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Abstract
Some previous studies have reported an improved
prognosis in sporadic colon cancers with microsatellite
instability, whereas others have not. In addition, relatively
few of those reporting an improved prognosis controlled for
tumor stage or were population-based. Therefore, we
evaluated the relationship between microsatellite instability
and prognosis, tumor stage, and other clinical variables in a
population-based study of 1026 individuals. Microsatellite
instability was determined by the noncoding mononucleotide
repeat BAT-26 and the coding mononucleotide repeat in
transforming growth factor-� receptor type II. Significant
relationships were seen between microsatellite instability
and proximal tumor location, female gender, young and old
age at diagnosis, poor histological differentiation, and low
tumor stage (P < 0.01). There was a significant relationship
between microsatellite instability and improved prognosis,
even after adjusting for stage, with a reduction in the risk of
death attributable to colon cancer of �60%. Most of this
risk reduction occurred in individuals with American Joint
Committee on Cancer stage III tumors, although
transforming growth factor-� receptor type II mutations
were associated with a significant reduction in colon cancer
death in tumors with distant metastases. We conclude that
microsatellite instability in sporadic colon cancer is
associated with an improved prognosis at the population
level.

Introduction
Microsatellite instability is seen in nearly all colon cancers from
individuals with HNPCC3 (1, 2). The genetic basis for insta-

bility in these tumors is inherited germ-line mutations of mis-
match repair genes, mostly involving hMSH2 and hMLH1 (3).
Microsatellite instability is also seen in 10–15% of sporadic
colon cancers; in these tumors the basis for instability is usually
acquired hypermethylation of the hMLH1 promoter with sub-
sequent transcriptional silencing (4–8).

Previous studies (1, 9) have indicated an improved prognosis
for HNPCC-associated colon cancer relative to nonfamilial colon
cancer. Some studies have also reported a statistically significant
improved prognosis for sporadic colon cancer with microsatellite
instability (10–19), although others have not (20–23). In addition,
studies reporting an improved prognosis have not always shown
that this relationship was independent of tumor stage, and only one
of those studies was population-based. The lone population-based
study was, moreover, restricted to individuals �50 years of age
(17). Because such relatively young individuals account for �10%
of those with colon cancer (24), it is questionable whether the
results of that study can be extrapolated to the population at large.
Also, whereas that study of 607 individuals was relatively large, it
had insufficient power to demonstrate a statistically significant
improved survival at a given tumor stage (25), again limiting the
clinical applicability of its findings (26). Therefore, we evaluated
the relationship between microsatellite instability and prognosis,
tumor stage, and other clinical variables in a population-based
study of 1026 individuals with colon cancer, the largest sample
evaluated in this manner to date. The age range of subjects (30–79
years) includes the most frequent ages of colon cancer diagnosis,
additionally ensuring the applicability of results to the general
population.

Materials and Methods
Study Population. Study participants were black, white, or His-
panic and were from either the Kaiser Permanente Medical Care
Program of Northern California or an eight-county area in Utah
(Davis, Salt Lake, Utah, Weber, Wasatch, Tooele, Morgan, and
Summit counties). Microsatellite instability results from 154 indi-
viduals in the Utah sample were reported in a previous study of
microsatellite instability and family history (27). In the Utah and
Kaiser Permanente Medical Care Program we were able to extract
normal and tumor DNA for 95.6 and 81.1%, respectively, of all of
the cases diagnosed in the area, making this a truly population-
based study from these geographic locations. Eligibility criteria for
cases included diagnosis with first-primary incident colon cancer
(International Classification of Diseases for Oncology 2nd edition
codes 18.0, and 18.2–18.9) between October 1, 1991 and Septem-
ber 30, 1994; ages 30–79 years at time of diagnosis; and mentally
competent to participate in the study. Cases with cancers of the
rectosigmoid junction or rectum (defined as the first 15 cm from
the anal opening) or with known familial adenomatous polyposis,
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ulcerative colitis, or Crohn’s disease were not eligible. The study
sample was part of a larger epidemiological-based study which
excluded rectal cancers; however, microsatellite instability is
mostly seen in proximal tumors (10). All of the cases were ade-
nocarcinomas or carcinomas.

