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Abstract

Microsatellites are simple tandem repeats that are present at millions of loci in the human genome.

Microsatellite instability (MSI) refers to DNA slippage events on microsatellites that occur frequently in cancer

genomes when there is a defect in the DNA-mismatch repair system. These somatic mutations can result in
inactivation of tumor-suppressor genes or disrupt other noncoding regulatory sequences, thereby playing a role
in carcinogenesis. Here, we will discuss the ways in which high-throughput sequencing data can facilitate

genome- or exome-wide discovery and more detailed investigation of MSI events in microsatellite-unstable

cancer genomes. We will address the methodologic aspects of this approach and highlight insights from recent

analyses of colorectal and endometrial cancer genomes from The Cancer Genome Atlas project. These include
identification of novel MSI targets within and across tumor types and the relationship between the likelihood

of MSI events to chromatin structure. Given the increasing popularity of exome and genome sequencing

of cancer genomes, a comprehensive characterization of MSI may serve as a valuable marker of cancer
evolution and aid in a search for therapeutic targets. Cancer Res; 74(22); 6377-82. ©2014 AACR.

Introduction

Since its discovery in sporadic and familial colorectal
cancer genomes in the early 1990s (1-3), microsatellite
instability (MSI) has been well studied as a unique type of
somatic mutation that can occur in cancer genomes with a
dysfunctional DNA-mismatch repair (MMR) system (4, 5).
MSI has been used mainly to discriminate cancer genomes
into microsatellite-stable versus -unstable cases, based on
PCR analysis of microsatellite markers in the Bethesda
panel (6, 7) or on immunohistochemistry of MMR proteins
(8). Their clinical utilities in the prediction of chemosensi-
tivity of colorectal cancers (9) and the screening of indivi-
duals or families with inherited syndromes of hereditary
nonpolyposis colorectal cancers, also called Lynch syn-
drome (10), have been well established. However, the use
of MSI beyond screening with a predetermined set of
markers has been limited because of low throughput of
traditional MSI screening methods. For example, exactly
which loci are mutated in individual genomes, which geno-
mic or epigenomic features are associated with their occur-
rences, and what the functional consequences are in terms
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of mRNA expression and perturbed pathways have not been
fully examined.

The advent of high-throughput sequencing technology has
enabled detailed examination of various types of somatic
alterations in cancer genomes. Whole-genome or exome-wide
interrogation of genomic aberrations has identified recurrent
mutations across various cancer types as potential driver
events, leading to a widespread effort in cataloging actionable
changes with potential applications to individualized thera-
peutics. The popularity of cancer genome sequencing has also
raised the question of whether this technology can be
exploited for a more thorough characterization of MSI. In
a recent article (11), we addressed this issue by developing a
method to identify tumor genome-specific DNA slippage
events from whole-genome and -exome sequencing data and
applying it to the colorectal and endometrial cancer genomes
from The Cancer Genome Atlas (TCGA) consortium (12, 13).
Here, we will describe this method and our findings on the
genomic distributions and characteristics of MSI events as
well as their functional consequences. We will also address its
potential utility as a cancer marker and discuss open ques-
tions related to MSI

Molecular Basis of MSI

Microsatellites are abundant, simple repetitive sequences
distributed across the human genome. During DNA repli-
cation, these tandem repeats are prone to DNA polymerase
slippage events, which lead to variations in the repeat length.
Most of these errors are corrected by the MMR system, but
loss-of-function mutations in MMR genes can render the
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repair machinery ineffective, leaving the DNA slippage
events unfixed and resulting in an elevated mutation rate
overall across the genome as shown in knockout experi-
ments (14). MMR genes whose mutations may lead to a
mutator phenotype include MSH2 (MutS homolog 2), MSH3,
MSH6, MLHI (MutL homolog 1), MLH3, PMSI (post-meiotic
segregation-1), and PMS2. In Lynch syndrome, germline
mutations of MLHI, MSH2, MSH6, or PMS2 increase the
lifetime risk of a number of cancers, especially colorectal
cancer, although their recessive nature requires a second hit
or somatic inactivation of the wild-type allele to be func-
tionally inactivated (15).

