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Abstract

Microsatellite instability (MSI) is a prognostic factor and a
marker of deficient mismatch repair (MMR) in colorectal
adenocarcinomas (CRC). However, a proper application
of this marker requires understanding the following: (1)
The MSI concept: The PCR approach must amplify the
correct locus and accurately identify the microsatellite
pattern in the patient’s normal tissue. MSI is demonstrat-
ed when the length of DNA sequences in a tumor differs
from that of nontumor tissue. Any anomalous expansion
or reduction of tandem repeats results in extra-bands
normally located in the expected size range (100 bp,
above or below the expected product), differ from the
germline pattern by some multiple of the repeating unit,
and must show appropriate stutter. (2) MSI mechanisms:
MMR gene inactivation (by either mutation or protein
down-regulation as frequently present in deep CRC com-
partments) leads to mutation accumulation in a cell with
every cellular division, resulting in malignant transforma-
tion. These mechanisms can express tumor progression
and result in a decreased prevalence of aneuploid cells
and loss of the physiologic cell kinetic correlations in the
deep CRC compartments. MSI molecular mechanisms
are not necessarily independent from chromosomal in-
stability and may coexist in a given CRC. (3) Because of
intratumoural heterogeneity, at least two samples from
each CRC should be screened, preferably from the su-
perficial (tumor cells above the muscularis propria) and
deep (tumor cells infiltrating the muscularis propria) CRC
compartments to cover the topographic tumor hetero-
geneity. (4) Pathologists play a critical role in identify-
ing microsatellite-unstable CRC, such as occur in young
patients with synchronous or metachronous tumors or
with tumors showing classic histologic features. In these
cases, MSI testing and/or MMR immunohistochemistry
are advisable, along with gene sequencing and genetic
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counseling if appropriate. MSI is an excellent functional
and prognostically useful marker, whereas MMR immuno-
histochemistry can guide gene sequencing.
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INTRODUCTION

Colorectal carcinoma (CRC) is generally classified into
three categories, based on increasing hereditary influence
and cancer risk!"?: sporadic CRC (approximately 60%
of cases and comprises patients with no notable family
history and, by definition, with no identifiable inherited
gene mutation that accelerates cancer development),
familial CRC (approximately 30% of cases and refers to
patients who have at least one blood relative with CRC
or an adenoma, but with no specific germline mutation
or clear pattern of inheritance), and hereditary CRC
syndromes (approximately 10% of cases, which result
from inheritance of a single gene mutation in highly
penetrant cancer susceptibility genes). Although the last
group has the lowest frequency, it has elucidated molecular
mechanisms of carcinogenesis applicable to sporadic
CRCY.

The microsatellite profile of sporadic CRC is a
prognostically useful marker!™. Microsatellites are
repeating DNA sequences of unknown function that are
found throughout the genomew. Microsatellite instability
(MS]) is demonstrated when the length of DNA sequences
in tumor and nontumor tissues is different and MSI has
been identified in a wide variety of human tumors, due to
defects in one of the DNA mismatch repair (MMR) genes,
especially MILHT or MSH2™. However, MSI presence
alone does not establish a diagnosis of hereditary non-
polyposis colon cancer (HNPCC) because MSI has also
been identified in 10%-30% of sporadic CRC. Certain
histological features also correlate with the presence of
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MSI CRC Feature MSS CRC
94% Right side 34%
59% Size > 6 cm 29%
53% Poorly differentiated 7%
35% Mucinous 7%
47% Lymph infiltrates 10%

Figure 1 Microsatellite unstable CRCs are normally located proximal to the splenic flexure and reveal non-polypoid pattern. MSI can be demonstrated by fluorescence in-
situ hybridization (FISH) or molecular techniques. Histopathologically, these tumors show solid growth, mucinous differentiation, prominent lymphocytic infiltrate, and no dirty

necrosis™.

MSI in sporadic CRC (Figure 1) which can be key
elements in the design of more effective therapeutic
protocols'>".

Both basic and clinical implications of MSI and MMR
defects need to be considered in an appropriate context,
which requires clarifying the definition of MSI, the
biological consequences of tumor MSI, interference of
intratumor heterogeneity on MSI detection, differences
in clinical testing for MSI and for MMR defects, and MSI

prognostic and therapeutic implications.

