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Abstract

Up to one million people within the United States may have Lynch syndrome (LS), but
only 10% have been diagnosed. Early identification of these individuals is critical
because they are predisposed to the development of colorectal and several other cancers
at a relatively young age. Individuals with LS carry a germline mutation in one of four
DNA mismatch repair genes, which leads to hypermutability in simple repetitive DNA
sequences. This hallmark molecular phenotype called microsatellite instability (MSI) is
now widely used to screen individuals needing germline sequencing to confirm
diagnosis of LS. Standardized markers for MSI testing and other improvements in
methodology have greatly improved the accuracy and cost-effectiveness of MSI testing.
The current trend toward universal MSI screening of all colorectal and endometrial
cancers will save lives by identifying LS prior to the development of deadly cancer. New
technologies for MSI detection, such as next generation sequencing, open the possibility
of a single test for LS that determines both tumor MSI status and germline mutations.
Moreover, MSI detection is poised to take on an even greater role in prediction of
responses to the new immunotherapies targeted at MSI-positive tumors.

Keywords: colon cancer, DNA mismatch repair, Lynch syndrome, microsatellite insta-
bility, MSI

1. Introduction

A form of hereditary colon cancer, we now call Lynch syndrome (LS), was first identified more
than 100 years ago, but it was not until 1993 that rapid progress in unraveling the underlying
genetic cause of this disease really began with the serendipitous discovery of a “mutator
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188 Microsatellite Markers

phenotype” in colon cancers. The mutator phenotype observed in colon tumors was mani-
fested as a high level of instability (i.e., insertion and deletion mutations) in simple repetitive
sequences called microsatellites [1-3]. This form of genomic instability now referred to as
microsatellite instability (MSI) has become the hallmark molecular signature of LS. Shortly
after the discovery of MSI, the four DNA mismatch repair (MMR) genes responsible for LS
were identified and the genetic basis for the disease was understood. The role of epigenetics
in silencing the MMR system was later discovered, first in sporadic MSI cancers, then in LS.
With this knowledge and the adoption of standardized guidelines for identifying and testing
individuals at risk for LS, large scale screening for LS became possible and has set the stage
for universal screening of all colorectal cancer (CRC) patients [4]. This milestone is important
as the vast majority of individuals with LS are not diagnosed and an early detection of LS and
identification of at-risk relatives is key to save lives. Finally, targeted immunotherapies offer
new hope for treating the more challenging cases of hereditary and sporadic of MSI-positive
CRC5, 6].

2. Discovery of microsatellite instability (MSI) and its association with
CRC

2.1. Microsatellite repeats

Microsatellite sequences are 1-6 base pair short tandem repeats that are highly mutable and
ubiquitous in eukaryotic genomes [7-9]. As a consequence of high mutability, microsatellites
tend to be quite variable in populations and therefore are widely used as molecular markers
for linkage mapping, lineage mapping, and genotype identification purposes. Approximately
3% of the human genome contains microsatellite sequences, with mononucleotide repeats,
predominantly poly (A/T) tracts, being the most abundant [10]. Microsatellite mutation rates
vary greatly among loci, ranging from ~107° to ~10> mutations per locus per generation [11,
12]. The tendency of microsatellites to mutate increases with repeat number and can become
pronounced beyond a critical number of repeats [10, 11, 13-15]. The vast majority of mutational
variation can be attributed to intrinsic features of the locus, including repeat motif size, repeat
number, and sequence composition. The major mechanism of mutagenesis in microsatellites
is strand slippage during DNA replication, which can result in either insertion or deletion
mutations in repetitive sequences, if not repaired effectively [16]. Post-replication, mismatch
repair machinery removes any lesions occurring during replication to maintain genome
stability.

2.2. Mutator phenotype hypothesis

In the early 1970s, Loeb [17-21] extended the concept of the “mutator phenotype” observed in
bacteria to cancer biology. He proposed that high error rates due to alterations in DNA
synthesis are causally linked to malignant transformation [18]. Loeb further speculated that
high mutation rates caused by deficiencies in DNA repair activity could also contribute to
cancer development. While earlier discoveries in bacteria had shown increased mutagenesis
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due to defects in DNA polymerases and DNA repair, the contribution of Loeb was to propose
a connection between a mutator phenotype and cancer development. The role of a mutator
phenotype in cancer development is also integral to Nowell's model [21] on tumor progression
that is based on genomic instability providing the variability for clonal outgrowth and tumor
evolution. The type of genomic instability that is described in this model is mainly chromo-
somal instability, in which breaks and rearrangements are increased as a consequence of
inherited defects in DNA repair.

By 1991, Loeb [22] had refined his hypothesis arguing that an increased mutation rate or
mutator phenotype could explain the high number of mutations believed to be present in many
cancers that may be necessary for multistage tumor progression. He speculated that the
spontaneous mutation rate in somatic cells is too low to account for the high number of
mutations found in cancers and that an early step in tumorigenesis must be one that induces
a mutator phenotype. Confirmation that the mutator phenotype contributes to at least some
forms of CRC was conclusively demonstrated by the Cancer Genome Atlas Network study by
measuring genome-wide mutation frequencies in 276 CRC samples [23]. Some (16%) of CRC
samples were found to be hypermutated, with mutation frequencies 100-fold higher than
nonhypermutated CRC. Interestingly, the hypermutated CRC tumors were found to have
alterations in either DN A MMR genes or DNA polymerases.

2.3. Discovery of MSI in CRC

In 1990, Fearon and Vogelstein [24] published the multistep model of colon tumorigenesis in
which they proposed that tumors develop as the result of mutational activation of oncogenes
coupled with the mutational inactivation of tumor suppressor genes. Loss of a specific
chromosomal region in CRCs was interpreted as evidence that the region contained a tumor
suppressor gene and was detected as “loss of heterozygosity” (LOH) in a linked genetic
marker. Following the publication of Fearon and Vogelstein, many investigators started
looking for LOH events to determine the chromosomal location of potential tumor suppressor
genes [24]. In 1993, Perucho and colleagues [1] performed arbitrarily primed polymerase chain
reaction (PCR) to identify differences between normal and tumor samples from the colon. They
noted that the amplicons actually became shorter in a few (12% of 130) tumors. Sequence
analysis revealed that the PCR amplicons were composed of simple repetitive sequences,
principally polyadenine tracts associated with Alu sequences in which one or more adenines
were lost by somatic deletion in the cancers. These cancers, with an estimated 10° ubiquitous
somatic mutations in simple repetitive sequences, had unique clinical and pathological
characteristics. First, these tumors were more likely to arise in the proximal colon, less likely
to be invasive, less likely to harbor mutations in KRAS and TP53, and more likely to occur in
younger patients. Based upon these findings, Perucho and colleagues [1] concluded that these
tumors arose from a unique pathway involving the “catastrophic loss of fidelity in the
replication machinery from normal cells” that caused them to be hereditary.

At the same time, two other groups were also using microsatellite markers to detect LOH to
identify potential tumor suppressor genes [2, 3]. Thibodeau and colleagues [2] found that
microsatellite repeats were often mutated in cancers, with alterations occurring in 25 out of 90
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CRCs. They called this phenomenon “microsatellite instability” and used the abbreviation of
“MIN.” The mutations were denoted as “type 1,” if the deletion or expansion was large and
“type II,” if the change was limited to a single 2-basepair repeat change. The significance of
this difference has never been fully resolved. CRCs with microsatellite instability were found
to be primarily in the proximal colon and were associated with a better prognosis. Based on
these findings, Thibodeau and colleagues [2] reasoned that this was a unique pathway to
tumorigenesis that involved microsatellite instability and not chromosomal instability.

Another group, led by Vogelstein and de la Chapelle, was looking for LOH in LS families at
the microsatellite marker D25123, which they suspected was linked to a tumor suppressor gene
causing hereditary CRC [3]. They observed many mutations at D25123 and other microsatel-
lites in the LS patients as well as 13% of sporadic CRC and called this phenomenon, replication
error phonotype. Thus, three different groups had independently discovered MSI and named
it either “ubiquitous somatic mutations in simple repetitive sequences,” microsatellite
instability, or replication error phenotype. These names persisted until 2004 when the partic-
ipants of the National Cancer Institute (NCI) workshop on MSI testing decided that the
biomarker for identifying LS would be called microsatellite instability or MSI [25].

2.4. DNA mismatch repair systems

In the 1960s, 1970s, and early 1980s, laboratories studying bacteria [17, 26-28] and yeast [16]
had discovered DNA mismatch repair and recognized that inactivation of the MMR genes
resulted in widespread mutations at microsatellite sequences (i.e., a mutator phenotype). The
first Escherichia coli mutator strain (mutS1) was isolated by Siegel and Byrson in 1967 and key
MMR genes including mutS, mutL, and mutH were identified through genetic studies in the
1980s [17, 29, 30]. In vitro reconstitution of the E. coli MMR system from individual purified
components facilitated mechanistic studies of individual E. coli MMR proteins [31, 32]. In the
E. coli MMR system, a mismatched base is recognized by a MutS homodimer (Table 1). A MutL
homodimer interacts with the MutS DNA complex, and then a MutH restriction endonuclease
is activated by MutL. The MMR system recognizes the newly synthesized strand by the lack
of methylation at GATC sites. MutH nicks the unmethylated error-containing strand to
introduce an entry point for excision by helicases and exonucleases, and subsequent resyn-
thesis by DNA polymerase III.

Shortly after the discovery of MSI in CRC, Strand and colleagues showed that MMR defi-
cient mutants of the yeast strain Saccharomyces cerevisiae exhibited 100-700-fold increased in-
stability in dinucleotide repeat tracts, demonstrating a clear link between loss of MMR and
MSI [33]. The knowledge that instability in microsatellites was associated with loss of MMR
activity, led to the rapid cloning and identification of the human homologs of yeast MMR
genes [33-37]. Eukaryotic MMR systems were found to be more complex than in prokar-
yotes, but many features are conserved (Table 1) (recently reviewed by [38—40]). In eukary-
otic MMR, MutS and MutL proteins do not function as homodimers, but instead form the
heteroduplexes MSH2-MSH6 (MutSa) or MSH2-MSH3 (MutS@) that bind to specific mis-
matches to initiate MMR. These heterodimers have different binding specificities, with
MutSa being primarily responsible for repairing single base-base and insertion deletion
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loop (IDL) mismatches, and MutSp for repairing IDL mismatches. There are also multiple
human homologs of the bacterial gene for MutL, including MLH1, MLH3, PMS1, and PMS2.
Heterodimer MLH1-PMS2 (MutLa), the major MutL complex in humans, is involved in re-
pairing a wide variety of mismatches. Two other MutL heterodimers, MLH1-PMS1 (MutL[3)
and MLH1-MLH3 (MutLy), appear to have a minor role in MMR. Proliferating cell nuclear
antigen (PCNA) activates MutLa endonuclease activity to nick the DNA in a strand-specific
fashion, which is then removed by EXO1 digestion and the new strand resynthesized by
Polymerase d and subsequently ligated [39, 41]. Mutator phenotypes conferred by defects in
MSH3, PMS1, and MLH3 are much milder than those conferred by defects in MLH1, MSH?2,
MSH6, or PMS2, which are typically associated with LS.

E. coli S. cerevisiae H. sapiens Function
MutS MSH2-MSH6 MSH2-MSH6 Mismatch recognition, binds to single base and IDL
(MutSa) (MutSa) mismatches
MSH2-MSH3 MSH2-MSH3 Mismatch recognition, binds to IDL mismatches
(MutSg) (MutSg)
MutL MLH1-PMS1 MLH1-PMS2 Strand incision, endonuclease activity
(MutLa) (MutLa)
MLH1-MLH2 MLH1-PMS1 Strand incision, endonuclease activity
(MutLp) (MutLp)
MLH1-MLH3 MLH1-MLH3 Strand incision, endonuclease activity
(MutLy) (MutLy)
Dam methylase Absent Absent Methylation of as GATC sites in E. coli
MutH Absent Absent Endonuclease nicks daughter strand at GATC sites,
serves as strand discrimination signal in E. coli
Rec], Exol, ExoVII, EXO1 EXO1 Strand excision, 5'-3'dsDNA exonuclease
ExoX
UrvD None None Helicase, promotes strand excision
B-Clamp PCNA PCNA DNA polymerase processivity factor
v-Clamp RFC REC Loading of B-clamp/PCNA
SSB RPA RPA ssDNA binding protein, acts in excision &
resynthesis
DNA Pol IIT Pol delta Pol delta DNA polymerase involved in gap filling
DNA ligase Unknown Ligase I Repair synthesis

Table 1. Mismatch repair proteins in E. coli, S. cerevisiae, and H. sapiens.

The rate of replication errors can vary by more than a million-fold, depending on the DNA

polymerase and the local DNA sequence [39]. Correcting replication errors in MMR-defi-
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cient and MMR-proficient cells can vary by more than 100,000-fold. The highest error rates
in MMR-deficient yeast strains are for single-base insertion or deletion in long mononu-
cleotide repetitive sequences, reflecting increased strand slippage during replication in
these sequences. For example, Kunkel and Erie [39] reported the probability that a particu-
lar mismatch that will be made by a replicase varies from extremely rare misinsertion of
the dCTP opposite template C by Pol a (<107) to much more frequent single-base deletion
mismatches in long mononucleotide runs (=107%). This high intrinsic error rate in replication
of mononucleotide runs helps to explain why mononucleotide repeat markers are extreme-
ly sensitive to MSI in the absence of a functional MMR system.

2.5. MSI pathway in familial and sporadic CRC tumorigenesis

Many investigators support the view that some type of genomic instability is necessary to
generate all the mutations observed in CRC, whereas others reason that mutations required
to form cancer are accumulated spontaneously over long periods of time. Recent advances in
molecular biology, especially sequencing, have revealed that CRCs are highly heterogeneous
arising from several distinct pathways. Four types of genomic or epigenetic instability have
been described in CRCs: chromosomal instability (CIN), microsatellite instability (MSI), CpG
island methylator phenotype (CIMP), and global DNA hypomethylation.

About 3% of all MSI-positive CRCs are LS and about 15% are sporadic CRC [42, 43]. Tumor
development in both LS and sporadic MSI-positive CRC involves the MSI pathway. The
difference is that loss of MMR activity in LS tumors is the consequence of germline mutations
or epimutations, while sporadic MSI-positive CRCs are caused by somatic methylation of the
MLHI1 promoter [44]. Sporadic CRCs with MSI are typically diploid, have biallelic methylation
of the MLH1 promoter and subsequent loss of MLHI1 protein expression, frequently have
mutations in the BRAF gene, and are associated with better prognosis compared to individuals
with non-MSI tumors. LS CRCs are also typically diploid and are associated with better
prognosis, but have mutations in KRAS instead of BRAF, and have germline mutations or
epimutations in MMR genes MLH1, MSH2, MSH6, and PMS2.