Detection of MSI Events Using High-Throughput
Sequencing

Traditional MSI detection methods are based on PCR anal-
ysis of specific loci. For each microsatellite marker, primers are
designed so that PCR amplicons span the entire repeat and the
length of the microsatellites can be measured by a fragment
assay. The autoradiography using radiolabeled PCR primers by
gel eletrophoresis was used until the late 90s, and then replaced
by fluoresceinated primers with automatic sequencers (16). In
distinguishing the microsatellite-unstable and -stable gen-
omes, the frequently used Bethesda panel consists of three
dinucleotide (D2S123, D5S346, and D175250) and two mono-
nucleotide repeats (BAT-25 and BAT-26; refs. 6, 7). Unlike
common genetic tests using markers that are highly polymor-
phic in the population, these MSI markers are monomorphic or
quasimonomorphic in terms of the repeat length (e.g., BAT26 is
composed of (A),g, which is observed in >99% of the European
population). On the basis of the calls from these markers,
cancer genomes are classified into microsatellite-unstable
(MSI-high or "MSI-H"; two or more of the five markers) or
microsatellite-stable ("MSS"; no positive marker) cases, with
MSI-low ("MSI-L"; positive for one marker) for intermediates.
For panels with more than five markers, MSI-H genome is
typically called when >30% to 40% of the markers are positive,
whereas the remaining cases are classified into MSI-L (some
but <30%-40% of the markers) or MSS genomes (no positive
markers).

To identify the MSI targets in a genome-wide manner,
some studies used in silico screening of coding mononucle-
otide microsatellites (several hundred markers discovered
per study) followed by extensive PCR validations to measure
the frequency of instability of each marker (17, 18). Although
some novel MSI targets in colorectal cancer genomes were
identified, this approach cannot be widely adopted because
it is laborious, time-consuming, and of low throughput.
Thus, this use of MSI markers is to distinguish the mutator
phenotype of microsatellite-unstable cancers from the stable
genomes, rather than to examine individual mutations on
microsatellite loci.

To overcome these limitations, we recently developed a
method to identify MSI events from whole-genome or -exome
sequencing data (Fig. 1). First, we scanned the human reference
sequence to obtain a reference set of approximately 8 million
microsatellites (~140,000 for an exome-wide reference set). To

identify microsatellites, we used a repeat-searching algorithm
called Sputnik (source code at http://wheat.pw.usda.gov/
ITMI/EST-SSR/LaRota/); the repeats identified by the algo-
rithm are variables depending on the criteria used (e.g., the
number of base pairs or the unit length) as well as the degree of
degeneracy allowed in defining a microsatellite. From whole-
genome or -exome sequencing data, we collected a set of
sequencing reads that fully contain (i.e., spanning the entire
length of the repeat with enough flanking sequences to map the
reads) each of the microsatellites in the reference set. With 100-
bp reads, we can capture >99% of the microsatellites. Because
of both biologic variations and minor errors in measurement,
these reads result in a distribution of lengths for each micro-
satellite. With sequencing data from tumor and matched
normal genomes, we can compare the distributions of
observed lengths at each locus to call MSI events. We used
the Kolmogorov-Smirnov test to compare the two distribu-
tions and adjusted for multiple testing to determine the
significance threshold.

To examine the performance of the method, we compared
the sequencing-based MSI calls made on the TGFBR2 A,
microsatellite with those from capillary sequencing-based
fragment length assay (12, 13). Across 147 colorectal and 130
endometrial cancer genomes, the sequencing-based calls
replicated the results from the fragment length assay with
91% sensitivity and 100% specificity (11). We note that a list
of indels typically does not include microsatellites; a previ-
ous investigation of MSI in TCGA colorectal cancer genomes
required a manual examination of the 30 selected micro-
satellite loci (13). Although conventional indel-calling algo-
rithms have been adopted to call MSI events in some studies
(19, 20), we suspect that such approaches may be less
sensitive than a direct test we used. A further investigation
will be required to compare different statistical methods and
to optimize the testing procedure, including the use of
nonparametric tests.

Other technical issues involve uneven genome coverage and
artifacts in sequencing technology. The sequencing coverage is
variable across the genome due to the uneven target capture
process in exome sequencing as well as guanine-cytosine bias
in general . Determining the minimum sequencing coverage for
making MSI calls and characterizing the loss of power to detect
in low-coverage regions will be helpful. With respect to
sequencing technology, measuring the correct size of homo-
polymer runs is challenging for any platforms, with experi-
mental errors (sometimes called "stutter”) increasing with the
length of the homopolymer. The Illumina platform is reliable in
this regard compared with other platforms (21), but its accu-
racy for longer homopolymers has not been carefully exam-
ined. Our work used the available sequencing data from
matched normal to minimize the shortcomings of the sequenc-
ing technology and to account for possible polymorphism of
microsatellite length across individuals. However, a technique
for more accurate measurement of the absolute length of a
homopolymer and a better characterization of population-
wide length distribution at each microsatellite loci from a
normal population may enable a single sample-based (without
the matched normal) testing.
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Figure 1. Comprehensive MSI| analysis of cancer genomes. An example of MSI in TGFBR2 (A1o mononucleotide repeat) is shown (left). Estimates for
the microsatellite length are obtained from the sequencing data of the tumor and matched normal genomes. When the difference between the
length distributions is significant, the locus is said to have an MSI event. This MSI| screening can be extended to all repeats covered by the sequencing
data, with more than 8 million microsatellites for whole-genome sequencing data. The panels on the right illustrate biologic and clinical applications.
For example, recurrent MSI targets in different tumor types (e.g., colorectal and endometrial cancers) can be identified as cancer drivers (top). The
mutant allele frequencies (red bars with asterisks and green bars representing mutant and wild-type alleles) can be compared between the