MSI DEFINITION AND CLINICAL TESTING
FOR MSI

Any useful application of prognostic factors requires a
reliable definition of the factor. Microsatellites belong
to the family of highly polymorphic and repetitive non-
coding DNA sequences that, although widely distributed
in the human genome, are not uniformly spaced (un-
derrepresented in subtelomeric chromosome regions).
Microsatellites are useful molecular markers due to their
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ubiquity, PCR typability (except for (dA)n multimers,
whose size polymorphisms are difficult to type), Men-
delian co-dominant inheritance, and extreme polymort-
phism™, but their origin and function are not clear'”.
They have been demonstrated to be very useful in cell
lineage delineation, positional cloning, and several ap-
plications in forensic medicine!™'”, Microsatellite insta-
bility (MSI) is demonstrated when the lengths of DNA
sequences in a tumor differ from those of nontumor tis-
sue. MSI has been identified in a wide variety of human
tumors.

Currently, tumor MSI analyses require molecular tests
and the application of strict criteria. MSI can be defined
as a change in any DNA sequence length due to either
insertion or deletion of repeating units in a microsatellite
within a tumor when compared to normal tissue' "', The
tests must be run with appropriate controls (known posi-
tive and negative controls along with the patient’s normal
tissue)™”, which are extremely important due to the non-
exceptional presence of extra-bands. The PCR approach
must amplify the correct locus and accurately identify the
microsatellite pattern in the patient’s normal tissue. Any
anomalous expansion or reduction of tandem repeats due
to MSI results in extra-bands. True extra-bands expressing
tumor MSI are normally located in the expected size range
(usually about 100 bp), are above or below the expected
PCR product, differ from the germline pattern by some
multiple of the repeating unit (e.g delta 6 bases for dinu-
cleotides), must show appropriate stutter (e.g. -2, -4 for
dinucleotides), and are not present in the normal control.
These tests should be carefully analyzed considering the
following: (1) Sample homogeneity/heterogeneity can vary.
Very small samples (even single cells) have been used in
genetic analyses to avoid normal cell contamination. How-
ever, the lower the number of cells the higher the prob-
ability of technically-related abnormal results™, which can
be partially resolved with appropriate methods. The high
incidence of PCR artifacts using microdissected samples is
related to the small concentration of target DNA, fixation
induced changes of DNA, and conditions in the amplifica-
tion of repetitive sequences (especially for those CG-rich
sequences) favouring misannealing and hairpin formation.
Appropriate modifications to avoid the above conditions
will significantly improve the reproducibility of LOH and
MSI tests in microdissected samples. (2) Appropriate
controls ate necessary for every step of the molecular tests
to avoid false results. Sufficient levels of amplification with
all markers should be obtained to detect low amounts of
shifted microsatellites. (3) PCR bias against one allele (es-
pecially the larger one in a pair) can result in preferential
amplification of the other allele (usually the smaller in a
pair), which is the so-called artifactual allele dropout™?’,
An appropriate extraction method, providing DNA of
quality™, and PCR designs including both long denatur-
ation and extension in the first three cycles and 7-deaza-
dGTP in the amplification mixture to improve the amplifi-
cation of CG-rich DNA regions, will be reasonably helpful
in avoiding that bias™"”*"**. (4) The number of polymor-
phic DNA regions agreed to at the NCI consensus confer-
ence includes a primary panel of at least 2 mononucleotide
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HNPCC
adenocarcinomas

MSI-H sporadic
adenocarcinomas

Patient age Older Younger
Number of tumors ~ Single Single/Multiple
(synchronic/
metachronic)
Colonic distribution Right colon Right colon
Histological clues  Poorly differentiated, Poorly differentiated,
medullary type medullary type

Crohn-like inflammation Crohn-like inflammation

Mechanism of
MMR deficiency

MLH1 promoter
hypermethylation

Inactivating germline
mutation of
MMR proteins

Better than MSI-L/
MSS sporadic adenoca

Better than MSI-L/
MSS sporadic adenoca

Tumor prognosis

and 3 dinucleotide microsatellites, along with 19 alternate
loci (both mono- and dinucleotides)™. The choice of mi-
crosatellite markers is important in MSI testing, with the
examination of mononucleotide repeats being sufficient
for detection of MMR deficient tumots, whereas instabil-
ity only in dinucleotides is characteristic of MSI-L./MMR-
positive tumors””. Depending on the number of abnormal
loci from the total analyzed, the cases are classified into
MSI-high (= 30%-40% of abnormal loci), MSI-low (<
30%-40% of abnormal loci), and MSS (no abnormal loci).

Which patients should be tested? The neoplasm his-
tological features closely correlate with MSI and should
be the key elements used to select sporadic CRC for MSI
investigation™"", The sets of criteria for the clinical diag-
nosis of HNPCC appear under Clinical Testing for MMR
defects. The implications of these analyses in sporadic and
HNPCC carcinomas are compated in Table 1.