Tumorigenesis in MSI-positive CRC involves changes in the same signaling pathways as
tumors without MSI, but often alterations occur in different genes and by different mecha-
nisms. For example, initiating mutations in the APC gene are common in sporadic CRC. In
contrast, a substantial portion of MSI-positive CRCs do not have mutations in the APC gene,
but rather have mutations with similar consequences in CTNNBI or other genes in the WNT
signaling pathway. Sporadic non-MSI CRCs typically arise through CIN, whereas MSI-positive
CRC:s arise through the MSI pathway. The MSI pathway is characterized by a genome-wide
increase in mutations, especially in microsatellite sequences. Since most microsatellites are in
noncoding regions of the genome, mutations in these loci do not increase cancer risk. In
contrast, mutations in short coding microsatellite sequences can lead to frame shift mutations
and gene inactivation that are linked to cancer risk. For example, mutations in TGFf-R2 occur
primarily (>90%) in an A10 microsatellite tract that results in inactivation of the TGF(3-R2
protein [45, 46]. Transforming growth factor-p (TGF-3) signaling inhibits proliferation in the
colonic epithelium and MSI-positive tumors often lack inhibitory TGF-$ signaling due to
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mutations in the gene for TGF-{ type Il receptor (TGF-R2). Loss of TGEf signaling is a critical
driver in the MSI pathway, but this is just the tip of the iceberg. There are an estimated 17,654
coding mononucleotide repeats in the human genome [47]. Sequencing of MSI-High (MSI-H)
CRCs has identified recurring mutations in many other coding microsatellite sequences
including tumor suppressor genes and DNA repair genes [48].

Cancer type MSI-High, % Unselected®  Cancer risk, % LS* References unselected; LS
Colon 13% 10-80% [58]; [49, 51, 59-62]
Endometrium 18-33% 15-71% [63, 64]; [49-52, 59, 65, 66]
Stomach 22% 1-13% [67]; [49, 53, 55, 59, 68-70]
Ovary 10% 4-20% [71]; [49, 53, 54, 58, 59, 69, 72]
Small bowel <1-12% [49, 53, 54, 59, 69]

Urinary tract <1-25% [49, 53, 54, 69, 72, 73]

Skin (sebaceous tumors) 35-60% 1-9% [74, 75]; [76-78]

Brain 1-4% [53, 69, 72, 79]

Prostrate 1% 9-30% [53, 54, 56, 57]

Breast 0-1% 5-18% [80-83]; [49, 53-55, 84]
Hepatobiliary tract 16% <1-4% [85]; [53, 58, 59, 68, 72]
Pancreas 1-4% [53, 66, 86]

Thyroid 63% [87]

Skin (melanoma) 11% [88]

Cervix 8% [89]

Esophageal adenocarcinoma 7% [90]

Sarcoma (soft tissue) 5% [91]

Percent of MSI-high tumors in unselected population.
?Cumulative risks of cancer by 70 years of age in germline MMR mutation carriers (for all MMR genes and both sexes)
[49-91].

Table 2. Frequency of MSI cancers in LS and unselected populations.

Lifetime cancer risks for LS individuals vary depending upon which MMR gene is mutated
and by gender. The majority (~80%) of LS tumors have mutations in MLH1 or MSH?2. Lifetime
risk of CRC by 70 years of age for MLH1 and MSH2 germline mutation carriers range from 40
to 80%, with higher risk for men (Table 2) [49]. The cumulative lifetime risk of CRC in MSH6
and PMS2 germline mutation carriers is lower, ranging from 10 to 22% [50-52]. LS individuals
also have a significantly increased risk for a variety of extracolonic malignancies (Table 2). The
highest risk is for endometrial cancer, which occurs in up to 71% of women with MSH®6
mutations, 54% of those with MLH1 and MSH?2 mutations, and 15% of those with PMS2
mutations [51, 52]. Significant cumulative risks also exist for cancers of the stomach, ovary,
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small bowel, urinary tract, skin, pancreas, and brain. Breast and prostate cancers have not
generally been considered part of the LS-associated cancer spectrum, but recent studies have
found an increased risk for these cancers in germline MMR mutation carriers [53-57]. Dudley
and colleagues [6] reviewed reports on the frequency of MSI-H across different tumor types
in unselected populations, which includes both sporadic and familial cancers (Table 2).

3. Early development of MSI markers

3.1. Standardization of MSI testing

After the discovery of MSI in 1993, many laboratories began developing their own methods
for measuring MSI and started to test different types of cancers. Unfortunately, there were no
standards for MSI testing. Assays varied as to which and how many microsatellite markers to
use. Moreover, investigators differed on the per cent of unstable markers necessary to classify
a tumor as MSI-positive. This lack of standardization made it nearly impossible to compare
results between laboratories and resulted in considerable variability in the frequency of MSI
reported for a given tumor type. A number of studies were conducted to determine which
microsatellite markers and what type of repeat motif was most sensitive and specific for the
detection of MSI tumors. Two key studies described below provided the basis for markers
chosen at the National Cancer Institute (NCI) workshop on MSI [25]. The first was by Dietmaier
and colleagues [92] who tested 31 different microsatellites including six mononucleotide, 15
dinucleotide, three trinucleotide, five tetranucleotide, and two pentanucleotide repeats on a
series of 58 primary CRCs. They found that sensitivity and specificity of markers were closely
related to the type of the repeat (highest for mono and dinucleotide repeats) and that MSI could
be subdivided into MSI-H (>20% of markers were unstable), MSI-Low (MSI-L) (<10% unstable
markers), and microsatellite stable (0% unstable markers). The vast majority (14/15) of MSI-H
tumors failed to express MSH2 or MLH]I. In contrast, all of the MSI-L and MSI stable tumors
had normal MMR expression. Based on these results, they recommended a diagnostic strategy
for MSI assessment that utilizes a uniform panel of 10 microsatellites in which BAT26, BAT40,
MfdIS, D25123, and D55346 were tested first, followed by BAT25, D105197, D18558, D18569,
and MYCL] if less than 40% of the initial set were mutated. Tumors were defined as MSI-
positive if at least 40% of the tested markers were unstable.

The second study cited by the NCI workshop on MSI testing as a basis for the choice of MSI
markers was a multicenter study to test the reliability and quality of MSI analysis [93]. Eight
laboratories compared MSI analyses performed on 10 matched pairs of normal and tumor
DNA from patients with CRC. They proposed that five microsatellite markers, which were
selected from a panel of 30, should be analyzed in the first run and five additional microsatellite
loci should be added in cases where less than two markers displayed MSI. A preferred set of
five markers was not identified, but they suggested that the microsatellite panel should be
comprised of different repeat types including mononucleotide and dinucleotide repeats. Cases
with more than 40% unstable markers were classified as MSI-positive and those with less than
10% unstable markers were classified as MSI-negative [93].
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In December 1997, the NCI sponsored an international workshop on Microsatellite Instability
in Cancer Detection and Familial Predisposition to further review and unify the field [25]. The
following recommendations (often referred to as the Bethesda guidelines) were made: (1) the
form of genomic instability associated with defective MMR in tumors was to be called
microsatellite instability or MSI, (2) a panel of five microsatellites (two mononucleotide repeats,
BAT-26 and BAT-25; and three dinucleotide repeats, D55346, D25123, and D175250) was
recommended as a reference panel for MSI testing, (3) tumors should be classified as MSI-H
if two or more of the five markers show instability, and MSI-L if only one of the five markers
show instability, and MSI stable (MSS) if no markers were unstable, and (4) a unique clinical
and pathological phenotype is identified for the MSI-H tumors, which comprise about 15% of
colorectal cancers, whereas MSI-L and MSS tumors appear to be phenotypically similar. This
standard was followed until 2004 when revisions were made at a second workshop.

The sensitivity, reproducibility, and cost effectiveness of MSI testing have improved consid-
erably since the early days thanks to the use of all mononucleotide repeat markers and the
introduction of fluorescent multiplex PCR and capillary electrophoresis technologies [94].
Currently, MSI testing involves comparing allelic patterns in microsatellite markers derived
from a tumor and a normal (usually blood) samples from the same individual. A change in
allele size between the normal and tumor samples indicates MSI. To generate the allelic profiles,
DNA is extracted from each sample and amplified by PCR using fluorescently labeled primers
flanking each microsatellite repeat locus. This is most efficiently done by multiplexing,
allowing for simultaneous amplification and analysis of all markers in the panel. The resulting
PCR products are resolved by capillary electrophoresis and the outputis analyzed to determine
allele sizes in comparison to known size standards [94]. The classification of tumor MSI status
is based on the Bethesda guidelines [25].

3.2. Lynch syndrome screening guidelines

A number of different sets of criteria have been developed to identify patients who should be
tested for LS (Box 1). The first set was the Amsterdam criteria in 1991, which was later modified
to the Amsterdam II criteria in 1999 [95]. The Amsterdam criteria are very stringent and could
miss as many as 58% of individuals with LS [96]. To address this limitation, the NCI published
the Bethesda guidelines in 1997 and later the revised Bethesda guidelines in 2004 [97, 98]. Still,
between 12 and 28% of individuals with LS could be missed using the revised Bethesda
guidelines [4, 49]. To further increase sensitivity for the detection of LS, the trend has been
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Figure 1. National Comprehensive Cancer Network (NCCN) guidelines for LS testing.
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moving toward universal screening of all patients with newly diagnosed CRC. The National
Comprehensive Cancer Network (NCCN) recommends either a selective approach using MSI/
IHC to screen all patients with CRC diagnosed before 70 years of age and also those older
patients who meet the Bethesda guidelines, or universal screening [99] (Figure 1). The selective
strategy would miss only 4.9% of individuals with LS, whereas, universal screening would
theoretically miss none, assuming 100% sensitivity [4].

Box 1. Lynch syndrome screening guidelines
Amsterdam criteria I (1991)

Three or more relatives with colorectal cancer, plus all of the following:
* One affected patient should be a first-degree relative of the other two
* Colorectal cancer should involve at least two generations

* Atleast one case of colorectal cancer should have been diagnosed before the age of 50 years
Amsterdam II criteria (1999)

Three or more relatives with LS-related cancer (colorectal cancer or cancer of the endometrium, small

bowel, ureter, or renal pelvis) plus all of the following:

* One affected patient should be a first-degree relative of the other two

* Two or more successive generations should be affected

* Cancer in one or more affected relatives should be diagnosed before the age of 50 years
* Familial adenomatous polyposis should be excluded in any cases of colorectal cancer

* Tumors should be verified by pathological examination
Bethesda guidelines (1997)

Only one of the following criteria needs to be met:

¢ Cancer in families that fulfill the Amsterdam criteria

* Two LS-associated cancers in the same individual, including synchronous and metachronous CRC or
associated extracolonic cancers (including endometrial, ovarian, gastric, hepatobiliary, or small-bowel

cancer, or transitional-cell carcinoma of the renal pelvis or ureter)

* CRC and first-degree relative with CRC and/or LS-associated extracolonic cancers and/or colorectal
adenoma; one of the cancers must have been diagnosed before the age of 45 years and the adenoma

diagnosed before the age of 40 years

* CRC or endometrial cancer that was diagnosed before the age of 45 years
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* Right-sided CRC with an undifferentiated pattern on histology, which is diagnosed before the age of
45 years

* Signet-ring-cell-type CRC that was diagnosed before the age of 45 years

* Adenoma that was diagnosed by the age of 40 years
Revised Bethesda guidelines (2003)

Only one of the following criteria needs to be met:

* CRC before the age of 50 years

* Synchronous or metachronous LS-related tumor

* CRC with 1 or more first-degree relatives with LS-related tumor before the age of 50 years
* CRC with 2 or more first- or second-degree relatives with LS-related tumor

* MSIin CRC in patient before the age of 60 years

* A panel of five quasi-monomorphic mononucleotide repeats may be more sensitive for MSI-High
tumors than other microsatellite markers and may obviate the need for normal tissue for comparison

National Comprehensive Cancer Network (NCCN) guidelines (2015)

* Lynch syndrome tumor screening (i.e., MSI or IHC) should be performed for all patients with colorectal
cancer diagnosed at or before the age of 70 years and also those after the age of 70 years who meet the
Bethesda guidelines

* Or, universal MSI/IHC screening of all CRCs

4, Current use of microsatellite markers for detection of MSI

4.1. Mononucleotide repeats

In 2004, the revised Bethesda guidelines recommended the use of a panel of all mononucleotide
repeat markers to increase the sensitivity of detection [98]. The recommendation was based on
the observation that the original Bethesda MSI panel may underestimate the number of MSI-
H tumors because of the use of dinucleotide repeats [100]. The revised guidelines indicate that
the use of mononucleotide markers improves the sensitivity; hence, workshop participants
suggested that more mononucleotide markers be used to evaluate MSI. The basis for the
recommendation for the use of mononucleotide repeat markers is described below.

The BAT-26 mononucleotide repeat marker in the Bethesda panel is one of the most sensitive
markers for MSI testing. Some investigators have suggested that MSI can be identified by
analyzing tumor DNA with only BAT-26 [101, 102]. Zhou and colleagues analyzed 542 tumors
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from various organs for MSI using a panel of 10 or more microsatellite markers versus BAT-26
[103]. They found concordance of results in 539 out of 542 (99.5%) cases [103].

Anunusual property of BAT-26 and a few other microsatellite markers is that most individuals
in the population have a single allele and are thus quasi-monomorphic, which permits MSI
testing using tumor samples only [101, 102]. However, others have shown germline polymor-
phisms in BAT-26, especially in certain racial groups. For example, a study by Samowitz and
colleagues found 7.7% of African Americans are polymorphic for BAT-26 [104]. A more
extensive population study performed by Bacher and colleagues, which included individuals
of Caucasian, African, and Asian descent, found low-level germline variation in BAT-26 and
other quasi-monomorphic markers (Table 3) [94]. Thus, polymorphisms in these microsatel-
lites limit their utility in MSI determinations without the corresponding normal DNA.

NR-21 (%) NR-24 (%) BAT-25 (%) BAT-26 (%) MONO-27 (%)

Caucasian-American 1.1 0.0 0.5 0.6 0.0
African-American 0.8 0.9 9.9 9.8 0.8
Asian-American 5.9 0.0 0.0 0.8 0.8

Table 3. Quasi-monomorphic mononucleotide repeat markers (% polymorphic alleles).