Information on age at time of diagnosis, sex, tumor site,
and tumor stage were available from the Northern California
Tumor Registry, the Sacramento Tumor Registry, and the Utah
Cancer Registry. These registries are members of the SEER
program. Proximal tumors were defined as cecum through
transverse colon; tumors in the splenic flexure, descending, and
sigmoid colon were defined as distal. Staging data were sum-
marized as local, regional, or distant depending on extent of
disease and node and other organ involvement as indicated by
the SEER summary stage codes provided by the respective
tumor registries (28). We also staged the tumors according to
AJCC criteria and determined histological grade by reviewing
pathology reports (29). Because we did not have access to
complete medical records, AJCC stage IV tumors were identi-
fied using SEER summary stage codes to determine whether or
not distant metastases were present. Vital status, date of death,
primary cause of death, and two contributing causes of death
were obtained from local tumor registries using death certificate
information. Active follow-up of people diagnosed with cancer
is done through the cancer registries on a continuous basis.
Vital status as of December 30, 1999 was obtained for all of the
study participants. For individuals of which the vital status or
cause of death could not be determined through local tumor
registries, National Death Index tapes were used. Months of

survival were calculated by subtracting the date of last contact
or death from the date of diagnosis. Deaths from any cause as
well as deaths attributed to colon cancer were assessed. All of
the aspects of this study were approved by the University of
Utah Institutional Review Board.
Microsatellite Instability. Colon cancer tissue was microdis-
sected and DNA extracted from formalin-fixed paraffin-embedded
tissue blocks as described previously (30). The respective normal
DNA from each individual was extracted from peripheral blood or
from paraffin blocks of normal colonic mucosa. Each tumor was
evaluated for microsatellite instability with the noncoding mono-
nucleotide repeat BAT-26 and the coding mononucleotide repeat
in codons 125 to 128 of TGF�RII (31). The primer sequences and
PCR conditions were as described previously (32, 33). As before,
primers were labeled with fluorescent dye, and the sizes of PCR
products were evaluated on an ABI machine. Also, a 5� tail
(GTTTCT) was added to the reverse primer to complete the
addition of an extra adenosine to PCR products (34).

Both tumoral DNA and normal DNA were PCR amplified
with the above primer sets. Microsatellite instability for a given
primer set was defined as the appearance of one or more new
PCR products either smaller or larger than those produced from
normal DNA. For BAT-26 a deletion of at least 4 bp was

Fig. 1. Paired normal (N) and tumor (T) results for four tumors with BAT-26
microsatellite instability (TGF�RII results for the same tumors are shown in Fig. 2).
In each tumor one or more BAT-26 alleles smaller than those seen in normal DNA are
present (size in bp, scale above each repeat result; signal amplitude, scales at right).

Fig. 2. Paired normal (N) and tumor (T) results for four tumors with TGF�RII
instability (BAT-26 results for the same tumors are shown in Fig. 1). Deletions
of one (�1) or two (�2) bp and/or insertions of one bp (�1) relative to wild type
(W) are seen in each tumor (size in bp, scale above each repeat result; signal
amplitude, scales at right).
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required for a designation of instability (35). Instability in
TGF�RII was indicated by deletions of one or two bases or an
insertion of one base (33).

Most of the microsatellite evaluation in this study was per-
formed before the publication of the Bethesda consensus panel
(36). However, instability in BAT-26, a component of the con-
sensus panel, has been shown to be highly correlated with gener-
alized dinucleotide repeat instability (35) and with the Bethesda
panel itself in the Utah subset of the current study (37).
Statistical Analyses. Differences in microsatellite instability
were determined for age, tumor site, tumor grade, gender, and
disease stage using �2 statistics. Crude survival was evaluated
using Kaplan-Meier survival curves for both overall mortality and
mortality from colon cancer alone. Associations between survival
and microsatellite instability were determined using Cox propor-
tional hazards models, adjusting for age at time of diagnosis,
disease stage, tumor grade, and site. Using these multivariate
models, we estimated the likelihood of dying from any cause as
well as from colon cancer alone. Median follow-up was 62
months. Five-year survival (Table 2) was determined for individ-
uals who had complete 5-year follow-up data. Of the total sample,
89 people were censored alive before 5 years of follow-up and
were excluded from the analyses shown in Table 2.

Results
Microsatellite instability was identified in 12.8% (128/1000) of
colon cancers with BAT-26 and 11.6% (114/986) with
TGF�RII. Representative electropherograms demonstrating al-

terations in these repeats in four unstable tumors are shown in
Figs. 1 and 2. Instability in the coding mononucleotide repeat of
TGF�RII consisted of one or two bp deletions (�1 and �2) or
one bp insertion (�1).

The relationship of microsatellite instability to age, sex, tu-
mor location, tumor grade (differentiation), and stage is delineated
in Table 1. Instability was significantly related to age at diagnosis,
because it was more common in the relatively young (�55) and
older (71–79) ages. Microsatellite instability also was significantly
more common in tumors from women, proximal tumors, in tumors
of relatively low stage, and in poorly differentiated tumors. All of
these statistically significant relationships were seen with both
measures (BAT-26 and TGF�RII) of instability.

Univariate relationships between microsatellite instability,
clinical variables, and survival are indicated in Table 2. Mic-
rosatellite instability, low tumor stage, and distal tumor location
were all significantly related to improved 5-year survival,
whereas poor differentiation was associated with a decreased
5-year survival; there was a borderline significant relationship
between age and survival. The statistically significant (P �
0.01) relationship between microsatellite instability and prog-
nosis was seen with both measures of instability.