BIOLOGICAL CONSEQUENCES OF TUMOR
MSI

Microsatellite-unstable CRC are biologically different
and have a better survival rate than sporadic CRC
when matched for cancer stage™™". The development
of proximal and distal CRC involves partly different
mechanisms associated with the MSI and the chromosomal
instability (CIN) pathways""

These two pathways ate not always independent and
some CRCs show a significant degree of overlap between
these two mechanisms™. In one study, 35% of CRC were
microsatellite-unstable (21% MSI-low and 14% were MSI-
high) and 51% of CRC had at least one LOH event, with
the most frequent chromosomal losses observed on 18q
(72.5%). A significant degree of overlap between MSI
and CIN pathways has been reported in that series: 6.5%
of CRC with LOH were also MSI-high, and 23.3% of
MSI-high CRC also had one or more LOH events. These
data suggest that molecular mechanisms of genomic
instability are not necessarily independent and may not
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be fully defined by either the MSI or CIN pathways. In
addition, a subgroup of CRCs showed no evidence of
alterations in either of these two pathways of genomic
instability (37.8% of microsatellite-stable CRCs had
no LOH events identified)™, a situation similar to that
reported in muscle-invasive transitional cell carcinomas of
the bladder™,

MMR proteins normally identify and correct misma-
tched DNA sequences that can occur during DNA
replication. An inactivating mutation in any of these genes
leads to mutation accumulation in a cell with every cellular
division, resulting in malignant transformation ™,
Tumor progtession in the deep compartments may be the
result of MMR protein down-regulation, which would
contribute to the following: (1) There is a decreased
prevalence of aneuploid cell lines and K-RAS and B-RAF
mutations detected in microsatellite-unstable CRC and
in the deep compartments of sporadic CRC!**"",
Microsatellite-unstable CRCs tend to be diploid" and
to have lower DNA indices™. Supporting these findings,
the MMR protein down-regulation observed in the deep
compartments of sporadic CRC has shown correlation
with increased frequency of diploid DNA content*"!,
(2) Differential cell kinetics (proliferation and apoptosis)
has been identified in superficial and deep compartments
(above muscularis propria vs. muscularis propria) of
sporadic CRC, which has demonstrated a close correlation
with MMR protein expression (Figure 2y, Physiologic
correlations between MMR protein expression and kinetic
variables (mitotic figures, Ki-67 expression, ISEL index)
were preserved in the superficial compartment only. In
addition, G2+ M phase fraction correlated with hMLH1
expression only in superficial compartments and hMSH2
expression only in deep compartments. Both the high
cellular turnover and the maintained cell kinetic balance
suggest that superficial compartments of sporadic CRC
are expansile. In the deep compartments, the expression of
MMR proteins is inefficient (not correlated with G2+ M
phase fraction) and is dissociated (only one gene product
correlates with G2+ M), which would eventually result in
mutation accumulation and progression'",

37,39)
b

INTRATUMOR HETEROGENEITY AND Mi-
CROSATELLITE ANALYSIS

Tumor cell heterogeneity is linked to genetic instability
and biologic progression. This problem must be studied
by including several tumor samples of sufficient size from
each tumor.

The sample size is an important parameter. Micro-
dissection techniques allow selectively picking up very
small samples, which can show false cellular homogeneity,
based on the loss of heterozygosity or allelic imbalance. If
the tumor cell populations selected for molecular analysis
are taken before they become a biologically prominent
component (with kinetic or invasive advantages), the
results might be confusing and clinically non-relevant.
This would be a case of tumor microheterogeneity, which
tends to give disparate results with meanings essentially
unknown. Except for intraepithelial proliferation, all

microdissected cell samples provide target cell-rich samples
with varying degrees of host cell contamination (including
stromal, inflammatory, and endothelial cells). Therefore,
multiple samples from the same case should always be
studied and assays performed in duplicate before accepting
the results as relevant.

The intratumor heterogeneity can result in discordant
results for a given marker depending on the sample origin.
The comparison of MMR protein expression and PCR-
based MSI studies has revealed discordant results in 8%
of right-sided sporadic CRC and complete concordance
after performing further analyses on other tumor areas'™
Because of this intratumor heterogeneity, at least two
samples from each CRC should be screened, although no
systematic approach has been used to address this topic
in sporadic CRC. Microsatellite analysis in muscle-invasive
transitional cell carcinomas of the bladder have revealed
topographic heterogeneity in 32% of cases, showing
that the deep compartment had more microsatellite
abnormalities (20%)"". We have found significant
differences between superficial (tumor cells above the
muscularis propria) and the deep (tumor cells infiltrating
the muscularis propria) compartments of sporadic CRC,
the deep compartments showing MMR protein down-
regulation and increased MSI""*. At least one-third of
unstable tumors in deep compartments can be expected to
be stable in superficial compartments. These differences
can eventually result in the classification of a given tumor
as MMS or MSI depending on the sample origin (superficial
or deep).