Inclusion of dinucleotide repeats in the Bethesda panel might lead to misclassification of some
cancers. Incorrect assignments can result from a number of different factors. First, dinucleotide
repeats are less sensitive to MSI than mononucleotide repeats [94, 105]. Second, instability
involving only dinucleotide markers can occur in MSS tumors [94, 101, 106]. Third, size
alterations in dinucleotide repeats can be difficult to interpret. Finally, mutations in MSH6 often
do not lead to alterations in dinucleotide repeats [107]. These limitations lead Suraweera and
colleagues [100] to propose using a panel of five quasi-monomorphic mononucleotide repeats
(BAT-25, BAT-26, NR-21, NR-22 and NR-24). They determined the MSI status of 124 colon
tumors, 50 gastric tumors, 20 endometrial tumors, and 16 colon cancer cell lines that had been
previously established. The results were 100% concordant.
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Figure 2. The relative sensitivity and specificity of mono-, di-, tetra- and penta-nucleotide repeats for detection of MSI
in mismatch repair deficient CRC.
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To determine the best markers for the MSI testing, a study of 266 mono-, di-, tetra-, and
pentanucleotide repeat markers was conducted to identify those with the highest sensitivity
and specificity for the detection of MSI in MMR deficient tumors [94]. A subset of each marker
type was used to screen 225 human colon tumor samples that had been previously character-
ized for mismatch repair status. Consistent with previous studies, mononucleotide repeats
were found to be the most sensitive and specific type of microsatellite marker for the detection
of MSI (Figure 2). Based on this study, the MSI Analysis System (Promega Corporation,
Madison, United States) was developed; it contains five quasi-monomorphic mononucleotide
repeats, BAT-25, BAT-26, NR-21, NR-24, and MONO-27. The MSI Analysis System has several
advantages over the Bethesda panel, including: (1) increased sensitivity and specificity, (2)
easier interpretation of MSI patterns in mononucleotide repeats compared to dinucleotide
repeats, (3) the quasi-monomorphic nature of the markers simplifies analysis and allows MSI
classification in cases where only tumor samples are available, and (4) the inclusion of two
highly polymorphic pentanucleotide repeats to prevent sample mix-ups (Figure 3) [94, 108].
This MSI kit is now a widely used alternative to the Bethesda panel [94, 108, 109].
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Figure 3. MSI analysis of CRC and the corresponding normal sample using the MSI Analysis System (Promega Corpo-
ration, Madison, United States). The electropherogram shows the allelic profile generated from a normal sample (top
panel) and a matching MLH1-deficient tumor sample (bottom panel). New alleles in tumor sample that are not found
in matching normal are indicated by arrows. The panel contains five quasi-monomorphic mononucleotides for MSI de-
terminations, including: JOE-labeled (green) NR-21, BAT-25 and MONO-27; fluorescein-labeled (blue) BAT-26 and
TMR-labeled (black) NR-24. Two highly polymorphic pentanucleotide repeats (Penta-C and Penta-D) are included for
sample identification in case of sample mix-ups or contamination problems.

4.2. Relative utility of MSI and IHC for Lynch syndrome screening

Commonly used screening tools for LS include: family history, tumor pathology, MSI, and
MMR protein detection by immunohistochemistry (IHC). It has been found that family history
and tumor pathology lack sensitivity and specificity for selecting patients for germline
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mutation analysis [4]. In contrast, both MSI and IHC are highly effective strategies. Which
method to use as the primary screening method for the detection of LS is a subject of ongoing
debate [110, 111].

As the hallmark molecular signature of LS, MSI is widely accepted as a primary method for
identifying individuals at risk for LS. Recent improvements in MSI testing have significantly
enhanced accuracy and reduced cost. The advantages of MSI as a screening method for LS
include: (1) high sensitivity for the detection of MMR loss, (2) use of quasi-monomorphic
mononucleotide repeat markers which simplifies data interpretation and allows analysis of
tumor samples alone when matching normal is not available, (3) utilization of fluorescent
multiplex PCR technology that reduces labor, time, and cost of testing, (4) relatively easy
interpretation, and (5) excellent intra- and interlaboratory reproducibility. Disadvantages of MSI
testing include: (1) lack of specificity for LS as sporadic MSI is common, (2) failure to identify
which MMR gene is involved, and (3) 5-10% false negative rate.

Advantages of IHC testing include: (1) high sensitivity and specificity for MMR loss, (2) wide
availability in general pathology laboratories, and (3) identification of which MMR gene is
mutated. IHC has several disadvantages including: (1) requirement for an experienced pathol-
ogist to interpret the results, (2) variable staining pattern, resulting in uncertainty in interpre-
tation, (3) dependence of sensitivity on the antibody panel used, (4) possible lack of reliability
in small biopsy samples, and (5) potential loss of antigenicity owing to nonpathogenic
mutations, which can lead to a 5-10% false negative rate.

The significance, use and implications for MSI and IHC testing are similar, although the tests
are slightly complementary. NCCN guidelines state that both MSI and IHC miss about 5-10%
of cases [99]. Therefore, many labs have adopted the practice of using both MSI and IHC to
maximize sensitivity for the detection of LS.

5. Emerging applications for MSI testing

5.1. Universal screening for Lynch syndrome

Up to one million individuals within the United States may have LS, but less than 5-10% are
likely to have been diagnosed [112, 113]. The optimal strategy for identifying individuals with
LS is a subject of continued debate. Some advocate targeted screening based on age of onset,
family history, and/or histologic criteria to reduce the number of unnecessary tests. Others
prefer universal screening of all CRCs to maximize sensitivity and improve outcomes through
early monitoring. For example, Moreira and colleagues compared various strategies for
identifying patients with LS and found that the revised Bethesda guidelines had a sensitivity
of 87.8% compared with 100% sensitivity of the universal screening approach [4].

To help identify the undiagnosed cases of LS, the NCCN recommends that institutions use
either a selective approach of testing all patients with CRC diagnosed before 70 years of age
plus those diagnosed at older ages who meet the Bethesda Criteria, or universal testing.
Universal MSI/IHC testing on all newly diagnosed colorectal and endometrial cancers
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regardless of family history is practiced by many NCCN member institutions and other
comprehensive cancer centers to identify which patients should have genetic testing for LS
[114-117]. Universal screening has been shown to be cost effective for colorectal cancers and
is endorsed by the Evaluation of Genomic Applications in Practice and Prevention working
group at the Centers for Disease Control and Prevention (CDC), the US Multi-society Task
Force on Colorectal Cancer, and the European Society of Medical Oncology [118-121]. The
Cleveland Clinic has implementing universal MSI/IHC screening since 2004 [122]. Similarly,
Ohio State University Comprehensive Cancer Center has screened all CRC patients for LS since
2006 and projects that if universal screening were adopted nationwide it could save thousands
of lives every year (Figure 4) [112].
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would be identified as having LS followed by genetic counseling and testing
with universal screening to identify affected family members

Figure 4. Early identification of Lynch syndrome patients saves lives. In 2014, 4100 or 3% of patients newly diagnosed
with CRC carry germline mutations in MMR genes. Each of these individuals will on average have three at-risk rela-
tives. Thus, 16,400 people per year could be potentially saved if all LS patients were identified early by testing CRC for
MSI (adapted from Powell [112]).

5.2. Early identification of LS through screening polyps

Early identification of LS is highly desirable as the risk of developing CRC can be significantly
reduced with increased cancer surveillance [123]. About 60% of CRC in LS cases are not
diagnosed until after the age of 50 [124]. Thus, screening colorectal polyps obtained during
colonoscopy that begins at 50 years of age could help identify LS patients and at-risk family
members before cancer develops.

Screening for MSI in colon polyps could shift LS diagnosis earlier, allowing for earlier
monitoring and improved chances of preventing cancer. However, colorectal polyps exhibit a
milder MSI phenotype compared to more advanced neoplasms, limiting adoption of this
strategy. Estimates for the incidence of MSI in LS adenomas range from 41 to 86% (average of
70%), which is comparable to IHC sensitivity of 49-82% (average of 72%) [125-131]. A study
by Yurgelun and colleagues [130] found that while the overall MSI detection rate in adenom-
atous polyps from individuals with known pathogenic MMR mutations was 54%, all polyps
larger than 10 mm in size exhibited MSI-H and loss of MMR expression by IHC. The higher
level of MSI in the larger polyps is likely due to stepwise nature of MSI, in which larger
deletions result from multiple smaller sequential replication errors that accumulate through-
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out many cell divisions [132]. This phenomenon might explain why it is more difficult to detect
MSI in small polyps as they would undergo fewer cell divisions after loss of MMR activity.
Despite this, MSI can occur at a very early stage of adenoma formation, as it has been found
in aberrant crypt foci of microscopic size [133, 134] and has even been observed in normal
colonic mucosa of patients with LS [135].
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Figure 5. Mutation frequency in mononucleotides increases exponentially with repeat length. Markers with poly-A
tracts of 20-30 base pairs are currently used for MSI testing. Markers over 40 base pairs exhibit higher mutability and,
therefore, increased MSI sensitivity.

Increasing the sensitivity of MSI testing could facilitate screening adenomas for early identi-
fication of LS patients. Bacher and colleagues compared the sensitivity of microsatellite
markers with very long poly-A runs of 40-60 base pairs with currently used markers for MSI
testing. The long mononucleotide repeat markers were identified from BLAST searches of
human genome databases and the frequencies of insertion/deletion mutations were compared
to existing markers with shorter poly-A tracks [136, 137]. Mutation frequencies were found to
increase exponentially with increasing repeat length (Figure 5) in agreement with other studies
of microsatellites [13, 15, 138, 139]. This finding is significant as mutation frequencies can serve
as a surrogate for MSI sensitivity.

To determine whether the detection of MSI in colorectal polyps could be increased using long
mononucleotide repeat markers, 430 polyps from 160 patients were screened using the
Bethesda panel, MSI Analysis System (Promega Corporation, Madison, United States), and an
experimental panel of long mononucleotide repeats (Promega Corporation, Madison, United
States) (Figure 6) [140]. Using the long mononucleotide repeat panel, 15 tumors were scored
as MSI-H compared to nine for the Bethesda panel and eight for the MSI Analysis System. This
difference represented a 1.7-1.9-fold increase in relative sensitivity for the detection of MSI-H
polyps over currently used markers. Importantly, a high proportion (80%) of MSI-H polyps
was likely from LS patients. The relative MSI sensitivity of the long mononucleotide repeat
markers was higher than any markers in the Bethesda panel and the MSI Analysis System
(Figure 7). The sensitivity and specificity for the detection of MMR-deficient lesions were
estimated based on IHC data on MMR protein expression (Table 4). The sensitivity and
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specificity were 100 and 96% for the long mononucleotide repeat panel compared to 67 and
100% for the MSI Analysis System and 75 and 97% for the Bethesda panel. The difference in
sensitivity between the long mononucleotide repeat panel and the other panels was statistically
significant.
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Figure 6. Prototype MSI Analysis System 2.0 (Promega Corporation, Madison, United States). The multiplex contains
both short mononucleotide repeat markers, NR-21, BAT-25, BAT-26, and MONO-27, and new long mononucleotide re-
peat markers BAT-52, BAT-56, BAT-59, BAT-60, and pentanucleotide repeats Penta-C and Penta-D. The short mononu-
cleotide repeats have a proven track record for MSI testing of CRC and the longer mononucleotide repeats have
increased sensitivity for detection of MSI in colon polyps and extra-colonic tumors that often exhibit attenuated pheno-
types. The pentanucleotide repeats are included to confirm sample identity.
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Figure 7. The relative MSI sensitivity of the long mononucleotide repeat (LMR) markers. The percentage of MSI-H tu-
mors that were MSI-positive for each individual marker was determined. The sensitivity of the LMR panel was signifi-
cantly higher than the Bethesda panel (p < 0.0038) and the MSI Analysis System (p = 0.0012) using the t-test.
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Marker True positive False negative True negative False positive Sensitivity (%) Specificity (%)
LMR panel 12 0 67 3 100 96

MSI analysis system 8 4 75 0 67 100

Bethesda panel 9 3 66 2 75 97

Table 4. Sensitivity and specificity of new long mononucleotide repeats (LMR).

The use of the long mononucleotide repeat markers increased confidence in the MSI scoring
as a consequence of a higher number of MSI-positive markers and larger allelic size changes
for a given sample. MSI analysis with the long mononucleotide repeat panel resulted in MSI-
H samples typically (80% of cases) exhibiting instability in four out of five or five out of five
markers. With one exception, these cases also exhibited loss of MMR expression by IHC, had
a germline MMR mutation, or both. Moreover, the significantly larger size changes in long
mononucleotide repeats further simplified MSI classification by reducing the number of
ambiguous calls often associated with small changes in the allele size that are observed when
assaying shorter mononucleotide repeat sequences (Figure 8). The results of this study indicate
that these new long mononucleotide repeat markers can increase sensitivity for the detection
of MSI in polyps to a level approaching that reported in the literature for CRC with current
marker systems. This increased sensitivity opens the possibility of screening polyps for an
early detection of LS, while further study will be needed to be fully confident in these results
and conclusions.
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Figure 8. Long mononucleotide repeat markers for MSI analysis typically result in larger allele size changes in MSI-H
tumors. Electropherogram of MSH2-deficient colon tumor and matching normal tissue screened for MSI using the ex-
perimental long mononucleotide repeat panel which shows all five markers were unstable with size shifts of up to 23
base pairs.
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5.3. Alternative methods for LS testing

Current PCR-based MSI testing utilizes a small, standardized panel of highly unstable
mononucleotide repeat markers to detect loss of MMR function. An alternative approach for
MSI testing is to use highly scalable next generation DNA sequencing (NGS) technologies to
infer MSI status. The main advantages of NGS are that multiple targets can be tested simulta-
neously, more efficiently, more cost effectively, and with higher sensitivity than with traditional
Sanger sequencing. The main disadvantages are the greatly increased complexity of results
and the return of uncertain or unexpected findings. Because the majority of MSI-positive
tumors are due to epigenetic changes rather than genetic changes in MMR genes, even
sequencing all MMR genes by NGS will not reliably infer MSI status in a tumor. To address
this limitation, Hempelmann and colleagues [141] used NGS to sequence the five standard
mononucleotide repeat loci in the MSI Analysis Kit (Promega Corporation, Madison, United
States) to determine tumor MSI status. Using NGS they analyzed 81 CRC specimens (44 MSI-
H and 37 MSI stable) previously subjected to PCR-based MSI testing. The MSI status of 95%
of the specimens was interpretable by NGS and all but four samples were concordant with
previous MSI classification. The samples generating ambiguous results were repeated and the
result was the same, indicating that the NGS assay may not confidently infer MSI status for a
small fraction of samples. While the NGS approach did not substantially improve sensitivity
or specificity over existing assays, NGS offers an advantage of automated analysis based on
quantitative, descriptive statistics which the authors suggest may improve intra- and interla-
boratory variation.

