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Occasionally in science a key discovery initiates an
avalanche of ideas and scientific data. In its after-
math, parts of the scientific landscape are reshaped.
Such is the case in microsatellite instability and the
role it appears to play in tumorigenesis.

Microsatellites are short repetitive sequences of
DNA that are scattered throughout the genome; they
are stably inherited, unique to each individual, and
have a low inherent mutation rate.1'2 Instability within
these microsatellites was described initially by three
different groups of investigators studying colorectal
cancers.'5 Specifically, the length of microsatellite
DNA was found to vary in the tumor tissue and in the
matching constitutional tissue of some patients with
colon cancer. This variation in the length of micro-
satellite repeats represents a mutational process of
insertions or deletions within the tumor DNA. As mi-
crosatellites are scattered throughout the genome,
such mutations must be widespread. Thus, a mutator
phenotype appears to be associated with and may
possibly cause some colon cancers.

Fortuitously, investigators working on bacterial
and yeast DNA repair recognized the pattern of mi-
crosatellite instability (MIN). The human microsatel-
lite mutations mentioned above are similar to those
seen with the breakdown of the mismatch repair
system of yeast and bacteria. The two fields quickly
converged, and the human homologues of many of
the mismatch repair genes described in bacteria
and yeast, have now been uncovered. These genes

include hMSH2, hMLH1, hPMS1 and hPMS2. In ad-
dition, germline defects in these mismatch repair
genes have been described in hereditary nonpol-
yposis colorectal cancer (HNPCC) and the variant
syndromes of HNPCC: Muir-Torre syndrome, and a
subset of patients with Turcot's syndrome.6-12

Whether microsatellite instability is always caused
by defects in the four known mismatch repair genes
is an area of continued interest. Although nearly 90%
of colon cancers from HNPCC patients show micro-
satellite instability, germline mutations within the
known mismatch repair genes have been found in
only approximately 50%.13,14 In patients with colon
cancer who did not fit the criteria for HNPCC ("spo-
radic" colon cancer), Liu and colleagues15,16 have
found relatively few germline mutations in the mis-
match repair genes. The exception to this is a sub-
group of patients who developed cancer at a very
young age.15.16 The evaluation of acquired muta-
tions in MIN+ sporadic colon cancers required the
use of tumor cell lines, less than one-half of which
demonstrated a mutation in one of the mismatch
repair genes. Thus, it is likely that genes in addition
to those described thus far play a role in the devel-
opment of microsatellite instability.

In shaping our concepts of tumorigenesis it is
important for us to understand which neoplastic and
preneoplastic lesions demonstrate microsatellite in-
stability and thus may result from a mutator pheno-
type. Microsatellite instability appears to occur pre-
dominantly in tissues of endodermal origin, including
sporadic colon, endometrial, pancreatic, esopha-
geal, and gastric tumors. The work of Keller and
co-workers, reported in this issue of the Journal,
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evaluated microsatellite instability in neoplasms of
the upper gastrointestinal tract and demonstrated it
in 24% (11/46) of gastric tumors and 13% (2/15) of
adenocarcinomas of the esophagus.17 These find-
ings are consistent with previous studies of these
tumor types. The detection of microsatellite instability
in small bowel tumors (1/5) is a new observation.
Work is underway to determine whether spo-

radic MIN+ tumors are markers of unsuspected
familial cancer syndromes, especially syndromes
in which there may be decreased penetrance.
Keller and colleagues17 found a significant corre-
lation between patients whose gastric tumors were
MIN+ and a family history of gastric or colonic
cancer. Their conclusion that patients with MIN+
gastric cancer more frequently have a positive
family history of gastric or colonic cancer is weak-
ened somewhat by the study design; data were
collected retrospectively and a larger percentage
of the MIN' patients (82%) had family histories
available compared with the MIN- patients (57%).
In contrast, a previous study of MIN+ gastric tu-
mors and familial clustering found no association,
although inadequate numbers of microsatellite loci
were evaluated to provide conclusive results.18
Work in sporadic colorectal cancer has demon-
strated that the MIN' phenotype only occasionally
detects an occult HNPCC family that displays in-
complete penetrance, except in a subset of pa-
tients who develop colon cancer before the age of
35.15.1619 Thus, it appears that most sporadic
MIN+ tumors are probably not caused by undiag-
nosed hereditary cancer syndromes; however, ad-
ditional studies of upper gastrointestinal cancers
are needed.

