol/L Tris-buffered saline, pH 7.6, where all inter-
vening washes were carried and all incubations done in
RT. Nonspecific Ig-binding sites were blocked using 20%
protein block with avidin for 15 minutes. Primary Ab in-
cubations (hMLH1, 1:40; hMSH2, 1:100; and hMSH6,
1:300) were done for 60 minutes. Secondary Ab (1:200)
(biotinylated horse anti-mouse; Vector Laboratories, Bur-
lington, ON, Canada) was applied for 30 minutes. The
Vectastain Elite avidin and biotinylated horseradish per-
oxidase complex (Vector Laboratories) was applied for
30 minutes. Sections were incubated for 10 minutes in a
chromogen mixture containing 3,3�-diaminobenzidinetet-
rahydrochloride (Sigma, Diagnostics, Mississauga, ON,
Canada) in 0.05 mol/L Tris-buffered saline and 0.03%
H2O2. A final wash and counterstain in Mayer’s hematox-
ylin was done before final dehydration steps and mount-
ing in permount (Fisher Scientific Ltd., Ottawa, ON,
Canada).

The normal IHC staining pattern for hMLH1, hMSH2,
and hMSH6 MMR proteins is nuclear. Notably, lympho-
cytes, normal gastric epithelium, and smooth muscle
served as internal positive controls for each case. Pathol-
ogists (JB, RR, and AP) scored IHC slides using a semi-
quantitative system. A case was designated “immuno-
negative” when complete loss or reduction (minimum
95% to maximum 100% loss) in tumor nuclei staining and
corresponding intact gastric mucosae/lymphocyte stain-

ing was observed for any MMR proteins. Cases with at
least 10% tumor nuclei staining were scored “intact,” and
cases with crush artifact or absent internal control stain-
ing were scored “equivocal.”

Hypermethylation of hMLH1 Promoter

hMLH1 immunonegative cases were analyzed for hMLH1
methylation using methylation-specific PCR (MSP) for the
5� CpG promoter of hMLH1. DNA from normal and tumor
from cases of interest were chemically modified using the
CpGenome DNA Modification kit (Chemicon Interna-
tional, Temecula, CA) as per the manufacturer’s instruc-
tions. Two sets of oligonucleotides, one specific for the
methylated and the other for the unmethylated promoter,
were used to amplify bisulfite-modified normal and tumor
DNA as previously described.41 Cell lines SW48 and
HCT116 were used as positive and negative controls,
respectively. Cases showing PCR amplification of tumor
DNA using the methylation-specific primer set were
scored hMLH1 methylation positive.

hMLH1 Mutational Analyses

Germline (normal) and tumor DNA from hMLH1 immu-
nonegative cases were analyzed for mutations in all 19
exons and intron-exon boundaries of hMLH1 (oligonucle-
otide sequences, PCR, and denaturing high performance
liquid chromatography [d-HPLC] conditions are available
on request). Each amplicon was electrophoresed on 2%
agarose for confirmation. Denaturing high performance
liquid chromatography was used to screen 18 of 19 ex-
ons for mutations/variants (Transgenomics Inc., Omaha,
NE), except for exon 12, which was sequenced.42,43

Chromatograms generated from normal DNA of noncan-
cer patients were used as normal controls for each exon.
Samples showing any variations in peak morphology rel-
ative to the normal chromatogram were sequenced using
Thermosequenase Radiolabeled Terminator Cycle Se-
quencing kit (Amersham Biosciences Corp., Piscataway,
NJ) as per the manufacturer’s instructions. Results were
obtained after autoradiography. Variations and mutations
were confirmed by a second manual sequencing reac-
tion from a separate amplification from the original DNA
extraction at least twice in both forward and reverse
directions.

Statistical Analyses

Clinicopathological parameters were obtained for most
cases. Age, gender, overall survival, cause of death,
tumor grade, Carneiro, and World Health Organization
histotypes were available for all cases. Tumor site/region
(proximal, middle, or distal), Goseki, Lauren, and Ming
histotypes were known for 130, 123, 135, and 101 cases,
respectively. Analyses of tumor size, Borrmann type, tu-
mor depth of invasion, and nodal status were restricted to
resection specimens only (n � 104). Tumor size was
available for 100 of 104 resections. Three resections did
not have Borrmann morphology, and one resection did
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not have nodal status specified. All resections had com-
plete tumor depth data. Testing for associations between
MSI and clinicopathological variables was performed us-
ing Pearson’s �2 test or Fisher’s exact test for categorical
variables and Student’s t-test for continuous variables.
Survival data were complete. Univariate analyses for sur-
vival were generated using the Kaplan and Meier
method, and distributions were compared using the log-
rank test.44 Multivariate analyses for survival, hazard ra-
tios (HRs), and 95% confidence intervals (CIs) were done
using the Cox proportional-hazards regression model.45

Sensitivities and specificities of MSI markers in identifying
multiple positive loci and MMR immunonegative tumors
were calculated. All tests were carried out using SPSS
v12.0 statistical software package (SPSS, Chicago, IL) or
SAS v.9.0 (SAS, Cary, NC). A P value �0.05 was consid-
ered statistically significant.