Another approach to diagnose LS is direct sequencing of the MMR genes without previous
screening with MSI or IHC. This approach simplifies the traditional multi-step testing
procedure, but greatly increases the number of cases receiving costly germline MMR sequenc-
ing. Moreover, germline mutations in MMR genes may not be found in up to 30% of suspected
LS cases [43]. Heritable, constitutional epimutations in MLH and MSH2 explain many of these
cases [142, 143]. Biallelic somatic mutations in MMR genes may account for up to 60-70% of
germline MMR-negative cases [144]. Another potential limitation of direct sequencing of MMR
genes is the high number of variants of unknown clinical significance, which account for
around one third of germline MMR mutations [145]. The International Society of Gastrointes-
tinal Hereditary Tumors currently reports a total of 3104 MMR gene variants (1198 for
MLH1, 1098 for MSH2, 547 for MSH6, and 261 for PMS2) [146]. Communicating test results
showing variants of unknown significance to patients can be challenging due to the potential
psychological impact of reporting uncertain test results. Since both LS and MSI are caused by
MMR defects, screening with MSI serves as a surrogate marker of LS and is a functional test
for loss of MMR. Determining tumor MSI status also provides a prognostic and therapeutic
value for individualizing treatment not only for LS patients, but also for those with sporadic
MSI-H CRC lacking a germline MMR mutation [5, 6].

5.4. Distinguishing Lynch syndrome from non-Lynch syndrome CRC

There are multiple types of non-Lynch syndrome CRC that can mimic the disease and
confound diagnosis [144, 147]. Many of these tumors are MSI-positive or show loss of MMR
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gene expression by IHC, but lack germline mutations [144, 148]. Distinguishing these mimics
from LS is clinically important, as treatment and surveillance for these patients and their at-
risk family members differ.

Nonfamilial LS mimics include sporadic MSI-positive CRC and Lynch-like syndrome (LLS)
cancers. Hyper-methylation of the MLH1 gene is responsible for about 80% of cases where
MLH1 is missing without MLH1 germline mutations. These sporadic MSI-positive CRC are
fairly easy to distinguish from LS because of older age of onset, lack of family history of cancer,
the presence of BRAF V600E mutation, and/or methylation of MLHI1. More challenging are
cases where the LLS cancers exhibit MSI and loss of MMR expression, but patients lack
germline MMR mutations [149]. Mutations in EPCAM explain about 20-25% of LLS cases
which show loss of MSH2 expression but no germline MSH2 mutation. Deletions in the
EPCAM gene lead to hypermethylation of the MSH2 promoter and subsequent MSH2
silencing. Most (70%) of the remaining unexplained LLS cases have cancers with biallelic
somatic MMR mutations [148]. Thus, the distinguishing features of LLS are an MSI-positive
phenotype and somatic biallelic MMR gene mutations. LLS has also been shown to occur in
some endometrial cancers [148].

Familial CRC mimics include (1) polymerase proofreading associated polyposis (PPAP) caused
by mutations in POLE or POLD1, (2) familial colorectal cancer type X (FCCTX) of unknown
etiology, (3) germline MLH1 methylation, and (4) constitutional mismatch repair-deficiency
(CCMRD) caused by biallelic germline MMR mutations. PPAP is a rare inherited form of CRC
that is caused by germline mutations in POLE (encoding DNA polymerase ¢) or POLD1
(encoding DNA polymerase 0) [150, 151]. Individuals with PPAP can develop CRC as early as
20 years of age and POLD1 mutation carriers are also at increased risk for endometrial and
brain cancers. Tumors from PPAP individuals are MSI stable even though they have 100-fold
more mutations in nonrepetitive DNA than sporadic MSI-positive tumors [23]. The absence
of MSI in these CRCs is a distinguishing feature of PPAP. Another type of familial CRC lacking
MSI and germline MMR mutations is familial colorectal cancer type X (FCCTX) [152]. The
genetic cause of FCCTX is unknown. FCCTX individuals have about twofold increased risk of
CRC compared to the general population, but do not develop other LS-spectrum cancers.
Methylation of MLH1 is usually associated with sporadic MSI-positive CRC and is not
heritable. However, in rare cases inherited germline epigenetic silencing of MLH1 has been
reported to predispose to cancer development in a pattern typically found in LS families [153].
CRC and other tumors from individuals with MLH1 germline epimutations exhibit MSI and
lack of MLH1 expression. Diagnosis of MLHI1 germline epimutations is accomplished by
methylation analysis of tumor and germline samples. Constitutional mismatch repair-
deficiency (CMMRD) is another rare disorder that is caused by biallelic germline mutations in
MMR genes (most commonly PMS2 and MSH6) that predisposes them to childhood cancers
[154]. CMMRD individuals may present with CRC, brain tumors and/or leukemia and
lymphoma. These tumors exhibit MSI and loss of MMR protein expression like LS, but can be
distinguished by presence of biallelic germline MMR gene mutations. Screening CRC tumors
for MSI followed by germline MMR sequencing is an effective strategy to distinguish LS from
these non-LS diseases.
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5.5. Use of MSI as a predictive biomarker

MSI-positive CRCis associated with a better prognosis and a decreased likelihood of metastasis
tolymphnodes and distant organs [155]. A meta-analysis with 7642 cases clearly demonstrated
that patients with MSI-H tumors have a significantly better prognosis than those with MSS
tumors (hazard ratio for death = 0.65) [156]. There is growing evidence that the improved
prognosis of MSI-positive tumors is due to the accumulation of frame shift mutations in genes
containing coding microsatellites [157]. Translation of proteins with mutation-induced frame
shift peptides renders MSI cancers highly immunogenic, allowing the body's immune system
to more effectively target cancer cells.
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Figure 9. MSI is a biomarker for PD-1 blockage immunotherapy. Increased mutational burden in MMR-deficient tu-
mors creates mutation associated neo-antigens (MANA) responsible for the immune response. Tumors with MSI evade
immune surveillance by upregulation of immune checkpoint proteins programmed cell death 1 (PD-1) and its ligand
PD-L1. Interaction of the PD-1 co-receptor and its ligand PD-L1 suppresses the immune system, and antibodies to ei-
ther molecule have shown promise for reinvigorating the immune system, allowing T-cells to target and destroy cancer
cells. Ab, antibody; MHC, major histocompatibility complex; TCR, T cell receptor; *, mutation.

While MSI status is a good prognostic factor for CRC, its predictive value for chemosensitivity
remains controversial. The initial study on the use of 5-FU-based adjuvant chemotherapy by
Ribic and colleagues [158] found that patients with advanced stage MSI-negative CRC
benefited, but patients with MSI-H CRC did not. A number of subsequent clinical studies have
confirmed these results [159, 160]. The clinical results are supported by in vitro evidence
showing that MutSa and/or MutS@ binds to 5-FU incorporated DNA resulting in cell death,
indicating that a functioning MMR system is required for the cytotoxic effect of 5-FU [161]. In
contrast, a number of studies have failed to find any effect of MSI status on 5-FU treatment
response [162-164]. A recent meta-analysis involving 9212 patients concluded that there was
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no clear difference in response to treatment based on MSI status [164]. However, the evidence
for a detrimental effect of 5-FU treatment on MSI-positive tumors was sufficiently strong to
justify another clinical trial (ClinicalTrials.gov identifier: NCT00217737; this study is ongoing)
to assess the role of MSI in predicting response to adjuvant chemotherapy.

One of the most promising new approaches for treating advanced CRC is immune checkpoint
therapy, which activates the body's natural antitumor activity (Figure 9) [5, 6]. Immune
checkpoint therapy is less toxic than chemotherapeutic regimens and has potential for durable
responses in advanced cancer patients who may otherwise only live a few months. It is
estimated that approximately 50% of CRC in patients will progress to metastatic cancer.
Prognosis for advanced CRC remains poor with overall 5-year survival at 70% for patients with
localized lymph node metastases and 13% for patients with organ metastases.

Immune surveillance can effectively recognize and eliminate cancerous cells and is regulated
by a balance between stimulatory and inhibitory signals (i.e., immune checkpoints). Under
normal conditions, immune checkpoints are inhibited to maintain self-tolerance and avoid
inappropriate overreaction, such as an auto-immune disease. In the presence of tumor cells,
immune surveillance is activated. Selection pressure exerted by the immune system on tumor
cells can lead to resistant clones that survive by inhibiting immune surveillance. MSI-positive
cancers exhibit active immune response due to high number of neo-antigens that are produced
by frameshift mutations in coding repeats in MMR-deficient cells. High expression of check-
point molecules in MSI CRC creates an immunosuppressive microenvironment that is thought
to help MSI tumors evade immune destruction by the infiltrating immune cells. Clinical trials
of stage IV CRC with anti-PD-1 antibody pembrolizumab have been shown to be promising
for reinvigorating the immune system to target and destroy cancer cells (Figure 10) [5]. MSI
was found to be a significant predictor of the progression-free survival rate of 78% for MMR
deficient CRC, 67% for MMR-deficient non-CRC cancer, and 11% in MMR-proficient CRC.
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Figure 10. Clinical benefit of anti PD-1 antibody pembrolizumab treatment according to MSI status. Kaplan-Meier
curves are shown for progression-free survival in the cohorts with CRC (reprinted by permission from Le et al. [5]).
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6. Summary and concluding remarks

The vast majority of the estimated one million individuals with LS in the United States are not
diagnosed. Early identification of individuals with LS is critical as the risk of developing cancer
can be significantly reduced with increased surveillance. It is now recognized that screening
strategies which rely on clinical criteria alone for the diagnosis of LS lack the needed sensitivity
and that new strategies are required to address the underdiagnoses of the disease. The medical
and life costs related with missed diagnosis are substantial due to the high costs and poor
prognosis associated with treating advanced cancers. In an effort to increase detection of LS,
there has been a growing support for universal screening of all new colorectal and endometrial
cancers. Since definitive diagnosis of LS requires expensive germline MMR mutation analysis,
cost-effective strategies are needed to prescreen for possible LS patients to triage those who
will need germline analysis. In 1993, MSI became the first biomarker to be used for the detection
of LS. Subsequent improvements, such as the change to all mononucleotide repeats and the
introduction of fluorescent multiplex PCR methodology, have made MSI a highly accurate and
cost-effective biomarker for LS (Figure 11). New technologies for MSI detection, like next
generation sequencing, open the possibility of a single test for LS that determines tumor MSI
status and MMR germline mutations. MSI is currently an important prognostic and diagnostic
biomarker for LS, but it is poised to take on a much greater role in prediction of responses to
the new immunotherapies targeted at MSI-positive tumors.

Revised Bethesda
Human Genome Guidelines [98]
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Microsatellite map of screening proposed
human genome [171] [124]
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cancer syndrome (mutS1) isolated [17] [122]
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paper on LS [167] [170] [100] generation
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Figure 11. Time line of important events in the development of MSI testing for LS [1, 6, 8, 17, 25, 37, 44, 94, 98, 100, 118,
122,124, 141, 165-174].

209



210 Microsatellite Markers

Author details

Jeffery W. Bacher'?, Linda Clipson?, Leta S. Steffen' and Richard B. Halberg***

*Address all correspondence to: rbhalberg@medicine.wisc.edu

1 Research and Development, Promega Corporation, Madison, WI, USA

2 McArdle Laboratory for Cancer Research, Department of Oncology, University of Wiscon-
sin, Madison, WI, USA

3 Division of Gastroenterology & Hepatology, Department of Medicine, University of Wis-
consin, WI, USA

4 Carbone Cancer Center, University of Wisconsin, Madison, WI, USA

References

[1]

[2]

[3]

[4]

[5]

Ionov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M. Ubiquitous Somatic
Mutations in Simple Repeated Sequences Reveal a New Mechanism for Colonic
Carcinogenesis. Nature. 1993;363:558-561. DOI: 10.1038/363558a0

Thibodeau SN, Bren G, Schaid D. Microsatellite Instability in Cancer of the Proximal
Colon. Science. 1993;260:816-819

Aaltonen LA, Peltomaki P, Leach FS, Sistonen P, Pylkkanen L, Mecklin JP, Jarvinen H,
Powell SM, Jen J, Hamilton SR, et al. Clues to the Pathogenesis of Familial Colorectal
Cancer. Science. 1993;260:812-816

Moreira L, Balaguer F, Lindor N, de la Chapelle A, Hampel H, Aaltonen LA, Hopper
JL, Le Marchand L, Gallinger S, Newcomb PA, Haile R, Thibodeau SN, Gunawardena
S, Jenkins MA, Buchanan DD, Potter JD, Baron JA, Ahnen D], Moreno V, Andreu M,
Ponz de Leon M, Rustgi AK, Castells A, Consortium E. Identification of Lynch Syn-
drome among Patients with Colorectal Cancer. JAMA. 2012;308:1555-1565. DOI:
10.1001/jama.2012.13088

Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, Skora AD, Luber BS,
Azad NS, Laheru D, Biedrzycki B, Donehower RC, Zaheer A, Fisher GA, Crocenzi TS,
Lee J]J, Duffy SM, Goldberg RM, de la Chapelle A, Koshiji M, Bhaijee F, Huebner T,
Hruban RH, Wood LD, Cuka N, Pardoll DM, Papadopoulos N, Kinzler KW, Zhou S,
Cornish TC, Taube JM, Anders RA, Eshleman JR, Vogelstein B, Diaz LA, Jr. PD-1
Blockade in Tumors with Mismatch-Repair Deficiency. N Engl ] Med. 2015;372:2509—
2520. DOI: 10.1056/NEJMoa1500596



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]
[21]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Dudley JC, Lin MT, Le DT, Eshleman JR. Microsatellite Instability as a Biomarker for
PD-1 Blockade. Clin Cancer Res. 2016;22:813-820. DOI: 10.1158/1078-0432.CCR-15-1678

Tautz D. Hypervariability of Simple Sequences as a General Source for Polymorphic
DNA Markers. Nucleic Acids Res. 1989;17:6463-6471

Weber JL, May PE. Abundant Class of Human DNA Polymorphisms Which Can Be
Typed Using the Polymerase Chain Reaction. Am ] Hum Genet. 1989;44:388-396

Ellegren H. Microsatellites: Simple Sequences with Complex Evolution. Nat Rev Genet.
2004;5:435-445. DOI: 10.1038/nrg1348

Lai Y, Sun F. The Relationship between Microsatellite Slippage Mutation Rate and the
Number of Repeat Units. Mol Biol Evol. 2003;20:2123-2131. DOI: 10.1093/molbev/
msg228