The relationship between microsatellite instability and
prognosis is additionally delineated in the results of a multiva-
riate analysis shown in Table 3. Individuals with microsatellite
unstable tumors were significantly less likely to die of any
cause or of colon cancer in the first 8 years after diagnosis; this
relationship was independent of age, stage, tumor site, tumor

Table 1 Description of population by microsatellite instability status

BAT-26 TGF�RII

BAT-26 Sa n (%) BAT-26 Ub n (%) OR (95% CI)c TGF�RII Sa n (%) TGF�RII Ub n (%) OR (95% CI)c

Age
�55 165 (85.0) 29 (15.0) 1.00 175 (87.9) 24 (12.1) 1.00
55–64 291 (91.8) 26 (8.2) 0.42 (0.22–0.80) 297 (92.8) 23 (7.2) 0.47 (0.24–0.92)
65–70 279 (89.7) 32 (10.3) 0.80 (0.45–1.44) 285 (91.0) 28 (9.0) 1.01 (0.55–1.84)
71–79 477 (83.1) 97 (16.9) 1.24 (0.73–2.10) 499 (85.0) 88 (15.0) 1.20 (0.69–2.10)
P �0.01 �0.01

Sex
Male 651 (90.0) 72 (10.0) 1.00 672 (91.2) 65 (8.8) 1.00
Female 561 (83.4) 112 (16.6) 1.75 (1.21–2.55) 584 (85.6) 98 (14.4) 1.90 (1.28–2.82)
P �0.01 �0.01

Tumor site
Proximal 528 (76.9) 159 (23.1) 1.00 556 (79.8) 141 (20.2) 1.00
Distal 649 (96.7) 22 (3.3) 0.12 (0.07–0.20) 664 (97.1) 20 (2.9) 0.14 (0.08–0.24)
P �0.01 �0.01

SEER summary stage
Local 377 (84.9) 67 (15.1) 1.00 403 (88.2) 54 (11.8) 1.00
Regional 573 (85.3) 99 (14.7) 0.76 (0.52–1.13) 595 (86.1) 96 (13.9) 0.94 (0.62–1.43)
Distant 240 (94.5) 14 (5.5) 0.30 (0.13–0.67) 239 (96.4) 9 (3.6) 0.47 (0.21–1.02)
P �0.01 �0.01

AJCC stage
1 269 (85.9) 44 (14.1) 1.00 276 (88.5) 36 (11.5) 1.00
2 320 (82.5) 68 (17.5) 1.30 (0.86–1.96) 340 (84.4) 63 (15.6) 1.42 (0.92–2.20)
3 338 (86.5) 53 (13.5) 0.96 (0.62–1.48) 353 (87.4) 51 (12.6) 1.11 (0.70–1.75)
4 240 (94.5) 14 (5.5) 0.36 (0.19–0.67) 239 (96.4) 9 (3.6) 0.29 (0.14–0.61)
P �0.01 �0.01

Differentiation
Well 124 (91.9) 11 (8.1) 1.00 131 (95.6) 6 (4.4) 1.00
Moderate 827 (89.4) 98 (10.6) 1.34 (0.70–2.56) 845 (90.3) 91 (9.7) 2.35 (1.01–5.49)
Poor 172 (72.6) 65 (27.4) 4.26 (2.16–8.41) 188 (75.8) 60 (24.2) 6.97 (2.92–16.6)
P �0.01 �0.01

a S, microsatellite stable tumor.
b U, microsatellite unstable tumor.
c OR, odds ratio and 95% CI (confidence intervals).
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grade, and the method used for assessing instability. The age,
stage, grade, and site-adjusted reduction in risk of colon cancer
death associated with microsatellite instability was �60%.

The relationship between microsatellite instability and
prognosis for each stage of colon cancer is shown in Table 4.
Most of the decreased risk of colon cancer death is seen in
AJCC stage III tumors and SEER regional stage, with risk
reductions in stage III tumors of approximately 60–66% de-

pending on the microsatellite measurement. Interestingly, a
statistically significant nearly 60% reduction in risk of colon
cancer death is seen in tumors with distant metastases that
harbor TGF�RII mutations.

The relationship between TGF�RII mutations and prog-
nosis is also demonstrated in Kaplan-Meier survival curves
stratified by AJCC stage (Figs. 3 and 4). In Fig. 3, all of the
causes of mortality are taken into account, whereas in Fig. 4
only mortality from colon cancer is considered. Microsatellite
instability in TGF�RII does not appear to be related to colon
cancer survival in stage I or II tumors. TGF�RII mutations are
associated with a significantly improved prognosis in stage III
and IV tumors (P � 0.01; Mantel Cox statistic); interestingly,
the survival curve for stage III unstable tumors is very similar
to that for stage II stable tumors for colon cancer mortality (Fig.
4) and to stage I and II tumors for overall mortality (Fig. 3).