Results

Clinicopathological Characteristics

Clinical and gross pathological characteristics are sum-
marized in Table 1. Most EOGC were male with a 1.7:1
male-to-female ratio. The mean age was 42.0 � 6.2 years
(SD). Sixty-six percent (92 of 139) of the cases were in the
fourth decade, 27% (37 of 139) in the third decade, and
the remaining cases in the second decade (7%; 10 of
139). The predominant Borrmann gross morphology was
B3/ulcerating type (74%; 76 of 103). The average tumor
was 5.0 � 3.3 cm. More tumors were located in the distal
stomach (63 of 130). Histopathological characteristics
are summarized in Table 2. The majority showed tumor
invasion to the subserosa (55%; 73 of 104) with lymph
node involvement (75%; 77 of 103). Fifty-seven percent

(78 of 136) of the cases were poorly differentiated. Iso-
lated cell type (54 of 139), tubular poor/intracytoplasmic
mucin-rich (43 of 122), diffuse (81 of 135), infiltrating (81
of 101), and tubular (79 of 139) subtypes were the pre-
dominant histotypes according to the Carneiro, Goseki,
Lauren, Ming, and World Health Organization classifica-
tion systems, respectively.

MSI Testing

All six mononucleotide loci were successfully amplified in
all 139 cases. One case did not have normal DNA avail-
able for dinucleotide marker testing. Twenty-five cases
failed to amplify using D5S346, and 28 cases failed
D17S250 amplification. Each mononucleotide marker
was at least 97% monomorphic (normal DNA did not
show variably sized alleles/shifts seen in the tumor DNA)
in 138 normal samples tested. Furthermore, 131 of 138
individuals (95%) in this cohort were monomorphic in all
six loci. Two subjects were monomorphic in only four of
six loci, and five cases were monomorphic in five of six
loci. BAT-40 exhibited the greatest polymorphic rate
at 2.9%

An overall frequency of 30% or 41 of 139 GC cases
were MSI� (allelic shifts in at least one marker) (Table 3).
The nature of the instability was variable. Only one case
showed instability in all eight mononucleotide markers
(case 100). Figure 1A shows a representative example of
allelic shifts in case 4. One case was unstable in seven of
eight markers (case 192). Two cases were unstable in six
of the eight markers (cases 4 and 87). Cases 88 and 101
showed instability in five markers. Case 58 showed insta-
bility in three markers. Nine cases were unstable in
two loci (Cases 8, 21, 24, 25, 35, 57, 62, 162, and 191).
Thirty-four cases showed instability in only one marker.

Table 1. Clinical, Gross Characteristics, and MSI Status of EOGC Cases

Characteristics Total cases MSS MSI
MSI-L
(1–2�)

MSI-
H(�3�) P value

P value
(MSI-H versus others)

Age (n) 139 98 41 34 7
Mean 42.0 41.4 43.4 43.9 40.9 0.08 0.62
SD 6.2 6.4 5.6 5.1 7.2

Gender (n) 139 98 41 34 7 0.07 0.06
Female 52 38 14 9 5
Male 87 60 27 25 2
Male:Female 1.7:1 1.6:1 1.9:1 2.8:1 1:2.5

Borrmann (n) 103 70 33 27 6 0.66 0.65
I: Polypoid 2 1 1 1 0
II: Fungating 11 7 4 3 1
III: Ulcerating 76 54 22 18 4
IV: Linitis type 14 8 6 5 1

Tumor size (n) 100 69 31 25 6 0.03 0.14
Mean 5.0 4.5 6.1 5.9 7.0
Median 4.0 4.0 5.0 4.0 7.2
SD 3.3 3.2 3.5 3.2 4.6

Tumor site (n) 130 91 41 32 7 0.41 0.59
Proximal* 46 29 17 15 2
Middle† 21 17 4 4 0
Distal‡ 63 45 18 13 5