Sia EA, Kokoska RJ, Dominska M, Greenwell P, Petes TD. Microsatellite Instability in
Yeast: Dependence on Repeat Unit Size and DNA Mismatch Repair Genes. Mol Cell
Biol. 1997;17:2851-2858

Brinkmann B, Klintschar M, Neuhuber F, Huhne J, Rolf B. Mutation Rate in Human
Microsatellites: Influence of the Structure and Length of the Tandem Repeat. Am ] Hum
Genet. 1998;62:1408-1415. DOI: 10.1086/301869

Bacher JW, Abdel Megid WM, Kent-First MG, Halberg RB. Use of Mononucleotide
Repeat Markers for Detection of Microsatellite Instability in Mouse Tumors. Mol
Carcinog. 2005;44:285-292. DOI: 10.1002/mc.20146

Kelkar YD, Strubczewski N, Hile SE, Chiaromonte F, Eckert KA, Makova KD. What Is
a Microsatellite: A Computational and Experimental Definition Based Upon Repeat
Mutational Behavior at A/T and GT/AC Repeats. Genome Biol Evol. 2010;2:620-635.
DOI: 10.1093/gbe/evq046

Kelkar YD, Tyekucheva S, Chiaromonte F, Makova KD. The Genome-Wide Determi-
nants of Human and Chimpanzee Microsatellite Evolution. Genome Res. 2008;18:30—
38. DOI: 10.1101/gr.7113408

Levinson G, Gutman GA. Slipped-Strand Mispairing: A Major Mechanism for DNA
Sequence Evolution. Mol Biol Evol. 1987;4:203-221

Siegel EC, Bryson V. Mutator Gene of Escherichia coli B. ] Bacteriol. 1967;94:38-47

Loeb LA, Springgate CF, Battula N. Errors in DNA Replication as a Basis of Malignant
Changes. Cancer Res. 1974;34:2311-2321

Cox EC, Degnen GE, Scheppe ML. Mutator Gene Studies in Escherichia coli: The mutS
Gene. Genetics. 1972,72:551-567

Speyer JF. Mutagenic DNA Polymerase. Biochem Biophys Res Commun. 1965;21:6-8
Nowell PC. The Clonal Evolution of Tumor Cell Populations. Science. 1976;194:23-28

211



212

Microsatellite Markers

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Loeb LA. Mutator Phenotype May Be Required for Multistage Carcinogenesis. Cancer
Res. 1991;51:3075-3079

The Cancer Genome Atlas. Comprehensive Molecular Characterization of Human
Colon and Rectal Cancer. Nature. 2012;487:330-337. DOI: 10.1038/nature11252

Fearon ER, Vogelstein B. A Genetic Model for Colorectal Tumorigenesis. Cell.
1990;61:759-767

Boland CR, Thibodeau SN, Hamilton SR, Sidransky D, Eshleman JR, Burt RW, Meltzer
SJ, Rodriguez-Bigas MA, Fodde R, Ranzani GN, Srivastava S. A National Cancer
Institute Workshop on Microsatellite Instability for Cancer Detection and Familial

Predisposition: Development of International Criteria for the Determination of
Microsatellite Instability in Colorectal Cancer. Cancer Res. 1998;58:5248-5257

Wildenberg ], Meselson M. Mismatch Repair in Heteroduplex DNA. Proc Natl Acad
Sci U S A. 1975;72:2202-2206

Wagner R, Jr., Meselson M. Repair Tracts in Mismatched DNA Heteroduplexes. Proc
Natl Acad Sci U S A. 1976;73:4135-4139

Glickman B, van den Elsen P, Radman M. Induced Mutagenesis in Dam-Mutants of
Escherichia coli: A Role for 6-Methyladenine Residues in Mutation Avoidance. Mol Gen
Genet. 1978;163:307-312

Radman M, Wagner R. Mismatch Repair in Escherichia coli. Annu Rev Genet.
1986,20:523-538. DOI: 10.1146/annurev.ge.20.120186.002515

Modrich P. DNA Mismatch Correction. Annu Rev Biochem. 1987;56:435-466. DOI:
10.1146/annurev.bi.56.070187.002251

Lu AL, Clark S, Modrich P. Methyl-Directed Repair of DNA Base-Pair Mismatches in
Vitro. Proc Natl Acad Sci U S A. 1983;80:4639-4643

Lahue RS, Au KG, Modrich P. DNA Mismatch Correction in a Defined System. Science.
1989;245:160-164

Strand M, Prolla TA, Liskay RM, Petes TD. Destabilization of Tracts of Simple Repetitive
DNA in Yeast by Mutations Affecting DNA Mismatch Repair. Nature. 1993;365:274—
276. DOLI: 10.1038/365274a0

Aebi S, Kurdi-Haidar B, Gordon R, Cenni B, Zheng H, Fink D, Christen RD, Boland CR,
Koi M, Fishel R, Howell SB. Loss of DNA Mismatch Repair in Acquired Resistance to
Cisplatin. Cancer Res. 1996;56:3087-3090

Baker SM, Bronner CE, Zhang L, Plug AW, Robatzek M, Warren G, Elliott
EA, Yu ], Ashley T, Arnheim N, et al. Male Mice Defective in the DNA
Mismatch Repair Gene PMS2 Exhibit Abnormal Chromosome Synapsis in
Meiosis. Cell. 1995;82:309-319



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Liu B, Nicolaides NC, Markowitz S, Willson JK, Parsons RE, Jen J, Papadopolous N,
Peltomaki P, de la Chapelle A, Hamilton SR, et al. Mismatch Repair Gene Defects in
Sporadic Colorectal Cancers with Microsatellite Instability. Nat Genet. 1995;9:48-55

Palombo F, Gallinari P, Iaccarino I, Lettieri T, Hughes M, D'Arrigo A, Truong O, Hsuan
JJ, Jiricny J. Gtbp, a 160-Kilodalton Protein Essential for Mismatch-Binding Activity in
Human Cells. Science. 1995;268:1912-1914

Reyes GX, Schmidt TT, Kolodner RD, Hombauer H. New Insights into the Mechanism
of DNA Mismatch Repair. Chromosoma. 2015;124:443-462. DOIL: 10.1007/
s00412-015-0514-0

Kunkel TA, Erie DA. Eukaryotic Mismatch Repair in Relation to DNA Replication.
Annu Rev Genet. 2015;49:291-313. DOI: 10.1146/annurev-genet-112414-054722

Kolodner RD. A Personal Historical View of DNA Mismatch Repair with an Emphasis
on Eukaryotic DNA Mismatch Repair. DNA Repair (Amst). 2016;38:3-13. DOI: 10.1016/
j.dnarep.2015.11.009

Pluciennika A, Dzantieva L, Iyera RR, Constantina N, Kadyrova FA and Modricha P.
PCNA function in the activation and strand direction of MutLa endonuclease in
mismatch repair. Proc Natl Acad Sci U S A. 2010;107:16066-16071. DOI: 10.1073/pnas.
1010662107

Boland CR, Goel A. Microsatellite Instability in Colorectal Cancer. Gastroenterol.
2010;138:2073-2087 €2073. DOLI: 10.1053/j.gastro.2009.12.064

Lynch HT, Snyder CL, Shaw TG, Heinen CD, Hitchins MP. Milestones of Lynch
Syndrome: 1895-2015. Nat Rev Cancer. 2015;15:181-194. DOI: 10.1038/nrc3878

Kane MF, Loda M, Gaida GM, Lipman ], Mishra R, Goldman H, Jessup JM, Kolodner
R. Methylation of the Hmlh1 Promoter Correlates with Lack of Expression of Hmlh1
in Sporadic Colon Tumors and Mismatch Repair-Defective Human Tumor Cell Lines.
Cancer Res. 1997;57:808-811

Parsons R, Myeroff LL, Liu B, Willson JK, Markowitz SD, Kinzler KW, Vogelstein B.
Microsatellite Instability and Mutations of the Transforming Growth Factor Beta Type
II Receptor Gene in Colorectal Cancer. Cancer Res. 1995;55:5548-5550

Markowitz S, Wang J, Myeroff L, Parsons R, Sun L, Lutterbaugh J, Fan RS, Zborowska
E, Kinzler KW, Vogelstein B, et al. Inactivation of the Type Il Tgf-Beta Receptor in Colon
Cancer Cells with Microsatellite Instability. Science. 1995;268:1336-1338

Woerner SM, Gebert ], Yuan YP, Sutter C, Ridder R, Bork P, von Knebel Doeberitz M.
Systematic Identification of Genes with Coding Microsatellites Mutated in DNA
Mismatch Repair-Deficient Cancer Cells. Int ] Cancer. 2001;93:12-19

The Cancer Genome Atlas. Integrated Genomic Characterization of Endometrial
Carcinoma. Nature. 2013;497:67-73. DOI: 10.1038/nature12113

213



214 Microsatellite Markers

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Giardiello FM, Allen ]I, Axilbund JE, Boland CR, Burke CA, Burt RW,
Church JM, Dominitz JA, Johnson DA, Kaltenbach T, Levin TR, Lieberman
DA, Robertson DJ, Syngal S, Rex DK. Guidelines on Genetic Evaluation
and Management of Lynch Syndrome: A Consensus Statement by the Us
Multi-Society Task Force on Colorectal Cancer. Am ] Gastroenterol.
2014;109:1159-1179. DOI: 10.1038/ajg.2014.186

Hendriks YMC, Wagner A, Morreau H, Menko F, Stormorken A, Quehenberger F,
Sandkuijl L, Meller P, Genuardi M, van Houwelingen H, Tops C, van Puijenbroek M,
Verkuijlen P, Kenter G, van Mil A, Meijers-Heijboer H, Tan GB, Breuning MH, Fodde
R, Winjen JT, Brocker-Vriends AHJT, Vasen H. Cancer Risk in Hereditary Nonpolyposis
Colorectal Cancer Due to MSH6 Mutations: Impact on Counseling and Surveillance.
Gastroenterol. 2004;127:17-25. DOI: 10.1053/j.gastro.2004.03.068

Baglietto L, Lindor NM, Dowty JG, White DM, Wagner A, Gomez Garcia EB, Vriends
AH, Cartwright NR, Barnetson RA, Farrington SM, Tenesa A, Hampel H, Buchanan D,
Arnold S, Young ], Walsh MD, Jass ], Macrae F, Antill Y, Winship IM, Giles GG, Goldblatt
J, Parry S, Suthers G, Leggett B, Butz M, Aronson M, Poynter JN, Baron JA, Le Marchand
L, Haile R, Gallinger S, Hopper JL, Potter ], de la Chapelle A, Vasen HF, Dunlop MG,
Thibodeau SN, Jenkins MA. Risks of Lynch Syndrome Cancers for MSH6 Mutation
Carriers. ] Natl Cancer Inst. 2010;102:193-201. DOI: 10.1093/jnci/djp473

ten Broeke SW, Brohet RM, Tops CM, van der Klift HM, Velthuizen ME, Bernstein I,
Capella Munar G, Gomez Garcia E, Hoogerbrugge N, Letteboer TG, Menko FH,
Lindblom A, Mensenkamp AR, Moller P, van Os TA, Rahner N, Redeker BJ, Sijmons
RH, Spruijt L, Suerink M, Vos Y], Wagner A, Hes FJ, Vasen HF, Nielsen M, Wijnen JT.
Lynch Syndrome Caused by Germline PMS2 Mutations: Delineating the Cancer Risk.
] Clin Oncol. 2015;33:319-325. DOI: 10.1200/JC0O.2014.57.8088

Barrow E, Robinson L, Alduaij W, Shenton A, Clancy T, Lalloo F, Hill J, Evans DG.
Cumulative Lifetime Incidence of Extracolonic Cancers in Lynch Syndrome: A Report
of 121 Families with Proven Mutations. Clin Genet. 2009;75:141-149. DOI: 10.1111/;.
1399-0004.2008.01125.x

Engel C, Loeffler M, Steinke V, Rahner N, Holinski-Feder E, Dietmaier W, Schackert
HK, Goergens H, von Knebel Doeberitz M, Goecke TO, Schmiegel W, Buettner R,
Moeslein G, Letteboer TG, Gomez Garcia E, Hes FJ, Hoogerbrugge N, Menko FH, van
Os TA, Sijmons RH, Wagner A, Kluijt I, Propping P, Vasen HF. Risks of Less Common
Cancers in Proven Mutation Carriers with Lynch Syndrome. J Clin Oncol. 2012;30:4409-
4415. DOI: 10.1200/]C0O.2012.43.2278

Harkness EF, Barrow E, Newton K, Green K, Clancy T, Lalloo F, Hill ], Evans DG. Lynch
Syndrome Caused by MLH1 Mutations Is Associated with an Increased Risk of Breast
Cancer: A Cohort Study. ] Med Genet. 2015;52:553-556. DOI: 10.1136/jmedge-
net-2015-103216

Grindedal EM, Moller P, Eeles R, Stormorken AT, Bowitz-Lothe IM, Landro SM, Clark
N, Kvale R, Shanley S, Maehle L. Germ-Line Mutations in Mismatch Repair Genes



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Associated with Prostate Cancer. Cancer Epidemiol Biomarkers Prev. 2009;18:2460—
2467. DOI: 10.1158/1055-9965.EP1-09-0058

Raymond VM, Mukherjee B, Wang F, Huang SC, Stoffel EM, Kastrinos F, Syngal S,
Cooney KA, Gruber SB. Elevated Risk of Prostate Cancer among Men with Lynch
Syndrome. J Clin Oncol. 2013;31:1713-1718. DOI: 10.1200/JCO.2012.44.1238

Hampel H, Stephens JA, Pukkala E, Sankila R, Aaltonen LA, Mecklin JP, de la Chapelle
A. Cancer Risk in Hereditary Nonpolyposis Colorectal Cancer Syndrome: Later Age of
Onset. Gastroenterol. 2005;129:415-421. DOI: 10.1016/j.gastro.2005.05.011

Bonadona V, Bonaiti B, Olschwang S, Grandjouan S, Huiart L, Longy M,
Guimbaud R, Buecher B, Bignon Y], Caron O, Colas C, Nogues C, Lejeune-
Dumoulin S, Olivier-Faivre L, Polycarpe-Osaer F, Nguyen TD, Desseigne F,
Saurin JC, Berthet P, Leroux D, Duffour ], Manouvrier S, Frebourg T,
Sobol H, Lasset C, Bonaiti-Pellie C, French Cancer Genetics N. Cancer
Risks Associated with Germline Mutations in MLHI1, MSH2, and MSH6
Genes in Lynch Syndrome. JAMA. 2011;305:2304-2310. DOI: 10.1001/jama.
2011.743