Discussion
This population-based study of �1000 individuals with sporadic
colon cancer identified significant relationships between microsat-
ellite instability and proximal tumor location, female gender,
young and old age at diagnosis, poor histological differentiation,
and low tumor stage. The relationships to proximal tumor site (10,
38, 39) and poor histological differentiation (15, 17, 38, 39) have
been seen by numerous previous studies. The relationship to fe-
male gender was seen in two previous studies (8, 18), and one of
those studies (8) as well as an additional study (17) reported a
relationship with low tumor stage. The relationship to age was
seen in a previous smaller study (27), which included some of the
individuals in the current analysis, and a relationship to young age
at diagnosis was seen in two other studies (19, 23). Several other
studies (10, 12, 13, 20, 21, 39) have failed to identify significant
relationships between microsatellite instability and age, gender,
and tumor stage, but most of these studies were of relatively small
numbers of tumors and may have lacked sufficient power to detect
statistically significant relationships. Notably, most of the studies
in addition to ours which did show relationships to gender and
stage evaluated �500 individuals with colon cancer.

In the current study, microsatellite instability, low tumor
stage, low tumor grade, and distal tumor location were all signif-
icantly related to improved prognosis in univariate analyses (Table
2). A multivariate analysis (Table 3) revealed that the relationship
between instability and improved prognosis was independent of
stage, site, tumor grade, and age and was associated with a 60%
decrease in death attributable to colon cancer. Several previous
studies (10–19) have reported a relationship between instability
and prognosis, although others (20–23) have not. Studies that
failed to show this association were usually of relatively small
numbers of individuals and, therefore, evaluated very few unstable
tumors and probably lacked the power to show a statistically
significant relationship. Of the studies that did show a relationship
between instability and improved prognosis, in only five was this
association shown to be independent of tumor stage (12, 15–18),
an important consideration given the relationship we and others
have observed between instability and low tumor stage. Of these
five studies, only one was population-based, and that study was
restricted to individuals �50 years of age (17), and, therefore,
would be predicted to account for �10% of all colon cancer (24).
Thus, our current study, the largest to date, is the first population-
based study of sporadic colon cancer that includes the most fre-
quent ages at diagnosis and demonstrates a stage-independent
improved prognosis associated with microsatellite instability.
These features indicate that our findings, in contrast to those of

Table 2 Univariate relationships with survival

Status at end of follow-up

Dead n
(%)

Alive n
(%)

5-yr survival
(% alive)

Age at time of diagnosis
�55 93 (44.7) 115 (55.3) 54.8
56–64 133 (39.8) 201 (60.2) 60.2
65–70 137 (41.6) 192 (58.4) 61.4
71–79 317 (51.5) 298 (48.5) 52.9

Pa 0.05
Sex

Male 364 (47.2) 407 (52.8) 55.8
Female 316 (44.2) 399 (55.8) 57.6

P 0.48
Tumor site

Proximal 353 (48.3) 378 (51.7) 54.0
Distal 306 (42.9) 408 (57.1) 60.2

P 0.02
SEER summary stage

Local 115 (24.1) 363 (75.9) 79.5
Regional 309 (43.2) 407 (56.8) 60.5
Distant 247 (93.2) 18 (6.8) 7.3

P �0.01
AJCC stage

1 67 (20.4) 261 (79.6) 83.6
2 138 (33.0) 280 (67.0) 71.1
3 210 (50.0) 210 (50.0) 53.4
4 247 (93.2) 18 (6.8) 7.3

P �0.01
Differentiation

Well 39 (27.3) 104 (72.7) 77.6
Moderate 446 (45.5) 534 (54.5) 56.8
Poor 146 (56.6) 112 (43.4) 45.7

P �0.01
Microsatellite instability status

BAT-26 stable 580 (47.9) 632 (52.1) 54.3
BAT-26 unstable 64 (34.8) 120 (65.2) 70.5

P �0.01
TGF�RII stable 593 (47.2) 663 (52.8) 54.7
TGF�RII unstable 54 (33.1) 109 (66.9) 72.4

P �0.01

a P is �2 statistic for differences in 5-yr survival.