*Proximal tumor site includes gastroesophageal junction, cardia, and fundus.
†Middle tumor site includes body.
‡Distal tumor site includes antrum and pylorus.
n, number of cases.
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Representative H&E photomicrographs of two MSI� tu-
mors, cases 4 and 100, are shown in Figures 1B and 2A,
respectively. An unexpected discordance among the
BAT-25, BAT-26, and BAT-40 markers was also ob-
served. The remaining 98 cases were designated as
MSS. Clinicopathological features of MSS (n � 98) cases
and MSI cases (n � 41) are also summarized in Table 1.
Complete MSI results for all 139 cases are summarized in
Supplemental Table S2 (http://jmd.amjpathol.org/).

hMLH1, hMSH2, and hMSH6 Protein
Expression

Sixty-one of 139 cases were tested for loss of expression
of hMLH1, hMSH2, and hMSH6 by IHC. The 61 cases
included 21 of 25 MSI-1� (single-locus shift) cases, 7 of
9 cases with MSI-2� (two-loci shift), 7 of 7 cases with
MSI-H (�3 MSI� loci shift), and a random sample of 26 of

98 MSS cases (Table 4). All 21 MSI-1� cases, 7 MSI-2�
cases, and 25 of 26 MSS cases were intact. One MSS
case (67) demonstrated equivocal staining attributed to
fixation artifacts. Of the remaining seven MSI-�3� loci,
six were MMR-immunonegative and one (case 88, a bi-
opsy with crush artifact and MSI-5�) showed equivocal
staining. Five of six MSI�/MMR immunonegative cases
showed loss of expression of hMLH1 (case 4 in Figure 1C
and case 100 in Figure 2B). The last case was hMSH6
immunonegative. All MSI� cases were immunointact for
hMSH2. Table 4 demonstrates the correlation between
loss of MMR-IHC and MSI-H status.

hMLH1 MSP and Mutational Screening of
hMLH1 Immunonegative Cases

Table 5 shows patient characteristics and results of meth-
ylation and mutational studies for MSI �3� cases. All

Table 2. Histopathological Characteristics and MSI Status of EOGC Cases

Characteristics
Total
cases MSS MSI MSI-L MSI-H P value

P value
(MSI-H versus others)

Tumor depth (n) 104 70 34 28 6 0.46 0.35
T1 11 9 2 2 0
T2 73 50 23 19 4
T3 12 7 5 3 2
T4 8 4 4 4 0

Nodal status (n) 103 69 34 28 6 0.09 0.22
N0 26 18 8 8 0
N1 54 32 22 16 6
N2 16 15 1 1 0
N3 7 4 3 3 0

Tumor grade (n) 136 96 40 33 7 0.09 0.007
Well/G1 8 5 3 1 2
Moderate/G2 16 12 4 4 0
Poor/G3 78 57 21 20 1
Anaplastic/G4 5 3 2 1 1
Mixed* 29 19 10 7 3

Carneiro type (n) 139 98 41 34 7 0.56 0.32
Isolated cell 54 42 12 9 3
Glandular 37 26 11 9 2
Mixed* 43 26 17 15 2
Solid 5 4 1 1 0

Goseki type (n) 122 86 36 30 6 n.s. n.s.
I 25 19 6 5 1
II 17 10 7 7 0
III 32 22 10 9 1
IV 43 32 11 7 4
Mixed* 5 3 2 2 0

Lauren type (n) 135 95 41 34 7 0.006 0.05
Diffuse 81 62 19 16 3
Intestinal 47 32 15 13 2
Atypical 7 1 6 4 2
Ming type (n) 101 67 34 28 6 0.19 0.33
Expanding 20 10 10 8 2
Infiltrating 81 57 24 20 4

WHO type (n) 139 98 41 34 7 0.21 n.s.
Tubular 79 53 26 22 4
Signet 28 24 4 3 1
Mucinous 15 11 4 3 1
Undifferentiated 7 4 3 3 0
Tubulopapillary 4 1 3 3 0
Adenosquamous 1 1 0 0 0

*Mixed, more than one type of morphology (grade, Carneiro, Goseki, and Ming type) seen where at least 25% of the second (or third)
morphological entity is found in the tumor population.

n.s., nonsignificant P value � 0.05. WHO, World Health Organization.
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MSI�/hMLH1 immunonegative cases were tested by
MSP, and 60% (three of five; cases 100, 101, and 192)
exhibited hypermethylation of tumor DNA relative to nor-
mal DNA. Figure 2B shows case 100 methylation results.
hMLH1 methylation testing was also carried out in six
random MSS and four random MSI-L cases. As ex-
pected, all MSI-L and MSS cases showed an unmethyl-
ated-specific product in both tumor and normal DNA,
supporting intact hMLH1 expression. All but one MSS
case (case 33) showed a methylated-specific product in
the tumor DNA (not shown) despite intact hMLH1 IHC.