Choi YH, Cotterchio M, McKeown-Eyssen G, Neerav M, Bapat B, Boyd K, Gallinger S,
McLaughlin J, Aronson M, Briollais L. Penetrance of Colorectal Cancer among MLH1/
MSH?2 Carriers Participating in the Colorectal Cancer Familial Registry in Ontario.
Hered Cancer Clin Pract. 2009;7:14. DOI: 10.1186/1897-4287-7-14

Senter L, Clendenning M, Sotamaa K, Hampel H, Green ], Potter JD, Lindblom A,
Lagerstedt K, Thibodeau SN, Lindor NM, Young J, Winship I, Dowty JG, White DM,
Hopper JL, Baglietto L, Jenkins MA, de la Chapelle A. The Clinical Phenotype of Lynch
Syndrome Due to Germ-Line PMS2 Mutations. Gastroenterol. 2008;135:419-428. DOI:
10.1053/j.gastro.2008.04.026

Win AK, Young JP, Lindor NM, Tucker KM, Ahnen DJ, Young GP, Buchanan DD,
Clendenning M, Giles GG, Winship I, Macrae FA, Goldblatt J, Southey MC, Arnold ],
Thibodeau SN, Gunawardena SR, Bapat B, Baron JA, Casey G, Gallinger S, Le March-
and L, Newcomb PA, Haile RW, Hopper JL, Jenkins MA. Colorectal and Other Cancer
Risks for Carriers and Noncarriers from Families with a DNA Mismatch Repair Gene
Mutation: A Prospective Cohort Study. ] Clin Oncol. 2012;30:958-964. DOI: 10.1200/
JCO.2011.39.5590

Hampel H, Frankel W, Panescu J, Lockman ], Sotamaa K, Fix D, Comeras I, La Jeunesse
J, Nakagawa H, Westman JA, Prior TW, Clendenning M, Penzone P, Lombardi ], Dunn
P, Cohn DE, Copeland L, Eaton L, Fowler ], Lewandowski G, Vaccarello L, Bell ], Reid
G, de la Chapelle A. Screening for Lynch Syndrome (Hereditary Nonpolyposis
Colorectal Cancer) among Endometrial Cancer Patients. Cancer Res. 2006;66:7810-
7817. DOI: 10.1158/0008-5472.CAN-06-1114

Zighelboim I, Goodfellow PJ, Gao F, Gibb RK, Powell MA, Rader JS, Mutch DG.
Microsatellite Instability and Epigenetic Inactivation of Mlh1 and Outcome of Patients

215



216 Microsatellite Markers

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

with Endometrial Carcinomas of the Endometrioid Type. ] Clin Oncol. 2007;25:2042-
2048. DOI: 10.1200/JCO.2006.08.2107

Bellcross CA, Bedrosian SR, Daniels E, Duquette D, Hampel H, Jasperson K, Joseph
DA, Kaye C, Lubin I, Meyer L], Reyes M, Scheuner MT, Schully SD, Senter L, Stewart
SL, St Pierre J, Westman ], Wise P, Yang VW, Khoury M]J. Implementing Screening for
Lynch Syndrome among Patients with Newly Diagnosed Colorectal Cancer: Summary
of a Public Health/Clinical Collaborative Meeting. Genet Med. 2012;14:152-162. DOI:
10.1038/gim.0b013e31823375ea

Win AK, Lindor NM, YoungJP, Macrae FA, Young GP, Williamson E, Parry S, Goldblatt],
LiptonL, Winshipl, LeggettB, TuckerKM, Giles GG, Buchanan DD, Clendenning M, Rosty
C, Arnold ], Levine AJ, Haile RW, Gallinger S, Le Marchand L, Newcomb PA, Hopper]JL,
JenkinsMA. Risksof Primary Extracolonic Cancers Following Colorectal Cancerin Lynch
Syndrome. ] Natl Cancer Inst. 2012;104:1363-1372. DOI: 10.1093/jnci/djs351

Cancer Genome Atlas Research Network. Comprehensive Molecular Charac-
terization of Gastric Adenocarcinoma. Nature. 2014;513:202-209. DOI: 10.1038/
nature13480

Aarnio M, Salovaara R, Aaltonen LA, Mecklin JP, Jarvinen HJ. Features of Gastric
Cancer in Hereditary Non-Polyposis Colorectal Cancer Syndrome. Int ] Cancer.
1997;74:551-555

Watson P, Vasen HF, Mecklin JP, Bernstein I, Aarnio M, Jarvinen HJ, Myrhoj T, Sunde
L, Wijnen JT, Lynch HT. The Risk of Extra-Colonic, Extra-Endometrial Cancer in the
Lynch Syndrome. Int ] Cancer. 2008;123:444—449. DOI: 10.1002/ijc.23508

Capelle LG, Van Grieken NC, Lingsma HF, Steyerberg EW, Klokman W], Bruno M]J,
Vasen HF, Kuipers EJ. Risk and Epidemiological Time Trends of Gastric Cancer in
Lynch Syndrome Carriers in the Netherlands. Gastroenterol. 2010;138:487—-492. DOI:
10.1053/j.gastro.2009.10.051

Murphy MA, Wentzensen N. Frequency of Mismatch Repair Deficiency in Ovarian
Cancer: A Systematic Review This Article Is a Us Government Work and, as Such, Is in
the Public Domain of the United States of America. Int ] Cancer. 2011;129:1914-1922.
DOI: 10.1002/ijc.25835

Aarnio M, Sankila R, Pukkala E, Salovaara R, Aaltonen LA, de la Chapelle A, Peltomaki
P, Mecklin JP, Jarvinen HJ. Cancer Risk in Mutation Carriers of DNA-Mismatch-Repair
Genes. Int | Cancer. 1999;81:214-218

van der Post RS, Kiemeney LA, Ligtenberg M]J, Witjes JA, Hulsbergen-van de Kaa CA,
Bodmer D, Schaap L, Kets CM, van Krieken JH, Hoogerbrugge N. Risk of Urothelial
Bladder Cancer in Lynch Syndrome Is Increased, in Particular among MSH2 Mutation
Carriers. ] Med Genet. 2010;47:464-470. DOI: 10.1136/jmg.2010.076992

Cesinaro AM, Ubiali A, Sighinolfi P, Trentini GP, Gentili F, Facchetti F. Mismatch Repair
Proteins Expression and Microsatellite Instability in Skin Lesions with Sebaceous



[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Differentiation: A Study in Different Clinical Subgroups with and without Extracuta-
neous Cancer. Am ] Dermatopathol. 2007;29:351-358. DOIL: 10.1097/DAD.
0b013e318057713c

Kruse R, Rutten A, Schweiger N, Jakob E, Mathiak M, Propping P, Mangold E, Bisceglia
M, Ruzicka T. Frequency of Microsatellite Instability in Unselected Sebaceous Gland
Neoplasias and Hyperplasias. ] Invest Dermatol. 2003;120:858-864. DOI: 10.1046/j.
1523-1747.2003.12125.x

Lamba AR, Moore AY, Moore T, Rhees J, Arnold MA, Richard Boland C. Defective DNA
Mismatch Repair Activity Is Common in Sebaceous Neoplasms, and May Be an

Ineffective Approach to Screen for Lynch Syndrome. Fam Cancer. 2015;14:259-264.
DOI: 10.1007/s10689-015-9782-3

Ponti G, Losi L, Di Gregorio C, Roncucci L, Pedroni M, Scarselli A, Benatti P, Seidenari
S, Pellacani G, Lembo L, Rossi G, Marino M, Lucci-Cordisco E, Ponz de Leon M.
Identification of Muir-Torre Syndrome among Patients with Sebaceous Tumors and
Keratoacanthomas: Role of Clinical Features, Microsatellite Instability, and Immuno-
histochemistry. Cancer. 2005;103:1018-1025. DOI: 10.1002/cncr.20873

South CD, Hampel H, Comeras I, Westman JA, Frankel WL, de la Chapelle A. The
Frequency of Muir-Torre Syndrome among Lynch Syndrome Families. ] Natl Cancer
Inst. 2008;100:277-281. DOI: 10.1093/jnci/djm291

Vasen HF, Stormorken A, Menko FH, Nagengast FM, Kleibeuker JH, Griffioen G, Taal
BG, Moller P, Wijnen JT. MSH2 Mutation Carriers Are at Higher Risk of Cancer Than
MLH1 Mutation Carriers: A Study of Hereditary Nonpolyposis Colorectal Cancer
Families. ] Clin Oncol. 2001;19:4074-4080

Anbazhagan R, Fujii H, Gabrielson E. Microsatellite Instability Is Uncommon in Breast
Cancer. Clin Cancer Res. 1999;5:839-844

Adem C, Soderberg CL, Cunningham JM, Reynolds C, Sebo TJ, Thibodeau SN,
Hartmann LC, Jenkins RB. Microsatellite Instability in Hereditary and Sporadic Breast
Cancers. Int ] Cancer. 2003;107:580-582. DOI: 10.1002/ijc.11442

Kuligina E, Grigoriev MY, Suspitsin EN, Buslov KG, Zaitseva OA, Yatsuk OS, Lazareva
YR, Togo AV, Imyanitov EN. Microsatellite Instability Analysis of Bilateral Breast
Tumors Suggests Treatment-Related Origin of Some Contralateral Malignancies. |
Cancer Res Clin Oncol. 2007;133:57-64. DOI: 10.1007/s00432-006-0146-0

Toyama T, Iwase H, Yamashita H, Iwata H, Yamashita T, Ito K, Hara Y, Suchi M, Kato T,
Nakamura T, Kobayashi S. Microsatellite Instability in Sporadic Human Breast Cancers.
Int J Cancer. 1996;68:447-451. DOI: 10.1002/(SICI)1097-0215(19961115)68:4<447::AID-
1JC8>3.0.CO;2-0

Walsh MD, Buchanan DD, Cummings MC, Pearson SA, Arnold ST, Clendenning M,
Walters R, McKeone DM, Spurdle AB, Hopper JL, Jenkins MA, Phillips KD, Suthers
GK, George ], Goldblatt J, Muir A, Tucker K, Pelzer E, Gattas MR, Woodall S, Parry S,

217



218 Microsatellite Markers

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

Macrae FA, Haile RW, Baron JA, Potter JD, Le Marchand L, Bapat B, Thibodeau SN,
Lindor NM, McGuckin MA, Young JP. Lynch Syndrome-Associated Breast Cancers:

Clinicopathologic Characteristics of a Case Series from the Colon Cancer Family
Registry. Clin Cancer Res. 2010;16:2214-2224. DOI: 10.1158/1078-0432.CCR-09-3058

Chiappini F, Gross-Goupil M, Saffroy R, Azoulay D, Emile JF, Veillhan
LA, Delvart V, Chevalier S, Bismuth H, Debuire B, Lemoine A. Microsatellite
Instability Mutator Phenotype in Hepatocellular Carcinoma in Non-Alcoholic
and Non-Virally Infected Normal Livers. Carcinogenesis. 2004;25:541-547.
DOI:  10.1093/carcin/bgh035

Kastrinos F, Mukherjee B, Tayob N, Wang F, Sparr ], Raymond VM, Bandipalliam P,
Stoffel EM, Gruber SB, Syngal S. Risk of Pancreatic Cancer in Families with Lynch
Syndrome. JAMA. 2009;302:1790-1795. DOI: 10.1001/jama.2009.1529

Mitmaker E, Alvarado C, Begin LR, Trifiro M. Microsatellite Instability in Benign and
Malignant Thyroid Neoplasms. ] Surg Res. 2008;150:40—-48. DOI: 10.1016/j.jss.
2007.12.760

Palmieri G, Ascierto PA, Cossu A, Colombino M, Casula M, Botti G, Lissia A, Tanda F,
Castello G. Assessment of Genetic Instability in Melanocytic Skin Lesions through
Microsatellite Analysis of Benign Naevi, Dysplastic Naevi, and Primary Melanomas
and Their Metastases. Melanoma Res. 2003;13:167-170. DOI: 10.1097/01.cmr.
0000056222.78713.8¢

Lazo PA. The Molecular Genetics of Cervical Carcinoma. Br J Cancer. 1999;80:2008-
2018. DOI: 10.1038/sj.bjc.6690635

Farris AB, 3rd, Demicco EG, Le LP, Finberg KE, Miller ], Mandal R, Fukuoka ], Cohen
C, Gaissert HA, Zukerberg LR, Lauwers GY, Iafrate AJ, Mino-Kenudson M. Clinico-
pathologic and Molecular Profiles of Microsatellite Unstable Barrett Esophagus-
Associated Adenocarcinoma. Am ] Surg Pathol. 2011;35:647-655. DOI: 10.1097/PAS.
0b013e31820f18a2

Kawaguchi K, Oda Y, Takahira T, Saito T, Yamamoto H, Kobayashi C,

Tamiya S, Oda S, Iwamoto Y, Tsuneyoshi M. Microsatellite Instability and
hMLH1 and hMSH2 Expression Analysis in Soft Tissue Sarcomas. Oncol
Rep. 2005;13:241-246

Dietmaier W, Wallinger S, Bocker T, Kullmann F, Fishel R, Ruschoff J. Diagnostic
Microsatellite Instability: Definition and Correlation with Mismatch Repair Protein
Expression. Cancer Res. 1997;57:4749-4756

Bocker T, Diermann J, Friedl W, Gebert ], Holinski-Feder E, Karner-Hanusch J, von
Knebel-Doeberitz M, Koelble K, Moeslein G, Schackert HK, Wirtz HC, Fishel R,
Ruschoff J. Microsatellite Instability Analysis: A Multicenter Study for Reliability and
Quality Control. Cancer Res. 1997;57:4739-4743



[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Bacher JW, Flanagan LA, Smalley RL, Nassif NA, Burgart L], Halberg RB, Megid WM,
Thibodeau SN. Development of a Fluorescent Multiplex Assay for Detection of MSI-
High Tumors. Dis Markers. 2004;20:237-250

Vasen HF, Watson P, Mecklin JP, Lynch HT. New Clinical Criteria for Hereditary
Nonpolyposis Colorectal Cancer (HNPCC, Lynch Syndrome) Proposed by the Inter-
national Collaborative Group on HNPCC. Gastroenterol. 1999;116:1453-1456

Barnetson RA, Tenesa A, Farrington SM, Nicholl ID, Cetnarskyj R, Porteous ME,
Campbell H, Dunlop MG. Identification and Survival of Carriers of Mutations in DNA
Mismatch-Repair Genes in Colon Cancer. N Engl ] Med. 2006;354:2751-2763. DOI:
10.1056/NEJMo0a053493

Rodriguez-Bigas MA, Boland CR, Hamilton SR, Henson DE, Jass JR, Khan PM, Lynch
H, Perucho M, Smyrk T, Sobin L, Srivastava S. A National Cancer Institute Workshop
on Hereditary Nonpolyposis Colorectal Cancer Syndrome: Meeting Highlights and
Bethesda Guidelines. ] Natl Cancer Inst. 1997;89:1758-1762

Umar A, Boland CR, Terdiman JP, Syngal S, de la Chapelle A, Ruschoff ], Fishel R,
Lindor NM, Burgart L], Hamelin R, Hamilton SR, Hiatt RA, Jass ], Lindblom A, Lynch
HT, Peltomaki P, Ramsey SD, Rodriguez-Bigas MA, Vasen HF, Hawk ET, Barrett JC,
Freedman AN, Srivastava S. Revised Bethesda Guidelines for Hereditary Nonpolyposis
Colorectal Cancer (Lynch Syndrome) and Microsatellite Instability. ] Natl Cancer Inst.
2004;96:261-268

National Comprehensive Cancer Network. Clinical Practice Guidelines in Oncology:
Colon Cancer (Version 2.2016). [Internet] 2016 Available at: wwwnccnorg [Accessed:
2016-07-12].