Table 3 Hazard rate ratios (HRR) and 95% confidence intervals (CI) for
likelihood of dying during follow-up comparing unstable to stable tumors (as

classified by BAT-26 or TGF�RII)

Age-adjusted
Unstable vs. stable

HRR (95% CI)

Age, AJCC stage,
grade, and tumor site-
adjusted unstable vs.
stable HRR (95% CI)

All-cause mortality
BAT-26 0.63 (0.49–0.82) 0.61 (0.45–0.86)
TGF�RII 0.59 (0.45–0.78) 0.53 (0.39–0.82)

Colon cancer mortality
BAT-26 0.46 (0.31–0.68) 0.43 (0.28–0.69)
TGF�RII 0.44 (0.30–0.67) 0.36 (0.22–0.46)
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most previous studies, are directly applicable and clinically rele-
vant to the population at large.

Most of the reduction of risk of colon cancer death associated
with microsatellite instability occurred in AJCC stage III tumors
(Table 4). This is similar to a previous report, which identified an
improved prognosis in Dukes’ C tumors with microsatellite insta-
bility but not in Dukes’ B tumors (15). The only previous popu-

lation-based study (17) demonstrated a survival benefit of micro-
satellite instability, which was independent of tumor stage in a
multivariate analysis but had insufficient power to show a statis-
tically significant survival advantage at a particular stage (25).

The improved prognosis in stage III tumors, cancers with
lymph node metastases, was quite dramatic in our study, because
microsatellite instability essentially “downstaged” such tumors to

Table 4 Stage-specific age-adjusted hazard rate ratios (HRR) and 95% confidence intervals for risk of dying of colon cancer comparing microsatellite unstable to
stable tumors (as classified by BAT-26 or TGF�RII)

HRR (95% CI) HRR (95% CI) HRR (95% CI)

SEER stage Local Regional Distant
BAT-26 0.65 (0.20–2.16) 0.46 (0.26–0.79) 0.79 (0.41–1.56)
TGF�RII 1.09 (0.32–2.63) 0.50 (0.29–0.84) 0.42 (0.18–0.94)
AJCC stage 1 2 3 4
BAT-26 0.59 (0.81–4.63) 0.79 (0.39–1.59) 0.40 (0.20–0.79) 0.79 (0.41–1.56)
TGF�RII 1.47 (0.32–6.67) 0.84 (0.41–1.70) 0.34 (0.17–0.71) 0.42 (0.18–0.94)

Fig. 3. Kaplan-Meier survival curves stratified by colon cancer stage and microsatellite instability (as determined by TGF�RII). Microsatellite instability was associated
with a significantly improved survival in both stage III and stage IV tumors. (Fig. 3 takes into account all causes of mortality; Figure 4 considers mortality from color cancer
alone. S, stable; U, unstable.
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the colon cancer mortality of stage II tumors, cancers without
nodal metastases (Fig. 4). An improved prognosis was also seen in
stage IV tumors with TGF�RII mutations (Table 4; Figs. 3 and 4),
although the significance of this latter finding is somewhat uncer-
tain because of the small numbers of individuals in this category.
Still, it is of interest that 33% (3 of 9) of individuals with stage IV,
TGF�RII unstable tumors survived colon cancer, compared with
only 6.3% (15 of 239) of individuals with stage IV, TGF�RII
stable tumors. Additional studies with larger numbers of individ-
uals with unstable stage IV tumors will be necessary to determine
the generalizability of this finding.

Besides its utility as an indicator of prognosis, microsatellite
instability could also be clinically important if it could be used to
predict the response to therapy. One retrospective, nonrandomized
study suggested that the survival benefit associated with micro-
satellite instability was only seen in individuals who received
chemotherapy (18), whereas another such study found no relation-
ship between instability and chemotherapeutic response (15). A
third study (40) reported that chemotherapy was efficacious in

individuals with unstable tumors, but nearly half of those patients
had HNPCC, and, therefore, those results are of questionable
relevance for the majority of individuals of which the unstable
tumors are not attributable to an inherited predisposition (4–8).
Information regarding chemotherapy or radiation therapy was not
readily accessible on the individuals in our study, although from
the time period of colon cancer diagnosis (October 1, 1991 to
September 30, 1994), one would expect that most individuals with
stage III disease received adjuvant chemotherapy. There is also
some experimental evidence that tumors with microsatellite insta-
bility show different degrees of responsiveness to different classes
of chemotherapeutic agents (41). It is possible that future prospec-
tive, randomized studies that stratify patients according to tumor
instability may identify a treatment regimen specifically suited to
unstable tumors and/or to what extent the improved prognosis in
unstable tumors is related to a better response to chemotherapy.