Three novel functional mutations based on the Human
Gene Mutation Database (http://uwcmml1s.uwcm.ac.uk/
uwcm/mg/search/249617.html) and International Collab-
orative Group on HNPCC Database (http://www.insight-
group.org/) were found in three cases. The two hMLH1

immunonegative cases that did not show tumor methyl-
ation had germline hMLH1 deletions, causing a frame-
shift and subsequent premature stop codon in exons 12
(case 4) and 16 (case 87) of hMLH1 (Table 5). Figure 3
shows the corresponding d-HPLC chromatogram of
hMLH1 exon 16 and manual sequencing results for cases
87 and 101. Case 101 showed a novel somatic nonsense
mutation in exon 16.

Genotype-phenotype and Clinicopathological
Associations

We initially compared MSS (n � 98) with all MSI�41

cases (Table 2). No significant clinicopathological fea-
tures were noted except for increased size associated

Table 3. MSI-Positive Cases (n � 41)

ID BAT-25 BAT-26 BAT-40 NR-21 NR-22 NR-24 D5S346 D17S250 No. of � loci
Final MSI

status IHC status

�3
100 � � � � � � � � 8 MSI-H hMLH1�
192 � � � � � � � � 7 MSI-H hMLH1�

4 � � � � � � � � 6 MSI-H hMLH1�
87 � � � � � � � � 6 MSI-H hMLH1�
88 � � � � � � F F 5 MSI-H* Equivocal

101 � � � � � � � � 5 MSI-H hMLH1�
58 � � � � � � � � 3 MSI-H hMSH6�

�3
8 � � � � � � F F 2 MSI-L* nd

21 � � � � � � � � 2 MSI-L Intact
24 � � � � � � � � 2 MSI-L‡ Intact
25 � � � � � � � � 2 MSI-L Intact
35 � � � � � � � � 2 MSI-L‡ nd
57 � � � � � � � � 2 MSI-L Intact
62 � � � � � � � � 2 MSI-L Intact

162 � � � � � � � � 2 MSI-L Intact
191 � � � � � � � � 2 MSI-L Intact

5 � � � � � � � � 1 MSI-L Intact
9 � � � � � � � F 1 MSI-L† nd

11 � � � � � � � � 1 MSI-L Intact
20 � � � � � � � � 1 MSI-L Intact
26 � � � � � � � � 1 MSI-L Intact
29 � � � � � � � � 1 MSI-L nd
39 � � � � � � � � 1 MSI-L Intact
41 � � � � � � � � 1 MSI-L Intact
42 � � � � � � � � 1 MSI-L Intact
47 � � � � � � � � 1 MSI-L Intact
52 � � � � � � � F 1 MSI-L† Intact
59 � � � � � � � � 1 MSI-L Intact
65 � � � � � � � � 1 MSI-L Intact
70 � � � � � � � � 1 MSI-L‡ Intact
73 � � � � � � � � 1 MSI-L nd
89 � � � � � � � � 1 MSI-L Intact

112 � � � � � � � � 1 MSI-L‡ Intact
146 � � � � � � � � 1 MSI-L‡ Intact
150 � � � � � � � � 1 MSI-L Intact
152 � � � � � � � � 1 MSI-L nd
156 � � � � � � � � 1 MSI-L Intact
161 � � � � � � � � 1 MSI-L‡ Intact
169 � � � � � � � � 1 MSI-L Intact
175 � � � � � � � � 1 MSI-L‡ Intact
200 � � � � � � � � 1 MSI-L Intact

�, tumor DNA shows allelic shift relative to normal DNA. F, amplification failure or ran out of sample. Intact, normal hMLH1, hMSH2, and hMSH6
staining; hMLH1�, loss of hMLH1 nuclear staining in tumor; hMSH6�, loss of hMSH6 nuclear staining in tumor. nd, not done.

*Six of eight markers successfully amplified because of failure of amplification in dinucleotide markers.
†Seven of eight markers successfully amplified.
‡Dinucleotide markers showed shift but not mononucleotide markers.
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with MSI� cases (tumor size [mean � SD], 6.1 � 3.5 cm
(MSI�), 4.5 � 3.2 (MSS); P � 0.03, Student’s t-test).
Because MMR protein deficiency was found only in
cases showing MSI� in at least three markers, further
tests for association were done with MSI status divided

into three groups: MSS (n � 98), MSI-L defined as cases
with shifts in one or two of eight markers (n � 34) and
MSI-H defined as shifts in more than or equal to three of
eight markers (n � 7). Lauren classification was signifi-
cantly associated with MSI status (P � 0.006, �2 test).