The mutator phenotype may have pathological
and prognostic significance. Sporadic colon can-
cers that demonstrate microsatellite instability share
similar histopathological features; they are usually
right-sided, mucinous, poorly differentiated, and dip-
loid.3'5'20 Surprisingly, colonic tumors demonstrating
microsatellite instability at two or more loci appear to
have a better prognosis.5 19 A notable observation in
the current study by Keller and colleagues,17 was
the longer survival time of two patients with gastric
cancer who had microsatellite instability at two or
more loci. Although these numbers are too small to
permit conclusions, they are intriguing and addi-
tional studies of the prognostic value of microsatellite
instability will be of interest.
A better understanding of the mutator phenotype

and its clinical significance can be gained by study-
ing the HNPCC patients who carry germline muta-
tions in the mismatch repair genes. A recent report

describes mismatch repair deficiency in phenotypi-
cally normal lymphocytes from some HNPCC pa-
tients.21 The implications of these results are fasci-
nating. Despite an ongoing barrage of genome-wide
mutations, normal human development can appar-
ently occur. Although most of these patients had
colon cancer, it was surprising that more cancers
were not present. The fact that the mismatch repair
defect is present in lymphocytes implies a constitu-
tional repair defect present in all tissues and yet
cancers were not present in other organs in these
patients.

From this data arises a new set of questions and
speculations. Are certain organs more susceptible to
defects in mismatch repair than others? Many of the
organs that develop cancers in HNPCC patients are
endodermal in origin and/or undergo rapid cellular
turnover; but perhaps more importantly these are
organs that are exposed to repeated DNA repair
stress, including that of exogenous mutagens. The
hypothesis that repair stress may play a role in the
process of tumorigenesis in HNPCC families could
also explain why different organs are affected within
some HNPCC families; that one family member may
have endometrial cancer and another colon cancer
may depend upon which organ was stressed. In
addition, some family members appear to remain
cancer-free despite having evidence of an ongoing
mutator phenotype. This latter group of patients is of
particular interest. Are there mitigating genes that
influence the outcome of the mutator phenotype
(bcl-2, APC, p53)? Or is it possible that these pa-
tients have less environmental exposure or that they
consume chemopreventive compounds?

Elucidation of the mechanisms of microsatellite
instability will broaden our understanding of tumor-
igenesis in general. In the future it seems likely that
other genes involved in mismatch repair will be
discovered. Why some HNPCC patients have a
defective mismatch repair system and yet remain
disease-free is a question of real interest. Whether
environmental factors or unidentified modifying
genes play a role in the development of microsat-
ellite instability remains to be determined. More-
over, aside from patients with HNPCC, it may be
possible that not all microsatellite instability is
caused by defects in mismatch repair genes. For
example, is a repair stressor such as chronic in-
flammation capable of saturating or overloading
an intact repair system? Lastly, will the instability in
these small, repetitive sequences of DNA reveal
silent infidelity in the genome, which is perhaps
more pervasive than ever imagined?



Microsatellite Instability 563
AJP September 1995, Vol. 147, No. 3

References

1. Weber JL, May PE: Abundant class of human DNA
polymorphism which can be typed using the poly-
merase chain reaction. Am J Hum Genet 1989, 44:
388-396

2. Hearne CM, Ghosh S, Todd JA: Microsatellites for link-
age analysis of genetic traits. Trends Genet 1992,
8:288-294

3. Aaltonen LA, Peltomaki P, Leach FS, Sistonen P, Pylk-
kanen L, Mecklin JP, Jarvinen H, Powell SM, Jen J, Ham-
ilton ST, Petersen GM, Kinzler KW, Vogelstein B, de la
Chapelle A: Clues to the pathogenesis of familial colorec-
tal cancer. Science 1993, 260:812-816

4. lonov Y, Peinado MA, Malkhosyan S, Shibata D, Peru-
cho M: Ubiquitous somatic mutations in simple re-
peated sequences reveal a new mechanism for colonic
carcinogenesis. Nature 1993, 363:558-561

5. Thibodeau SN, Bren G, Schaid D: Microsatellite insta-
bility in cancer of the proximal colon. Science 1993,
260:816-819

6. Fishel R, Lescoe MK, Rao MRS, Copeland MG, Jenkins
NA, Garber J, Kane M, Kolodner R: The human mutator
gene homolog MSH2 and its association with hereditary
nonpolyposis colon cancer. Cell 1993, 75:1027-1038

7. Leach FS, Nicolaides NC, Papadopoulos N, Liu B, Jen
J, Parsons R, Peltomaki P, Sistonen P, Aaltonen LA,
Nystrom-Lahti M, Guan XY, Zhang J, Meltzer PS, Yu
JW, Kao FT, Chen DJ, Cerosaletti KM, Fournier REK,
Jarvinen H, Petersen GM, Hamilton SR, Green J, Jass
J, Watson P, Lynch HT, Trent JM, de la Chapelle A,
Kinzler DW, Vogelstein B: Mutations of a MutS homolog
in hereditary nonpolyposis colorectal cancer. Cell
1993, 75:1215-1225

8. Nicolaides NC, Papadopoulos N, Liu B, Wei YF, Carter
KC, Ruben SM, Rosen CA, Haseltine WA, Fleischmann
RD, Fraser CM, Adams MD, Venter JC, Dunlop MG,
Hamilton SR, Petersen GM, de la Chapelle A, Vo-
gelstein B, Kinzler KW: Mutations of two PMS homo-
logues in hereditary nonpolyposis colon cancer. Nature
1994, 371:75-80