The microsatellite instability analysis in this study was
performed before the National Cancer Institute workshop,
which developed the Bethesda Consensus Panel (36). Our re-

Fig. 4. Kaplan-Meier survival curves stratified by colon cancer stage and microsatellite instability (as determined by TGF�RII). Microsatellite instability was associated
with a significantly improved survival in both stage III and stage IV tumors. (Fig. 3 takes into account all causes of mortality; Figure 4 considers mortality from color cancer
alone. S, stable; U, unstable.
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sults with BAT-26, one of the consensus panel repeats, should
be a fairly good indicator of what would have been seen with
the entire panel, because we have shown that instability in
BAT-26 correlates extremely well with the complete consensus
panel in the Utah subset of these colon cancers (37). It should
be noted that the National Cancer Institute workshop on insta-
bility did not mandate the use of a particular panel and ac-
knowledged that in different situations panels other than the
Bethesda Consensus Panel might be more appropriate (36).
There are some advantages to the approach used in this study.
Determination of BAT-26 and/or TGF�RII instability is an
extremely rapid and inexpensive way to screen large numbers
of samples. In addition, the strongest relationships in this study
were seen with TGF�RII, a coding mononucleotide repeat that
is not one of the five repeats in the main Bethesda consensus
panel. It is possible that the most prognostically significant
microsatellite instability panel is yet to be determined.

Acknowledgments
We thank Dr. Bette Caan, Judy Morse, Sandra Edwards, and Leslie Palmer for the
data collection and tissue processing efforts, and the genomics core facility,
Melanie Nichols, and Kristen Gruenthal for assistance with genetic analyses.

References
1. Aaltonen, L. A., Peltomaki, P., Leach, F. S., Sistonen, P., Pylkkanen, L.,
Mecklin, J. P., Jarvinen, H., Powell, S. M., Jen, J., Hamilton, S. R., Petersen,
G. M., Kinzler, K. W., Vogelstein, B., and Chapelle, A. Clues to the pathogenesis
of familial colorectal cancer. Science (Wash. DC), 260: 812–819, 1993.
2. Aaltonen, L. A., Peltomaki, P., Mecklin, J. P., Jarvinen, H., Jass, J. R., Green,
J. S., Lynch, H. T., Watson, P., Tallqvist, G., Juhola, M., Sistonen, P., Hamilton,
S. R., Kinzler, K. W., Vogelstein, B., and de la Chapelle, A. Replication errors in
benign and malignant tumors from hereditary nonpolyposis colorectal cancer
patients. Cancer Res. 54: 1645–1648, 1994.
3. Kinzler, K. W., and Vogelstein, B. Lessons from hereditary colorectal cancer.
Cell, 87: 159–170, 1996.
4. Kane, M. F., Loda, M., Gaida, G. M., Lipman, J., Mishra, R., Goldman, H.,
Jessup, J. M., and Kolodner, R. Methylation of hMLH1 promoter correlates with
lack of expression of hMLH1 in sporadic colon tumors and mismatch repair-
defective human tumor cell lines. Cancer Res., 57: 808–811, 1997.
5. Cunningham, J. M., Christensen, E. R., Tester, D. J., Kim, C. Y., Roche, P. C.,
Burgart, L. J., and Thibodeau, S. N. Hypermethylation of the hMLH1 promoter
in colon cancer with microsatellite instability. Cancer Res., 58: 3455–3460, 1998.
6. Herman, J. G., Umar, A., Polyak, K., Graff, J. R., Ahuja, N., Issa, J. P. J.,
Markowitz, S., Willson, J. K. V., Hamilton, S. R., Kinzler, K. W., Kane, M. F.,
Kolodner, R. D., Vogelstein, B., Kunkel, T. A., and Baylin, S. B. Incidence and
functional consequences of hMLH1 promoter hypermethylation in colorectal
carcinoma. Proc. Natl. Acad. Sci. USA, 95: 6870–6875, 1998.
7. Veigl, M. L., Kasturi, L., Olechnowicz, J., Ma, A., Lutterbaugh, J. D., Peri-
yasamy, S., Li, G. M., Drummond, J., Modrich, P. L., Sedwick, W. D., and
Markowitz, S. D. Biallelic inactivation of hMLH1 by epigenetic gene silencing,
a novel mechanism causing human MSI cancers. Proc. Natl. Acad. Sci. USA, 95:
8698–8702, 1998.
8. Thibodeau, S. N., French, A. J., Cunningham, J. M., Tester, D., Burgart, L. J.,
Roche, P. C., McDonnell, S. K., Schaid, D. J., Vockley, C. W., Michels, V. V.,
Farr, G. H., and O’Connell, M. J. Microsatellite instability in colorectal cancer:
different mutator phenotypes and the principal involvement of hMLH1. Cancer
Res., 58: 1713–1718, 1998.
9. Sankila, R., Aaltonen, L. A., Jarvinen, H. J., and Mecklin, L. P. Better survival
in patients with MLH1-associated hereditary colorectal cancer. Gastroenterology,
110: 682–687, 1996.
10. Thibodeau, S. N., Bren, G., and Schaid, D. Microsatellite instability in cancer
of the proximal colon. Science (Wash. DC), 260: 816–819, 1993.
11. Cawkwell, L., Li, D., Lewis, F. A., Martin, I., Dixon, M. F., and Quirke, P.
Microsatellite instability in colorectal cancer: improved assessment using flores-
cent polymerase chain reaction. Gastroenterology, 109: 465–471, 1995.
12. Bubb, V. J., Curtis, L. J., Cunningham, C., Dunlop, M. G., Carothers, A. D.,
Morris, R. G., White, S., Bird, C. C., and Wyllie, A. H. Microsatellite instability and
the role of hMSH2 in sporadic colorectal cancer. Oncogene, 12: 2641–2649, 1996.
13. Lukish, J. R., Muro, K., DeNobile, J., Katz, R., Williams, J., Cruess, D. F.,
Drucker, W., Kirsch, I., and Hamilton, S. R. Prognostic significance of DNA repli-
cation errors in young patients With colorectal cancer. Ann. Surg., 227: 51–56, 1998.
14. Cawkwell, L., Gray, S., Murgatroyd, H., Sutherland, F., Haine, L., Longfel-
lows, M., O’Loughlin, S., Cross, D., Kronborg, O., Fenger, C., Mapstone, N.,
Dixon, M., and Quirke, P. Choice of management strategy for colorectal cancer
based on a diagnostic immunohistochemical test for defective mismatch repair.
Gut, 45: 409–415, 1999.
15. Halling, K. C., French, A. J., McDonnell, S. K., Burgart, L. J., Schaid, D. J.,
Petersen, B. J., Moon-Tasson, L., Mahoney, M. R., Sargent, D. J., O’Connell,
M. J., Witzig, T. E., Farr, G. H., Jr., Goldberg, R. M., and Thibodeau, S. N.