Figure 1. Case 4 is an MSI�/hMLH1-immunonegative case with six of eight loci instability. A: Microsatellite instability in all six mononucleotide loci (red arrows,
extra alleles in tumor genomic DNA) and normal-sized alleles in both normal and tumor using both dinucleotide markers D5S346 and D17S25. Note allelic shifts
in DNA from tumor (T) samples compared with DNA from corresponding normal (N) tissue. B through E: Photomicrographs taken at 40	 magnification. B: H&E
showing mixed-type gastric cancer using the Carneiro system; C: hMLH1 immunostaining; D: hMSH2 immunostaining; E: hMSH6 immunostaining. Note the lack
of tumor nuclear staining by hMLH1 and normal hMSH2 and hMSH6 immunostaining. Internal positive control immunostaining is demonstrated in nuclear staining
of lymphocytes.
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MSS cases were predominantly associated with diffuse
subtype, whereas MSI� cases were associated with in-
testinal or atypical subtypes. Grade was significantly as-

sociated with MSI status (P � 0.007, �2 test) in which
non-MSI-H cases were associated with poor differentia-
tion (G3), whereas MSI-H cases were primarily of mixed
differentiation.

Survival Analyses

Univariate and multivariate survival analyses are summa-
rized in Table 6. Univariate analyses showed size, loca-
tion, depth, grade, and nodal status as significant prog-
nostic factors (P � 0.01, log rank test). As expected,
increased size and depth, proximal location, and lymph
node involvement were associated with worse survival.

Table 4. Correlation between MMR-IHC and MSI in Three
or More Loci

MMR-IHC status MSS

MSI status

MSI-L MSI-H Total

Intact 25 28 0 53
Deficient 0 0 6 6
Equivocal 1 0 1 2
Total 26 28 7 61

Figure 2. Case 100 is an MSI�/hMLH1-immunonegative case with eight of eight marker instability. A through D: Photomicrographs taken at 40	 magnification.
A: H&E shows glandular type gastric cancer using the Carneiro system; B: hMLH1 immunostaining; C: hMSH2 immunostaining; D: hMSH6 immunostaining. Note
the lack of tumor nuclear staining by hMLH1 and intact hMSH2 and hMSH6 immunostaining. Internal positive control immunostaining is demonstrated in nuclear
staining of lymphocytes. E: Methylation-specific PCR for hMLH1 in case 100. Note the band in tumor DNA and the absence of PCR products in normal DNA using
specific primers for the methylated (M) hMLH1 in lanes 4 and 2, respectively. Lanes 1 and 3: As expected, both normal and tumor DNA show unmethylated
(U) hMLH1 PCR products.
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Ming histological type was also a significant prognostic
factor (P � 0.002, log-rank test; and P � 0.02, HR � 2.5,
95% CI 1.2–5.5) with infiltrating type showing adverse
10-year survival (24%) versus the expanding type (63%).
Anaplastic grade was associated with worse prognosis
(0% 10-year survival) on univariate testing (P � 0.01,
log-rank test) but was not significant in multivariate test-
ing (P � 0.19, HR � 0.69, 95% CI 0.4–1.2). The remain-
ing variables and MSI status were not statistically signif-
icant prognostic variables by univariate analyses and
were therefore not included in multivariate analyses.

Discussion

The definition of MSI and features of the MSI-H pheno-
type in GC have not been standardized. Various types
and numbers of markers have been used, and the utility
of IHC in the detection of MSI-H is only more recently
being applied. The cut-off for defining MSI-H versus
MSI-L is unclear and varied. By using a hexapanel of
mononucleotide markers and MMR-IHC, we report a
more biologically relevant definition, frequency, and mo-
lecular and clinicopathological characteristics of MSI-H
in a population-based series of EOGC in Central-East
Ontario, the largest population-based study to date.

Studying EOGC is important because young cases are
clinically more aggressive and may result from different
genetic alterations that accumulate more rapidly com-

pared with subjects presenting at an older age.33 The
involvement of MSI in GC is not only important in hered-
itary cases but is also seen in a subset of sporadic GC, as
shown by Oliveira et al13 in a single-institution-based
series of 152 patients. EOGC is rare, and how it is defined
is largely arbitrary. In our population, we established an
age cut-off of �50, which comprises 10% of all GC cases
based on age distribution data from Cancer Care Ontario
in 1989 to 2002.