Suraweera N, Duval A, Reperant M, Vaury C, Furlan D, Leroy K, Seruca R, Iacopetta
B, Hamelin R. Evaluation of Tumor Microsatellite Instability Using Five Quasimono-
morphic Mononucleotide Repeats and Pentaplex Pcr. Gastroenterol. 2002;123:1804—
1811. DOI: 10.1053/gast.2002.37070

Hoang JM, Cottu PH, Thuille B, Salmon R]J, Thomas G, Hamelin R. BAT-26, an Indicator
of the Replication Error Phenotype in Colorectal Cancers and Cell Lines. Cancer Res.
1997;57:300-303

de la Chapelle A. Testing Tumors for Microsatellite Instability. Eur ] Hum Genet.
1999;7:407-408. DOI: 10.1038/sj.ejhg.5200335

Zhou BB. Determination of the Replication Error Phenotype in Human Tumors without
the Requirement for Matching Normal DNA by Analysis of Mononucleotide Repeat
Microsatellites. Genes Chrom Cancer. 1998;221:101-107

Samowitz WS, Slattery ML, Potter JD, Leppert MF. BAT-26 and BAT-40 Instability in
Colorectal Adenomas and Carcinomas and Germline Polymorphisms. Am ] Pathol.
1999;154:1637-1641. DOI: 10.1016/S0002-9440(10)65418-1

219



220 Microsatellite Markers

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Sutter C, Gebert ], Bischoff P, Herfarth C, von Knebel Doeberitz M. Molecular Screening
of Potential HNPCC Patients Using a Multiplex Microsatellite PCR System. Mol Cell
Probes. 1999;13:157-165. DOI: 10.1006/mcpr.1999.0231

Loukola A, Eklin K, Laiho P, Salovaara R, Kristo P, Jarvinen H, Mecklin JP, Launonen
V, Aaltonen LA. Microsatellite Marker Analysis in Screening for Hereditary Nonpoly-
posis Colorectal Cancer (Hnpcc). Cancer Res. 2001;61:4545-4549

Akiyama Y, Sato H, Yamada T, Nagasaki H, Tsuchiya A, Abe R, Yuasa Y. Germ-Line
Mutation of the itMSH6/GTBP Gene in an Atypical Hereditary Nonpolyposis Colorectal
Cancer Kindred. Cancer Res. 1997;57:3920-3923

Murphy KM, Zhang S, Geiger T, Hafez MJ, Bacher ], Berg KD, Eshleman JR. Compar-
ison of the Microsatellite Instability Analysis System and the Bethesda Panel for the

Determination of Microsatellite Instability in Colorectal Cancers. ] Mol Diagn.
2006;8:305-311

Patil DT, Bronner MP, Portier BP, Fraser CR, Plesec TP, Liu X. A Five-Marker Panel in a
Multiplex PCR Accurately Detects Microsatellite Instability-High Colorectal Tumors
without Control DNA. Diagn Mol Pathol. 2012;21:127-133. DOIL: 10.1097/PDM.
0b013e3182461cc3

Shia J. Immunohistochemistry Versus Microsatellite Instability Testing for Screening
Colorectal Cancer Patients at Risk for Hereditary Nonpolyposis Colorectal Cancer
Syndrome. Part I. The Utility of Immunohistochemistry. ] Mol Diagn. 2008;10:293-300.
DOI: 10.2353/jmoldx.2008.080031

Zhang L. Immunohistochemistry Versus Microsatellite Instability Testing for Screening
Colorectal Cancer Patients at Risk for Hereditary Nonpolyposis Colorectal Cancer
Syndrome. Part II. The Utility of Microsatellite Instability Testing. ] Mol Diagn.
2008;10:301-307. DOI: 10.2353/jmoldx.2008.080062

Powell K. Going Statewide. Frontiers Ohio State Comprehensive Cancer Center—The
James Columbus, Ohio. 2013;Summer 2013:19-23

Scahill E. Statewide Screening Initiative Launched by Ohio State Has Life-Saving
Potential. [Internet] 2016 Available at: https://cancerosuedu/news-and-media/news/
statewide-screening-initiative-launched-by-ohio-state-has-life-saving-potential
[Accessed: 2016-07-12].

Beamer LC, Grant ML, Espenschied CR, Blazer KR, Hampel HL, Weitzel
JN, MacDonald DJ. Reflex Immunohistochemistry and Microsatellite Instability
Testing of Colorectal Tumors for Lynch Syndrome among Us Cancer
Programs and Follow-up of Abnormal Results. ] Clin Oncol. 2012;30:1058-
1063. DOI: 10.1200/JC0O.2011.38.4719

Burt RW. Who Should Have Genetic Testing for the Lynch Syndrome? Ann Intern Med.
2011;155:127-128. DOI: 10.7326/0003-4819-155-2-201107190-00009



[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Ward RL, Turner J, Williams R, Pekarsky B, Packham D, Velickovic M, Meagher A,
O’Connor T, Hawkins NJ. Routine Testing for Mismatch Repair Deficiency in Sporadic
Colorectal Cancer Is Justified. ] Pathol. 2005;207:377-384. DOI: 10.1002/path.1851

Matloff ], Lucas A, Polydorides AD, Itzkowitz SH. Molecular Tumor Testing for Lynch
Syndrome in Patients with Colorectal Cancer. ] Natl Compr Canc Netw.
2013;11:1380-1385

Evaluation of Genomic Applications in Practice and Prevention Working Group.
Recommendations from the Evaluation of Genomic Applications in Practice and
Prevention Working Group: Genetic Testing Strategies in Newly Diagnosed Individu-
als with Colorectal Cancer Aimed at Reducing Morbidity and Mortality from Lynch
Syndrome in Relatives. Genet Med. 2009;11:35-41. DOI: 10.1097/GIM.0b013e31818fa2ff

Ladabaum U, Wang G, Terdiman J, Blanco A, Kuppermann M, Boland CR, Ford ], Elkin
E, Phillips KA. Strategies to Identify the Lynch Syndrome among Patients with
Colorectal Cancer: A Cost-Effectiveness Analysis. Ann Intern Med. 2011;155:69-79.
DOI: 10.7326/0003-4819-155-2-201107190-00002

Palomaki GE, McClain MR, Melillo S, Hampel HL, Thibodeau SN. Egapp Supplemen-
tary Evidence Review: DNA Testing Strategies Aimed at Reducing Morbidity and
Mortality from Lynch Syndrome. Genet Med. 2009;11:42-65. DOI: 10.1097/GIM.
0b013e31818fa2db

Balmana ], Balaguer F, Cervantes A, Arnold D, Group EGW. Familial Risk-Colorectal
Cancer: Esmo Clinical Practice Guidelines. Ann Oncol. 2013;24 Suppl 6:vi73-80. DOL:
10.1093/annonc/mdt209

Heald B, Plesec T, Liu X, Pai R, Patil D, Moline ], Sharp RR, Burke CA, Kalady MF,
Church J, Eng C. Implementation of Universal Microsatellite Instability and Immuno-
histochemistry Screening for Diagnosing Lynch Syndrome in a Large Academic
Medical Center. ] Clin Oncol. 2013;31:1336-1340. DOI: 10.1200/]C0O.2012.45.1674

Vasen HF, Abdirahman M, Brohet R, Langers AM, Kleibeuker JH, van Kouwen
M, Koornstra JJ, Boot H, Cats A, Dekker E, Sanduleanu S, Poley JW, Hardwick
JC, de Vos Tot Nederveen Cappel WH, van der Meulen-de Jong AE, Tan TG,
Jacobs MA, Mohamed FL, de Boer SY, van de Meeberg PC, Verhulst ML,
Salemans JM, van Bentem N, Westerveld BD, Vecht ], Nagengast FM. One to
2-Year Surveillance Intervals Reduce Risk of Colorectal Cancer in Families with
Lynch Syndrome. Gastroenterology. 2010;138:2300-2306. DOI: 10.1053/j.gastro.
2010.02.053

Hampel H, Frankel WL, Martin E, Arnold M, Khanduja K, Kuebler P, Clen-
denning M, Sotamaa K, Prior T, Westman JA, Panescu J, Fix D, Lockman
J, LaJeunesse ], Comeras I, de la Chapelle A. Feasibility of Screening for

Lynch Syndrome among Patients with Colorectal Cancer. J Clin Oncol.
2008;26:5783-5788. DOI: 10.1200/JC0O.2008.17.5950

221



222

Microsatellite Markers

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

lino H, Simms L, Young ], Arnold J, Winship IM, Webb SI, Furlong KL, Leggett B, Jass
JR. DNA Microsatellite Instability and Mismatch Repair Protein Loss in Adenomas
Presenting in Hereditary Non-Polyposis Colorectal Cancer. Gut. 2000;47:37-42

Giuffre G, Muller A, Brodegger T, Bocker-Edmonston T, Gebert ], Kloor M, Dietmaier
W, Kullmann F, Buttner R, Tuccari G, Ruschoff ], German Hnpcc Consortium GCA.
Microsatellite Analysis of Hereditary Nonpolyposis Colorectal Cancer-Associated
Colorectal Adenomas by Laser-Assisted Microdissection: Correlation with Mismatch

Repair Protein Expression Provides New Insights in Early Steps of Tumorigenesis. ]
Mol Diagn. 2005;7:160-170. DOI: 10.1016/51525-1578(10)60542-9

Muller A, Beckmann C, Westphal G, Bocker Edmonston T, Friedrichs N, Dietmaier W,
Brasch FE, Kloor M, Poremba C, Keller G, Aust DE, Fass ], Buttner R, Becker H, Ruschoff
J. Prevalence of the Mismatch-Repair-Deficient Phenotype in Colonic Adenomas
Arising in Hnpcc Patients: Results of a 5-Year Follow-up Study. Int ] Colorectal Dis.
2006;21:632-641. DOI: 10.1007/s00384-005-0073-6

Ferreira AM, Westers H, Sousa S, Wu Y, Niessen RC, Olderode-Berends M, van der
Sluis T, Reuvekamp PT, Seruca R, Kleibeuker JH, Hollema H, Sijmons RH, Hofstra RM.
Mononucleotide Precedes Dinucleotide Repeat Instability During Colorectal Tumour
Development in Lynch Syndrome Patients. ] Pathol. 2009;219:96-102. DOI: 10.1002/
path.2573

Walsh MD, Buchanan DD, Pearson SA, Clendenning M, Jenkins MA, Win AK, Walters
RJ, Spring K], Nagler B, Pavluk E, Arnold ST, Goldblatt ], George J, Suthers GK, Phillips
K, Hopper JL, Jass JR, Baron JA, Ahnen D], Thibodeau SN, Lindor N, Parry S, Walker
NI, Rosty C, Young JP. Immunohistochemical Testing of Conventional Adenomas for
Loss of Expression of Mismatch Repair Proteins in Lynch Syndrome Mutation Carriers:
A Case Series from the Australasian Site of the Colon Cancer Family Registry. Mod
Pathol. 2012;25:722-730. DOI: 10.1038/modpathol.2011.209

Yurgelun MB, Goel A, Hornick JL, Sen A, Turgeon DK, Ruffin MTt, Marcon NE, Baron
JA, Bresalier RS, Syngal S, Brenner DE, Boland CR, Stoffel EM. Microsatellite Instability

and DNA Mismatch Repair Protein Deficiency in Lynch Syndrome Colorectal Polyps.
Cancer Prev Res (Phila). 2012;5:578-582. DOI: 10.1158/1940-6207.CAPR-11-0519

Shia J, Klimstra DS, Nafa K, Offit K, Guillem JG, Markowitz AJ, Gerald WL, Ellis NA.
Value of Immunohistochemical Detection of DNA Mismatch Repair Proteins in
Predicting Germline Mutation in Hereditary Colorectal Neoplasms. Am J Surg Pathol.
2005;29:96-104

Blake C, Tsao JL, Wu A, Shibata D. Stepwise Deletions of polyA37 Sequences in
Mismatch Repair-Deficient Colorectal Cancers. Am ] Pathol. 2001;158:1867-1870. DOI:
10.1016/50002-9440(10)64143-0

Heinen CD, Shivapurkar N, Tang Z, Groden ], Alabaster O. Microsatellite Instability in
Aberrant Crypt Foci from Human Colons. Cancer Res. 1996;56:5339-5341



[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Beggs AD, Domingo E, Abulafi M, Hodgson SV, Tomlinson IP. A Study of Genomic
Instability in Early Preneoplastic Colonic Lesions. Oncogene. 2013;32:5333-5337. DOI:
10.1038/onc.2012.584

Kloor M, Huth C, Voigt AY, Benner A, Schirmacher P, von Knebel Doeberitz M, Blaker
H. Prevalence of Mismatch Repair-Deficient Crypt Foci in Lynch Syndrome: A Patho-
logical Study. Lancet Oncol. 2012;13:598-606. DOI: 10.1016/51470-2045(12)70109-2

Megid WA, Ensenberger MG, Halberg RB, Stanhope SA, Kent-First MG, Prolla TA,
Bacher JW. A Novel Method for Biodosimetry. Radiat Environ Biophys. 2007;46:147—
154. DOI: 10.1007/s00411-006-0072-1

Steffen LS, Bacher JW, Peng Y, Le PN, Ding LH, Genik PC, Ray FA, Bedford ]S, Fallgren
CM, Bailey SM, Ullrich RL, Weil MM, Story MD. Molecular Characterisation of Murine
Acute Myeloid Leukaemia Induced by *Fe Ion and ’Cs Gamma Ray Irradiation.
Mutagenesis. 2013;28:71-79. DOI: 10.1093/mutage/ges055