genome and transcriptome (of the same individual); significant biases in frequencies may indicate cis impact of the mutation on expression levels.
The genome-wide MSI occupancy profiles can be examined for epigenetic configurations that favor MSI (middle). Finally, MSI screening of a patient's
genome may reveal potentially druggable targets for individualized treatment.

Enlarging the Repertoire of Somatic Mutations in
Microsatellite-Unstable Cancer Genomes

An MSI event may occur in a coding sequence and produce a
frameshift. Such a frameshift MSI (not in-frame) can poten-
tially disrupt the structure and consequently the function of
the encoded proteins, thus serving as a potent mechanism of
inactivation for tumor-suppressor genes. The discovery of MSI
as a cancer driver was based on a frameshift MSI on the
TGFBR2 A;, homopolymer in colorectal cancers (22), followed
by identification of additional genes recurrently targeted by
MSI in other cancers, including gastric and endometrial can-
cers (23). The frequency of MSI on known loci such as TGBFR2
and ACVR2A in 30 microsatellite-unstable colorectal cancers
from TCGA (11) was largely concordant with previous esti-
mates in colorectal cancers (23).

Although distinct MSI profiles have been observed in dif-
ferent cancer types (23, 24), those studies were based on small
number of microsatellite markers established mainly in colo-
rectal cancers. Thus, they were limited in scope and few novel
MSI targets were identified in other cancer types. In contrast,
our exome-based examination of microsatellite-unstable
endometrial cancers revealed many novel targets, such as JAKI
(Janus kinase 1) and TFAM1 (11), which were not found in
colorectal cancers, and thus not in the list of potential MSI
targets previously studied (17, 18, 23). Although the concept of
tumor-type specificity for MSI is not new, a comprehensive
identification of differential MSI targets enabled a more
detailed view of MSI targeting in a tumor-type-specific and
pathway-dependent manner. For example, the most frequent
targets 7GFBR2 and ACVR2A in colorectal cancers are
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associated with the TGF[ signaling pathway, whereas this
pathway is not affected in endometrial cancers. It will be
valuable to identify recurrent targets of MSI in other cancer
types that have not been extensively studied for MSI occur-
rences, such as ovarian cancers, as those targets may function
as drivers of tumorigenesis.

An early study proposed that a microsatellite-unstable colo-
rectal cancer genome can harbor >100,000 MSI events (2).
Our genome-wide survey of MSI using whole-genome sequenc-
ing revealed that as much as 300,000 loci can be affected (11).
This large number of MSI events can facilitate genome-wide
correlative analyses with various genetic features. For example,
we observed that the local density of MSI is inversely correlat-
ed with that of point mutations, with overrepresentation
in euchromatic regions (11). The relative depletion of MSI at
stable nucleosome positions also supports the notation that
chromatin configuration is a major determinant of genomic
distribution of MSI events (11). Our findings also clearly
suggest that factors involved in occurrence of MSI in the
contexts of an MMR deficiency are different from those of
point mutations in cancer genomes.

Combined analyses with transcriptome sequencing data
revealed that the alleles harboring coding MSI often showed
repressed transcript levels (11). This finding is consistent
with earlier observations in cell lines that harbor MSI on
TGFBR2 (22) and in recent MSI studies in gastric cancer cell
lines (20). Altered transcript stability due to nonsense-medi-
ated decay is a potential mechanism for this phenomenon
(25), but other mechanisms, including altered promoter
usage and splicing may be involved. The observation that
the MSI events in 3’ untranslated regions are often asso-
ciated with the increased transcript levels may be explained
by the disruption of microRNA-binding sites by MSI, but it
also should be further examined along with the potential
impact of MSI located on other regulatory sequences such
as promoters.

Beyond the Bethesda Panel

A genome-wide approach delivers a more complete
description of MSI. One issue that arises with using the
Bethesda panel is whether a sufficient number of markers
are present for robust discrimination of the cases. It is easy
to infer from the extensive tumor-type specificity of MSI
targets described above that using the same small subset of
markers would be inadequate for tumor types other than
colorectal cancers. With an increasingly large amount of
exome and whole-genome data available from TCGA and the
International Cancer Genome Consortium as well as other
published genomic profiling studies, it will be possible to
develop a specific set of markers for each tumor type in the
near future.