Various markers have been used in studying MSI in
GC, and few studies have specifically examined the role
of MMR-IHC status in defining MSI-H. Hamelin and col-
leagues24,25 have shown that the BAT-25 and BAT-26
mononucleotide repeats are quasimonomorphic in nor-
mal DNA and are useful markers for MSI status of human
tumors. Some investigators relied on a single marker
(BAT-26),32 whereas others used up to 59 markers to
determine MSI in GC.46 In our study, BAT-26 alone was
not adequate and showed variable electrophoretic pat-
terns in 5.9% (8 of 138) of cases. The combined use of
BAT-25 and BAT-26 also yielded discordant results (Ta-
ble 3). Of the 41 MSI� cases, 20 cases were discordant
for BAT-25 and BAT-26, and 14 cases were concordant
with 6 showing stability in both loci and 8 cases showing
instability in both loci. MMR-IHC (hMLH1, hMSH2, and
hMSH6) was added to determine potential MMR protein
abnormality, and this assay unequivocally identified all
MSI-H cases in this series, with the exception of an MSI-H

Table 5. MSH-H Cases and hMLH1 Methylation and Mutational Analyses (n � 7)

Case CPC
MMR-
IHC MSP

Variants
mutations Exon/s Nucleotide Codon Comments

4 35 years,
male, mixed
proximal

hMLH1- U Missense 6 C506T/CCA Pro169Leu Tol’d by SIFT (GL)

Silent 10 C861T Asn287Asn Silent, novel SNP (GL)
Deletion and

nonsense
12 delT (nt1190)

stop 400
del3973

stop 400
FS3nonsense, novel

(GL/Som)
Intronic 15 a1668g(�19) IVS15(�19) Known SNP (GL/Som)

87 43 years, female,
isolated proximal

hMLH1- U Missense 8 A655G Ile219Val Known SNP (Som)

Deletion and
nonsense

16 delAT(nt1831–32)
stop(1836–38)

del6113
stop 612–613

FS3nonsense, novel
(GL/som)

100 49 years, female,
glandular distal

hMLH1- M Intronic 13 g1558a(�17) IVS13(�17) Novel SNP (known
g3a, �10,�11,
�13) donor splice
variant (Som)

101 40 years, female,
mixed distal

hMLH1- M Intronic 15 a1668g(�19) IVS14(�19) Known SNP

Missense 12 C1141T His381Tyr Novel, Tol;d by
SIFT(GL)

Nonsense 16 G1793A/TGG Trp597stop Nonsense, novel (Som)
192 41 years, male,

isolated distal
hMLH1- M Intronic 15 a1668g(�19) IVS14(�19) Known SNP (GL/Som)

58 29 years,
isolated distal

hMSH6- Nd Na Na Na Na Na

88 49 years,
intestinal distal

Equiv Nd Na Na Na Na Na

CPC, clinicopathological variables including age, gender, Carneiro histotype, and tumor location; MMR-IHC, mismatch repair protein
immunohistochemistry result. hMLH1�, hMLH1 immunonegative. hMSH6�, hMSH6 immunonegative. Equiv, equivocal result. MSP, hMLH1 methylation-
specific PCR results. Nd, not done. Na, not applicable. U, unmethylated by hMLH1 methylation-specific PCR; M, methylated by hMLH1 methylated-
specific PCR; SNP, single nucleotide polymorphism; SIFT, sorting intolerant from tolerant (http://blocks.fhcrc.org/sift/SIFT.html; mathematical prediction
model for missense mutations); Tol’d, substitution predicted to be tolerated by SIFT analyses; FS, frameshift; GL, found in germline/normal DNA; Som,
found in tumor/somatic DNA; nucleotide and codon positions based on hMLH1 (http://www.ncbi.nlm.nih.gov) nucleotide and coding sequence
NM_000249.

MSI and Early Onset Gastric Cancer 473
JMD October 2005, Vol. 7, No. 4



biopsy case (Table 3). Of the eight cases showing insta-
bility in both BAT-25 and BAT-26, only six were MMR
immunonegative. Therefore, the use of BAT-25 and

BAT-26 alone would overestimate the MSI-H phenotype.
However, the combined use of the mononucleotide
hexapanel increases sensitivity and specificity to 100% in
detecting MSI�/MMR immunonegative GC cases (Table
7) and may also obviate the need for matched normal
DNA. Although amplification of all six loci was performed
separately and was labor intensive, Suraweera et al26

multiplexed five markers (BAT-25, BAT-26, NR-21, NR-
22, and NR-24), making MSI testing more practical. We
believe the addition of BAT-40 remains important be-
cause of its optimal sensitivity (100%) and specificity
(89%) profile (Table 7). However, it may not be multi-
plexed because of the size of the BAT-40 amplicon (Sup-
plemental Table S1; BAT-40 and BAT-25 amplicons 1-bp
size difference can be difficult to resolve).