Lang GI, Parsons L, Gammie AE. Mutation Rates, Spectra, and Genome-Wide Distri-
bution of Spontaneous Mutations in Mismatch Repair Deficient Yeast. G3:Genes,
Genomes and Genetics. 2013;3:1453-1465. DOI: 10.1534/g3.113.006429

Koole W, Schafer HS, Agami R, van Haaften G, Tijsterman M. A Versatile Microsatellite
Instability Reporter System in Human Cells. Nucleic Acids Res. 2013:1-9. DOI: 10.1093/
nar/gkt615

Bacher JW, Sievers CK, Albrecht DM, Grimes IC, Weiss JM, Matkowskyj KA, Agni RM,
Vyazunova I, Clipson L, Storts DR, Thliveris AT, Halberg RB. Improved Detection of
Microsatellite Instability in Early Colorectal Lesions. PLoS One. 2015;10:e0132727. DOI:
10.1371/journal.pone.0132727

Hempelmann JA, Scroggins SM, Pritchard CC, Salipante SJ. MSIplus for Integrated
Colorectal Cancer Molecular Testing by Next-Generation Sequencing. ] Mol Diagn.
2015;17:705-714. DOI: 10.1016/j.jmoldx.2015.05.008

Gazzoli I, Loda M, Garber J, Syngal S, Kolodner RD. A Hereditary Nonpolyposis
Colorectal Carcinoma Case Associated with Hypermethylation of the MLH1 Gene in
Normal Tissue and Loss of Heterozygosity of the Unmethylated Allele in the Resulting
Microsatellite Instability-High Tumor. Cancer Res. 2002;62:3925-3928

Ligtenberg MJ, Kuiper RP, Chan TL, Goossens M, Hebeda KM, Voorendt M, Lee TY,
Bodmer D, Hoenselaar E, Hendriks-Cornelissen SJ, Tsui WY, Kong CK, Brunner HG,
van Kessel AG, Yuen ST, van Krieken JH, Leung SY, Hoogerbrugge N. Heritable Somatic
Methylation and Inactivation of MSH2 in Families with Lynch Syndrome Due to
Deletion of the 3’ Exons of TACSTD1. Nat Genet. 2009;41:112-117. DOI: 10.1038/ng.283

Carethers JM, Stoffel EM. Lynch Syndrome and Lynch Syndrome Mimics: The Growing
Complex Landscape of Hereditary Colon Cancer. World ] Gastroenterol. 2015;21:9253—
9261. DOLI: 10.3748/wjg.v21.i31.9253

223



224 Microsatellite Markers

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Sijmons RH, Greenblatt MS, Genuardi M. Gene Variants of Unknown Clinical Signifi-
cance in Lynch Syndrome. An Introduction for Clinicians. Fam Cancer. 2013;12:181-
187. DOI: 10.1007/s10689-013-9629-8

International Society for Gastrointestinal Hereditary Tumours. [Internet] 2016 Availa-
ble at: http://insight-grouporg/ [Accessed: 2016-07-12].

Boland CR. Recent Discoveries in the Molecular Genetics of Lynch Syndrome. Fam
Cancer. 2016;15:395-403. DOI: 10.1007/s10689-016-9885-5

Haraldsdottir S, Hampel H, Tomsic J, Frankel WL, Pearlman R, de la Chapelle A,
Pritchard CC. Colon and Endometrial Cancers with Mismatch Repair Deficiency Can
Arise from Somatic, Rather Than Germline, Mutations. Gastroenterol. 2014;147:1308—-
1316. DOI: 10.1053/j.gastro.2014.08.041

Rodriguez-Soler M, Perez-Carbonell L, Guarinos C, Zapater P, Castillejo A, Barbera
VM, Juarez M, Bessa X, Xicola RM, Clofent J, Bujanda L, Balaguer F, Rene JM, de-Castro
L, Marin-Gabriel JC, Lanas A, Cubiella J, Nicolas-Perez D, Brea-Fernandez A, Castellvi-
Bel S, Alenda C, Ruiz-Ponte C, Carracedo A, Castells A, Andreu M, Llor X, Soto JL,
Paya A, Jover R. Risk of Cancer in Cases of Suspected Lynch Syndrome without
Germline Mutation. Gastroenterol. 2013;144:926-932. €921; quiz e913-924. DOI:
10.1053/j.gastro.2013.01.044

Palles C, Cazier ]B, Howarth KM, Domingo E, Jones AM, Broderick P, Kemp Z, Spain
SL, Almeida EG, Salguero I, Sherborne A, Chubb D, Carvajal-Carmona LG, Ma Y, Kaur
K, Dobbins S, Barclay E, Gorman M, Martin L, Kovac MB, Humphray S, The CC,
Thomas HJ, Maher E, Evans G, Lucassen A, Cummings C, Stevens M, Walker L,
Halliday D, Armstrong R, Paterson ], Hodgson S, Homfray T, Side L, Izatt L, Donaldson
A, Tomkins S, Morrison P, Goodman S, Brewer C, Henderson A, Davidson R, Murday
V, Cook J, Haites N, Bishop T, Sheridan E, Green A, Marks C, Carpenter S, Broughton
M, Greenhalge L, Suri M, The WGSC, Steering C, Donnelly PC, Bell ], Bentley D,
McVean G, Ratcliffe P, Taylor J, Wilkie A, Operations C, Donnelly PC, Broxholme J,
Buck D, Cazier JB, Cornall R, Gregory L, Knight J, Lunter G, McVean G, Taylor ],
Tomlinson I, Wilkie A, Sequencing, Experimental F-u, Buck DL, Gregory L, Humphray
S, Kingsbury Z, Data A, McVean GL, Donnelly P, Cazier JB, Broxholme J, Grocock R,
Hatton E, Holmes CC, Hughes L, Humburg P, Kanapin A, Lunter G, Murray L, Rimmer
A, Lucassen A, Holmes CC, Bentley D, Donnelly P, Taylor J, Petridis C, Roylance R,
Sawyer EJ, Kerr DJ, Clark S, Grimes ], Kearsey SE, Thomas HJ, McVean G, Houlston
RS, Tomlinson I. Germline Mutations Affecting the Proofreading Domains of POLE and
POLD1 Predispose to Colorectal Adenomas and Carcinomas. Nat Genet. 2012;45:136—
144. DOI: 10.1038/ng.2503

Spier I, Holzapfel S, Altmuller ], Zhao B, Horpaopan S, Vogt S, Chen
S, Morak M, Raeder S, Kayser K, Stienen D, Adam R, Nurnberg P, Plotz
G, Holinski-Feder E, Lifton RP, Thiele H, Hoffmann P Steinke V, Aretz
S. Frequency and Phenotypic Spectrum of Germline Mutations in POLE



[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

and Seven Other Polymerase Genes in 266 Patients with Colorectal Adenomas
and Carcinomas. Int J Cancer. 2014;137:320-331. DOI: 10.1002/ijc.29396

Lindor NM, Rabe K, Petersen GM, Haile R, Casey G, Baron ], Gallinger S, Bapat B,
Aronson M, Hopper ], Jass ], LeMarchand L, Grove ], Potter ], Newcomb P, Terdiman
JP, Conrad P, Moslein G, Goldberg R, Ziogas A, Anton-Culver H, de Andrade M,
Siegmund K, Thibodeau SN, Boardman LA, Seminara D. Lower Cancer Incidence in

Amsterdam-I Criteria Families without Mismatch Repair Deficiency: Familial Color-
ectal Cancer Type X. JAMA. 2005;293:1979-1985. DOI: 10.1001/jama.293.16.1979

Hitchins MP, Wong ]J, Suthers G, Suter CM, Martin DI, Hawkins NJ, Ward RL.
Inheritance of a Cancer-Associated MLH1 Germ-Line Epimutation. N Engl ] Med.
2007;356:697-705. DOI: 10.1056/NEJMo0a064522

Bakry D, Aronson M, Durno C, Rimawi H, Farah R, Alharbi QK, Alharbi M, Shamvil
A, Ben-Shachar S, Mistry M, Constantini S, Dvir R, Qaddoumi I, Gallinger S, Lerner-
Ellis J, Pollett A, Stephens D, Kelies S, Chao E, Malkin D, Bouffet E, Hawkins C, Tabori
U. Genetic and Clinical Determinants of Constitutional Mismatch Repair Deficiency
Syndrome: Report from the Constitutional Mismatch Repair Deficiency Consortium.
Eur J Cancer. 2014;50:987-996. DOI: 10.1016/j.ejca.2013.12.005

Gryfe R, Kim H, Hsieh ET, Aronson MD, Holowaty EJ, Bull SB, Redston
M, Gallinger S. Tumor Microsatellite Instability and Clinical Outcome in
Young Patients with Colorectal Cancer. N Engl ] Med. 2000;342:69-77. DOI:
10.1056/NEJM200001133420201

Popat S, Hubner R, Houlston RS. Systematic Review of Microsatellite Instability and
Colorectal Cancer Prognosis. ] Clin Oncol. 2005;23:609-618. DOI: 10.1200/JCO.
2005.01.086

Kloor M, von Knebel Doeberitz M. The Immune Biology of Microsatellite-Unstable
Cancer. Trends in Cancer. 2016;2:121-133. DOI: 10.1016/j.trecan.2016.02.004

Ribic CM, Sargent DJ, Moore MJ, Thibodeau SN, French AJ, Goldberg RM, Hamilton
SR, Laurent-Puig P, Gryfe R, Shepherd LE, Tu D, Redston M, Gallinger S. Tumor
Microsatellite-Instability Status as a Predictor of Benefit from Fluorouracil-Based
Adjuvant Chemotherapy for Colon Cancer. N Engl ] Med. 2003;349:247-257. DOI:
10.1056/NEJMoa(022289

Sargent DJ, Marsoni S, Monges G, Thibodeau SN, Labianca R, Hamilton SR, French AJ,
Kabat B, Foster NR, Torri V, Ribic C, Grothey A, Moore M, Zaniboni A, Seitz JF, Sinicrope
F, Gallinger S. Defective Mismatch Repair as a Predictive Marker for Lack of Efficacy
of Fluorouracil-Based Adjuvant Therapy in Colon Cancer. ] Clin Oncol. 2010;28:3219-
3226. DOI: 10.1200/]C0O.2009.27.1825

Carethers JM, Smith EJ], Behling CA, Nguyen L, Tajima A, Doctolero RT,
Cabrera BL, Goel A, Arnold CA, Miyai K, Boland CR. Use of 5-Fluorouracil

225



226  Microsatellite Markers

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

and Survival in Patients with Microsatellite-Unstable Colorectal Cancer.
Gastroenterol. 2004;126:394-401

Tajima A, Iwaizumi M, Tseng-Rogenski S, Cabrera BL, Carethers JM. Both Hmutsalpha
and Hmutsss DNA Mismatch Repair Complexes Participate in 5-Fluorouracil Cyto-
toxicity. PLoS One. 2011;6:28117. DOI: 10.1371/journal.pone.0028117

Des Guetz G, Uzzan B, Nicolas P Schischmanoff O, Perret GY, Morere

JE. Microsatellite Instability Does Not Predict the Efficacy of Chemotherapy
in Metastatic Colorectal Cancer. A Systematic Review and Meta-Analysis.

Anticancer Res. 2009;29:1615-1620

Sinicrope FA, Foster NR, Thibodeau SN, Marsoni S, Monges G, Labianca
R, Kim GP, Yothers G, Allegra C, Moore M], Gallinger S, Sargent DJ.
DNA Mismatch Repair Status and Colon Cancer Recurrence and Survival
in Clinical Trials of 5-Fluorouracil-Based Adjuvant Therapy. ] Natl Cancer
Inst. 2011;103:863-875. DOI: 10.1093/jnci/djr153

Webber EM, Kauffman TL, O'Connor E, Goddard KA. Systematic Review of the
Predictive Effect of MSI Status in Colorectal Cancer Patients Undergoing 5fu-Based
Chemotherapy. BMC Cancer. 2015;15:156. DOI: 10.1186/s12885-015-1093-4

Warthin A. Heredity with Reference to Carcinoma: As Shown by the Study of the Cases
Examined in the Pathological Laboratory of the University of Michigan, 1895-1913.
Arch Intern Med. 1913;XI1:546-555. DOI: 10.1001/archinte.1913.00070050063006

Watson JD, Crick FH. Molecular Structure of Nucleic Acids: A Structure for Deoxyri-
bose Nucleic Acid. Nature. 1953;171:737-738

Lynch HT, Shaw MW, Magnuson CW, Larsen AL, Krush AJ. Hereditary Factors
in Cancer. Study of Two Large Midwestern Kindreds. Arch Intern Med.
1966;117:206-212

Sanger F, Nicklen S, Coulson AR. DNA Sequencing with Chain-Terminating Inhibitors.
Proc Natl Acad Sci U S A. 1977;74:5463-5467

Boland CR, Troncale FJ. Familial Colonic Cancer without Antecedent Polyposis. Ann
Intern Med. 1984;100:700-701

Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich HA, Arnheim N. Enzymatic
Amplification of Beta-Globin Genomic Sequences and Restriction Site Analysis for
Diagnosis of Sickle Cell Anemia. Science. 1985;230:1350-1354

Weissenbach J, Gyapay G, Dib C, Vignal A, Morissette ], Millasseau P, Vaysseix G,
Lathrop M. A Second-Generation Linkage Map of the Human Genome. Nature.
1992:359:794-801. DOI: 10.1038/359794a0



[172]

[173]

[174]

Microsatellite Instability and its Significance to Hereditary and Sporadic Cancer
http://dx.doi.org/10.5772/65065

Fishel R, Lescoe MK, Rao MR, Copeland NG, Jenkins NA, Garber ], Kane M, Kolodner
R. The Human Mutator Gene Homolog MSH2 and Its Association with Hereditary
Nonpolyposis Colon Cancer. Cell. 1993;75:1027-1038

Bronner CE, Baker SM, Morrison PT, Warren G, Smith LG, Lescoe MK, Kane M,
Earabino C, Lipford ], Lindblom A, et al. Mutation in the DNA Mismatch Repair
Gene Homologue hMLH1 Is Associated with Hereditary Non-Polyposis Colon Cancer.
Nature. 1994;368:258-261. DOI: 10.1038/368258a0

Nicolaides NC, Papadopoulos N, Liu B, Wei YF, Carter KC, Ruben SM, Rosen CA,
Haseltine WA, Fleischmann RD, Fraser CM, et al. Mutations of Two P/WS Homologues
in Hereditary Nonpolyposis Colon Cancer. Nature. 1994;371:75-80. DOI:
10.1038/371075a0

227



ntechOpen

ntechOpen