Microsatellite instability and 8p allelic imbalance in stage B2 and C colorectal
cancers. J. Natl. Cancer Inst., 91: 1295–1303, 1999.
16. Massa, M. J., Iniesta, P., Gonzalez-Quevedo, R., de Juan, C., Caldes, T.,
Sanchez-Pernaute, A., Cerdan, J., Torres, A. J., Balibrea, J. L., and Benito, M.
Differential prognosis of replication error phenotype and loss of heterozygosity in
sporadic colorectal cancer. Eur. J. Cancer, 35: 1676–1682, 1999.
17. Gryfe, R., Kim, H., Hsieh, E. T. K., Aronson, M. D., Holowaty, E. J., Bull, S. B.,
Redston, M., and Gallinger, S. Tumor microsatellite instability and clinical outcome
in young patients with colorectal cancer. N. Engl. J. Med., 342: 69–77, 2000.
18. Elsaleh, H., Joseph, D., Grieu, F., Zeps, N., Spry, N., and Iacopetta, B.
Association of tumour site and sex with survival benefit from adjuvant chemo-
therapy in colorectal cancer. Lancet, 355: 1745–1750, 2000.
19. Johannsdottir, J. T., Bergthorsson, J. T., Gretarsdottir, S., Kristjansson, A. K.,
Ragnarsson, G., Jonasson, J. G., Egilsson, V., and Ingvarsson, S. Replication error in
colorectal carcinoma: association with loss of heterozygosity at mismatch repair loci
and clinicopathological variables. Anticancer Res., 19: 1821–1826, 1999.
20. Salahshor, S., Kressner, U., Fischer, H., Lindmark, G., Glimelius, B., Pahl-
man, L., and Lindblom, A. Microsatellite instability in sporadic colorectal cancer
is not an independent prognostic factor. Br. J. Cancer, 81: 190–193, 1999.
21. Curran, B., Lenehan, K., Mulcahy, H., Tighe, O., Bennett, M. A., Kay, E. W.,
O’Donoghue, D. P., Leader, M., and Croke, D. T. Replication error phenotype,
clinicopathological variables, and patient outcome in Dukes’ B Stage II (T3, N0,
M0) colorectal cancer. Gut, 46: 200–204, 2000.
22. Feeley, K. M., Fullard, J. F., Heneghan, M. A., Smith, T., Maher, M.,
Murphy, R. P., and O’Gorman, T. A. Microsatellite instability in sporadic colo-
rectal carcinoma is not an indicator of prognosis. J. Pathol., 188: 14–17, 1999.
23. Ko, J. M., Cheung, M. H., Kwan, M. W., Wong, C. M., Lau, K. W., Tang, C. M.,
and Lung, M. L. Genomic instability and alterations in Apc, Mcc, and Dcc in Hong
Kong patients with colorectal carcinoma. Int. J. Cancer, 84: 404–409, 1999.
24. Slattery, M. L., Friedman, G. D., Potter, J. D., Edwards, S., Caan, B. J., and
Samowitz, W. S. A description of age, sex, and site distributions of colon
carcinoma in three geographic areas. Cancer, 78: 1666–1670, 1996.
25. Gryfe, R., Redston, M., and Gallinger, S. Microsatellite instability in colo-
rectal cancer. N. Engl. J. Med., 342: 1608, 2000.
26. Ponz de Leon, M., and Roncucci, M. Microsatellite instability in colorectal
cancer. N. Engl. J. Med., 342: 1607, 2000.
27. Samowitz, W. S., Slattery, M. L., and Kerber, R. A. Microsatellite instability
in human colonic cancer is not a useful clinical indicator of familial colorectal
cancer. Gastroenterology, 109: 1765–1771, 1995.
28. Shambaugh, E. M., Weiss, M. A., and Axtell, L. M. (eds.). Summary Staging
Guide for Cancer Surveillance, Epidemiology and End Results Reporting. NIH
Publication No. 81–2313. Bethesda, MD: U. S. Department of Health and Human