Another controversy in MSI testing is the use of non-
mononucleotide markers. Tri-, tetra-, and pentanucle-
otide markers are generally considered not useful for
assessment of MSI due to MMR deficiency.47 Dinucle-
otide markers are the most widely used, but the interpre-
tation of size alterations is more difficult than with mono-
nucleotide markers and can lead to misclassification.48

Furthermore, some MSI� tumors with hMSH6 deficiency
(caused by hMSH6 mutation) are not detected by dinu-
cleotide markers.5,26 Our study supports this shortcom-
ing because our hMSH6-deficient case (case 58) would
be misclassified as MSS had we solely used dinucleotide
markers. Another important disadvantage is that dinucle-
otide marker instability correlated poorly with MSI-H be-
cause D5S346 and D17S250 detected only two of the six
(33% sensitivity) and three of six (50% sensitivity) MSI-H
cases, respectively (Table 7). However, addition of dinu-
cleotide markers to the mononucleotide panel lead to
seven additional cases classified as MSI-L (Table 3;
cases 24, 35, 70, 112, 146, 161, and 175), although it is
not known whether MSI-L represents a distinctly different
molecular phenotype than MSS.

Our results lend further support to growing evidence
that 1) it may be disadvantageous to rely on a single or
only a few loci and that 2) MMR-IHC is an indispensable
adjunct to detect the mutator phenotype in GC. There-
fore, we propose a more biologically appropriate defini-
tion in which tumors with more than or equal to three of six
(�50%) shifted mononucleotide microsatellite loci are

Figure 3. hMLH1 exon 16 d-HPLC analyses and manual sequencing results.
A: Representative chromatogram showing absorption/wave patterns of cas-
es: 4N, 87N, 87T, 100N, 101T, 192N, and controls including normal (genomic
DNA from a noncancer patient), positive (genomic DNA from a colon cancer
patient with known hMLH1 exon 16 mutation), and negative control (hMLH1
exon 16 sample without a DNA template). Note the variable absorption
patterns seen in mutation-positive samples 87N, 87T, 101T, and positive
control relative to the wave pattern in the normal control. B: hMLH1 exon 16
manual sequencing results for samples 87N/T (asterisks) and normal con-
trol. C: hMLH1 exon 16 manual sequencing results for sample 101T (aster-
isk) and normal control. B and C were sequenced in the forward direction.
Nucleotide and amino acid sequences are shown along the margins. All
mutations were also confirmed in the reverse direction (not shown). N,
normal/genomic DNA sample; T, tumor DNA sample.

Table 6. Survival Analysis in EOGC

Variable
Univariate (KM, log-rank)

P value

Multivariate* Comments on
10-year survivalP value HR 95% CI

Tumor size (0 to 5, 5 to 10 versus �10 cm) 0.0002 0.09 1.1 1.0–1.2 Worse in larger
tumor sizes

Tumor site proximal versus middle versus distal 0.01 0.19 1.2 0.9–1.6 Worse in proximal
Tumor depth (T1, T2, T3 versus T4) �0.0001 0.0002 2.1 1.4–3.1 Worse in deepest

invading tumors
Nodal status (N0 versus N�) �0.0001 0.001 3.2 1.3–7.6 Worse in N�
Tumor grade (G1, G2, G3, G4 versus mixed) 0.01 0.23 0.7 0.4–1.3 Worse in

anaplastic type
Ming (infiltrating versus expanding type) 0.002 0.02 2.5 1.2–5.5 Worse in

infiltrating type

Six covariates (age, tumor size, depth of invasion, nodal status, Ming histotype, and tumor location) were tested in the multivariate survival analysis
using the Cox regression model. KM, Kaplan-Meier.
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scored as MSI-H. If �2 loci are mutated in tumor DNA,
then the tumor is scored as MSI-low (MSI-L). If none of the
six quasimonomorphic mononucleotide microsatellite se-
quences are mutated, then the tumor is termed MSS.
Other investigators have suggested a similar threshold
albeit using a different marker panel in sporadic GC.47,49

Frequency of MSI and MSI-H

Frequencies of MSI in GC range from 15 to 39% depend-
ing on the population studied and methods used for
screening.19–21,27,28,50,51 Our results demonstrate that a
significant proportion (41 of 139, 30%) of EOGC show
MSI of at least one mononucleotide marker. However,
only a subset of these cases can be characterized as
having an MSI-H/mutator phenotype. Seven of 139 (5%)
EOGC cases would be considered MSI-H in our study.