Another example is on the interpretation of MSI-L genomes.
As an intermediate between the MSI-H and MSS cases (e.g.,
positive for one of five Bethesda markers; varying criteria are
applied when more markers are used; ref. 26), the MSI-L tumors
were thought to comprise 3% to 10% of colorectal cancers. But
whether these genomes represent a unique disease entity that

can be clearly separated from MSI-H and MSS genomes with
distinct clinical or genetic features has been debated (26).
Our exome-wide analyses revealed that MSI-L and MSS colo-
rectal cancers (n = 23 and 97) do not show significant
difference in the number of MSI events (5 and 4 for the median
count of MSI events, respectively, in MSI-L and MSS, compared
with 290 in MSI-H genomes) and the majority of the cases
(95.6% and 87.6% of MSI-L and MSS genomes) showed at least
one MSI call in the exome-wide screening (11). These findings
support a view that MSI-L arises largely due to the basal
instability level of cancer genomes (27) rather than represent-
ing a distinct disease category. Although some previous studies
proposed the use of gene-expression signatures or specific
markers (e.g., KRAS mutations) in evaluating MSI-L cases, we
observed that MSI-L and MSS genomes did not show a sig-
nificant difference in the frequency of KRAS mutations (31.8%
and 37.8% for MSI-L and MSS genomes, respectively) or in the
level of MSH3 expression (11).

The unique clinicopathologic features of MSI-H colorectal
genomes—such as a favorable prognosis, overrepresentation
in old females (sporadic cases), and proximal location in the
colon and a relative lack of copy number changes—have
served as a rationale for MSI testing in clinical settings.
Besides discrimination of cancer genomes into microsatel-
lite unstable or stable ones, our study has revealed a wide
range in the number of MSI events (e.g., 79-647, 0-49, and
0-50 events identified, respectively, in 27 MSI-H, 23 MSI-L,
and 97 MSS colorectal cancers using exome data). This
quantitative view will enable more sensitive correlative
analyses for previously unrecognized associations between
the clinical covariates and the extent of MSI. Also, the use of
an extended set of microsatellite markers may facilitate
further investigation into some unresolved issues related
to the MSI-L category, for example, whether approximately
10% to 25% of MSI-H genomes are misannotated as MSI-L
(28) or some MSI-L cases may represent the pre-MSI-H
phase during the cancer progression (26).

The mutational landscape associated with loss of MMR
may be different depending on the type of affected MMR
genes. But whether this genetic information can be used to
distinguish Lynch syndrome cases from sporadic microsatel-
lite-unstable colorectal cancers is not clear. Although the
underlying genetic constitutions and initial genetic events
may be different, the resulting genomic profiles might be
similar in the two groups, especially as the elevated mutation
rate may help incur multiple passenger mutations in other
MMR genes and makes it difficult to infer the initial cancer
drivers (11).

As mentioned above, it is possible that the MMR mutations
are merely consequences of elevated mutations rates and
whether those mutations are functionally relevant needs to
be examined more carefully. For colorectal cancers, germline
mutations in POLDI and POLE were identified in individuals
with familial colorectal cancers as predisposing genetic var-
iants (29). The proteins encoded by these genes are DNA
polymerases with catalytic and proofreading activities and a
notable association of POLE mutation and hypermutated
phenotype has been shown in TCGA cases (13). Given the
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availability of sequencing data in a wide range of tumor types, a
study of MSI in cancer types beyond those commonly recog-
nized as MSI associated may reveal its infrequent but none-
theless significant presence.

MSI as a Marker of Tumor Evolution

A mutational landscape can provide insights into the evo-
lution of a cancer genome. The presence of point mutations
and their allele frequencies are frequently used as evolutionary
markers, but repeat length polymorphisms in MSI can poten-
tially serve as quantitative evolutionary markers as well. In a
model that uses the accumulation of repeat length variation
(30), the genotype (ie., the fixed length of microsatellite
repeats) of the last common ancestor responsible for the
terminal clonal amplification in the cancer evolution can be
inferred from the distribution of repeat lengths. The differ-
ences between this and the germline genotypes are then
summarized into evolutionary ages or time interval between
the initiating events (loss of MMR) in the founder cell and the
emergence of the last common ancestor. The variability of
repeat length accumulated in the last common ancestor can
also be measured to derive the time interval required for the
terminal clonal amplification (30). The repeat length distribu-
tion obtained from high-throughput sequencing data can be
easily incorporated into this model to examine the evolution-
ary history of these microsatellite-unstable genomes.

Future Perspectives

The advent of high-throughput sequencing has allowed for a
substantial progress in the identification of somatic alterations
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