Services, Public Health Service, NIH, pp 63–76, 1981.
29. American Joint Committee on Cancer. AJCC Cancer Staging Manual. 5th ed.
pp. 83–88. Philadelphia: Lippincott-Raven, 1997.
30. Spirio, L. N., Samowitz, W. S., Robertson, J., Robertson, M., Burt, R. W.,
Leppert, M. F., and White, R. Alleles of APC modulate the frequency and classes
of mutations that lead to colon polyps. Nat. Genet., 20: 385–388, 1998.
31. Parsons, R., Myeroff, L., Liu, B., Wilson, J. K. V., Markowitz, S. D., Kinzler,
K. W., and Vogelstein, B. Microsatellite instability and mutations of the trans-
forming growth factor � type II receptor gene in colorectal cancer. Cancer Res.,
55: 5548–5550, 1995.
32. Samowitz, W. S., Slattery, M. L., Potter, J. D., and Leppert, M. F. BAT-26
and BAT-40 instability in colorectal adenomas and carcinomas and germline
polymorphisms. Am. J. Pathol., 154: 1637–1641, 1999.
33. Samowitz, W. S., and Slattery, M. L. Transforming growth factor � receptor
type 2 mutations and microsatellite instability in sporadic colorectal adenomas
and carcinomas. Am. J. Pathol., 151: 33–35, 1997.
34. Brownstein, M. J., Carpten, J. D., and Smith, J. R. Modulation of non-
templated nucleotide addition by Taq DNA polymerase: primer modifications that
facilitate genotyping. Biotechniques, 20: 1004–1010, 1996.
35. Hoang, J. M., Cottu, P. H., Thuille, B., Salmon, R. J., Thomas, G., and
Hamelin, R. BAT-26, an indicator of the replication error phenotype in colorectal
cancers and cell lines. Cancer Res., 57: 300–303, 1997.
36. Boland, C. R., Thibodeau, S. N., Hamilton, S. R., Sidransky, D., Eshleman,
J. R., Burt, R. W., Meltzer, S. J., Rodriguez-Bigas, M. A., Fodde, R., Ranzani, N.,
and Srivastava, S. A national cancer institute workshop on microsatellite insta-
bility for cancer detection and familial predisposition: development of interna-
tional criteria for the determination of microsatellite instability in colorectal
cancer. Cancer Res., 58: 5248–5257, 1998.
37. Samowitz, W. S., Holden, J. A., Curtin, K., Edwards, S. L., Walker, A. R.,
Robertson, M. A., Nichols, M. F., Gruenthal, K. M., Lynch,. B. J., Leppert, M. F.,
and Slattery, M. L. Inverse relationship between microsatellite instability and Ki-ras
and p53 gene alterations in colonic cancer. Am. J. Pathol., 158: 1517–1524, 2001.
38. Smyrk, T. C. Cancer syndrome meets molecular biology meets histopathol-
ogy. Am. J. Pathol., 145: 1–6, 1994.
39. Lothe, R. A., Peltomaki, P., Meling, G. I., Aaltonen, L. A., Nystom-Lahti, M.,
Pylkkanen, L., Heimdal, K., Andersen, T. I., Moller, P., Rognum, T. O., Fossa,
S. D., Haldorsen, T., Langmark, F., Brogger, A., Chapelle, A., and Borresen, A. L.
Genomic instability in colorectal cancer: relationship to clinicopathological vari-
ables and family history. Cancer Res., 53: 5849–5852, 1993.
40. Hemminki, H., Mecklin, J-P., Jarvinen, H., Aaltonen, L. A., and Joensuu, H.
Microsatellite instability is a favorable prognostic indicator in patients with colorectal
cancer receiving chemotherapy. Gastroenterology, 119: 921–928, 2000.
41. Offit, K. Genetic prognostic markers for colorectal cancer. N. Engl. J. Med.,
342: 124–125, 2000.

923Cancer Epidemiology, Biomarkers & Prevention