Molecular Characteristics of MSI-H:hMLH1
Methylation and Mutation

hMLH1 protein loss by IHC was the most common MMR
IHC abnormality in our study, in contrast to CRC in which
hMSH2 and hMLH1 account for the majority of MMR
protein loss found in MSI-H cases. A number of studies
have shown methylation as an important mechanism for
loss of expression of hMLH1 in sporadic GC.52,53 Our
results confirm that hMLH1 methylation is also an impor-
tant mechanism in EOGC with 60% (three of five cases)
exhibiting methylation of tumor DNA relative to the normal
DNA. Also, hMLH1 mutational inactivation is an important
mechanism for protein loss; and germline mutations are
generally the cause of MSI-H tumors in HNPCC; and
somatic mutations occur in only a small fraction of hMLH1
and hMSH2 genes in sporadic CRC cases.18,54,55 Our
study shows that in the absence of methylation, muta-
tional inactivation played a more important role in the two
MSI-H-hMLH1-IHC/methylation-negative cases (Table 6)
in which two novel germline mutations were found. Both
cases 4 and 87 had deletions leading to a frameshift and
premature stop codon in exon 12 and 16, respectively.
Based on limited clinical data available at the cancer
registry, case 87 had a positive family history of GC in her
father. Case 4 had a negative family history for cancer.
Somatic hMLH1 mutation (nonsense) was found in case

101, which also showed hMLH1 silencing by tumor meth-
ylation. Thus, our results provide a reasonably powerful
estimate of hereditary MMR defects in a population-
based cohort of EOGC. Of the 7 MSI-H cases, 2 had
germline hMLH1 mutations for a prevalence estimate of 2
of 139 (1.4%).

Clinicopathological and Survival Characteristics
of MSI and MSI-H

In general, our analysis of associations between clinico-
pathological characteristics and MSI status were nega-
tive, however, we found statistically significant associa-
tions between MSI status, Lauren subtype, and tumor
grade. Seruca and colleagues13,50 showed a trend to-
ward an association between mutator phenotype, ad-
vanced age, poor differentiation, and intestinal type spo-
radic GC. Previous studies of sporadic GC report that
MSI� cases tended to show poor differentiation.20,27,50

Our study also shows that MSI is associated with Lauren
histotype (particularly atypical and intestinal) and grade
(poor/anaplastic and mixed grade). Although our MSI-H
cases were predominantly female with larger and distally
located tumors, gender and tumor location were not sig-
nificantly associated with MSI-H status. MSI status was
not significantly associated with survival, but a trend to-
ward better prognosis was observed. Well-established
prognostic factors such as tumor depth of invasion, nodal
status, and tumor size were also prognostically signifi-
cant in this group. Ming histotype was also independently
prognostic both by univariate and multivariate analyses
and underscores its importance in diagnostic use.

Summary

MSI in at least one marker was found in 30% (41 of 138)
of EOGC. The combined use of a six-mononucleotide
marker panel and a three-MMR-immunohistochemical
panel identified six early onset MSI-H/MMR-deficient GC
cases with 100% specificity and sensitivity. We therefore
propose a definition of MSI-H as instability in �3 mono-
nucleotide markers with concomitant loss of MMR protein
expression. Few statistically significant clinicopathologi-
cal associations were found to be associated with MSI
status except for Lauren histotype, grade, and tumor

Table 7. MSI Status, MMR-IHC, and Sensitivity and Specificity of Each Mononucleotide Marker in Detecting MMR Status

MSI status IHC

Marker

BAT-25 BAT-26 BAT-40 NR-21 NR-22 NR-24 D5S346 D17S250

MSS 25 25 25 25 25 25 25 23 23
MSI-L 28 18 17 23 27 28 28 26 26
Total IHC� 53 43 42 48 52 53 53 49 44
Specificity (%) 81 79 91 98 100 100 92 83
Total MSI-H/IHC� 6 6 6 6 4 5 3 2 3
Sensitivity (%) 100 100 100 67 83 50 33 50

Fifty-nine of 61 cases were included for specificity and sensitivity calculations. Two cases were excluded because of equivocal IHC staining. Fifty-
three of 59 IHC eligible cases were intact for all three mismatch repair proteins, and 6 of 59 demonstrated loss of at least one of three mismatch repair
proteins. IHC�, mismatch repair protein immunohistochemistry intact, all MMR proteins (hMLH1, hMSH2, and hMSH6) are expressed in tumor and
normal cell nuclei; MSI-H/IHC�, multiple loci unstable in at least three loci/immunohistochemistry negative in at least one of the MMR proteins and
demonstrate a decrease or loss (at least 90%) of protein expression in tumor nuclei.
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size. Univariate and multivariate survival analyses vali-
dated tumor depth of invasion, nodal status, and Ming
histotype as independent prognostic factors. MSI status
was not a significant prognostic marker, however, a trend
toward better prognosis was observed. Approximately
1% of EOGC is caused by germline MMR mutations.
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