9. Kolodner RD, Hall NR, Lipford J, Kane MF, Morrison PT,
Finan PJ, Burn J, Chapman P, Earabino C, Merchant E,
Bishop DT: Structure of the human MLH1 locus and
analysis of a large hereditary nonpolyposis colorectal
carcinoma kindred for mlhl mutations. Cancer Res
1995, 55:242-248

10. Papadopoulos N, Nicolaides NC, Wei YF, Ruben SM,
Carter KC, Rosen CA, Haseltine WA, Fleischmann RD,
Fraser CM, Adams MD, Venter JC, Hamilton SR, Pe-
tersen GM, Watson P, Lynch HT, Peltomaki P, Mecklin
JP, de la Chapelle A, Kinzler KW, Vogelstein B: Muta-
tions of a mutL homolog in hereditary colon cancer.
Science 1994, 263:1625-1629

11. Kolodner RD, Hall NR, Lipford J, Kane MF, Rao MRS,
Morrison P, Wirth L, Finan PJ, Burn J, Chapman P,
Earabino C, Merchant E, Bishop DT: Structure of the
human MSH2 locus and analysis of two Muir-Torre

kindreds for msh2 mutations. Genomics 1994, 24:516-
526

12. Hamilton SR, Liu B, Parsons RE, Papadopoulos NC,
Jen J, Powe'll SM, Krush AJ, Berk T, Chen Z, Tetu B,
Burcer PC, Wood PA, Taqi F, Booker SV, Petersen GM,
Offerhaus JA, Tersmette AC, Giardiello FM, Vogelstein
B, Kinzler KW: The molecular basis of Turcot's syn-
drome. N Engl J Med 1995, 332:884-885

13. Liu B, Parsons RE, Hamilton SR, Petersen GM, Lynch
HT, Watson P, Markowitz S, Willson JKV, Green J, de la
Chapelle A, Kinzler KW, Vogelstein B: hMSH2 muta-
tions in hereditary nonpolyposis colorectal cancer kin-
dreds. Cancer Res 1994, 54:4590-4594

14. Nystrom-Lahti M, Parsons R, Sistonen P, Pylkkanen L,
Aaltonen LA, Leach FS, Hamilton SR, Watson P, Bron-
son E, Fusaro R, Cavalieri J, Lynch J, Lanspa S, Smyrk
T, Lynch P, Drouhard T, Kinzler KW, Vogelstein B,
Lynch HT, de la Chapelle A, Peltomaki P: Mismatch
repair genes on chromosomes 2p and 3p account for a
major share of hereditary nonpolyposis colorectal can-
cer families evaluable by linkage. Am J Hum Genet
1994, 55:659-665

15. Liu B, Farrington SM, Petersen GM, Hamilton SR, Par-
sons R, Papadopoulos N, Fujiwara T, Jen J, Kinzler
KW, Wyllie AH, Vogelstein B, Dunlop MG: Genetic in-
stability occurs in the majority of young patients with
colorectal cancer. Nature Med 1995, 1:348-358

16. Liu B, Nicolaides NC, Markowitz S, Willson JK, Parsons
RE, Jen J, Papadopoulos N, Peltomaki P, de la
Chapelle A, Hamilton SR, Kinzler KW, Vogelstein B:
Mismatch repair gene defects in sporadic colorectal
cancers with microsatellite instability. Nature Genet
1995, 9:48-55

17. Keller G, Rotter M, Vogelsang H, Bischoff P, Becker KF,
Mueller J, Braunch H, Siewert JR, Hofler H: Microsatellite
instability in adenocarcinomas of the upper gastrointesti-
nal tract: relation to clinicopathological data and family
history. Am J Pathol 1995, 147:593-600

18. Chong JM, Fukayama M, Hayashi Y, Takizawa T, Koike
M, Konishi M, Kikuchi-Yanoshita R, Miyaki M: Microsat-
ellite instability in the progression of gastric carcinoma.
Cancer Res 1994, 54:4595-4597

19. Lothe RA, Peltomaki P, Meling GI, Aaltonen LA, Nys-
trom-Lahti M, Pylkkanen L, Heimdal K, Andersen TI,
Moller P, Rognum T, Fossa SD, Haldorsen T, Langmark
F, Brogger A, de la Chapelle A, Borresen AL: Genomic
instability in colorectal cancer: relationship to clinico-
pathological variables and family history. Cancer Res
1993, 53:5849-5852

20. Kim H, Jen J, Vogelstein B, Hamilton SR: Clinical and
pathological characteristics of sporadic colorectal carci-
nomas with DNA replication errors in microsatellite se-
quences. Am J Pathol 1994, 145:148-156

21. Parsons R, Li G-M, Longley M, Modrich P, Liu B, Berk
T, Hamilton SR, Kinzler KW, Vogelstein B: Mismatch
repair deficiency in phenotypically normal human cells.
Science 1995, 268:738-740