CLINICAL TESTING FOR MMR DEFECTS

MSI results from the dysfunction of MMR proteins,
which can be detected at genetic or protein levels. It
is recommended that a CRC should be tested for MSI
prior to gene testing, since this test is inexpensive and
will help predict whether or not an individual has a
germline MMR gene mutation*. Since up to 5% of
HNPCC tumors do not have MSI, negative MSI tests
cannot completely rule out HNPCC. Conversely, a
positive MSI test is not diagnostic of HNPCC because
15%-30% of unselected CRC have MSI (due to MLLH7
promoter methylation), whereas only 1%-6% of all CRC
are associated with detectable HNPCC mutations. If the
tumor is MSI-positive, further analyses for MMR defects
are recommended.

Genetic testing for MMR defects

MMR defects are due to either inactivating point mutations
spread throughout the genes, therefore needing full-length
sequencing, or promoter hypermethylation (especially
MIHT in sporadic CRC). HNPCC is an autosomal
dominant disorder caused by germline MMR gene
mutations, in particular in MLH7, MSH2, MSH6, and
PMS2. No strong genotype-phenotype correlations have
been observed to date, but MSH2 mutations do appear to
be associated with more extracolonic manifestations than
MILH7 mutations. MSH6 mutations are more common
in endometrial tumors and PMS2 mutations are especially
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Figure 2 Molecular pathways contributing to the phenotype of microsatellite stable (MSS) CRC. MMR protein expression results in enhanced RAS signaling through ERK
pathway (increased proliferation) and down-regulation of PI3P phosphatase, caspase 9 (apoptosis blockade), as well as TNF (decreased inflammation).

associated with Turcot’s syndrornem. The original HNPCC
diagnostic criteria were established by the International
Collaborative Group on Hereditary Nonpolyposis
Colorectal Cancer (ICG HNPCC) and are known as the
Amsterdam criteria®, but only 50%-70% of HNPCC
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families meeting these criteria have been found to have
germline MSH2 or MI.LH7 mutations"™. The Amsterdam
criteria were revised by the ICG-HNPCC in 1999 to
include extracolonic cancers. The least stringent criteria are
the Bethesda guidelines (more sensitive but less specific
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than either the Amsterdam [ or Amsterdam I critetia in
identifying HNPCC families with pathogenic mutations),
which aim to determine which patients should have MSI
testing"”. These criteria propose MSI testing for:

Individuals with cancer in families that meet the
Amsterdam critetia.

Individuals with two hereditary nonpolyposis colon
cancer syndrome (HNPCC)-related cancers, including
synchronous and metachronous colorectal cancers or
associated extracolonic cancers (endometrial, ovarian,
gastric, hepatobiliaty, or small bowel cancer or transitional
cell carcinoma of the renal pelvis or ureter).

Individuals with colorectal cancer and a first-degree
relative with colorectal cancer and/or HNPCC-related
extracolonic cancer and/or a colorectal adenoma: one
of the cancers diagnosed by age 45, and the adenoma
diagnosed by age 40.

Individuals with colorectal cancer or endometrial
cancer diagnosed by age 45.

Individuals with right-sided colorectal cancer with
an undifferentiated pattern (solid/ctibriform) on histo-
pathology diagnosed by age 45.

Individuals with signet-ring-cell-type colorectal cancer
diagnosed by age 45.

Individuals with adenomas diagnosed by age 40.

The American Gastroenterological Association
recommends genetic testing for HNPCC for individuals
from families meeting Amsterdam criteria, as well as for
individuals with two HNPCC-telated cancers (for instance,
colorectal and endometrial cancer) and individuals with
colorectal cancer who have a first degree relative with an
HNPCC-related cancer (or colorectal adenoma) where at
least one was diagnosed before age 50"****” Tdeally, testing
should first be offered to a family member with colorectal
or endometrial cancer™**** In some individuals, genetic
analysis may be offered after prescreening for MSI in
an HNPCC-related tumor specimen. Such prescreening
should be offered where an HNPCC-related cancer is
present in two individuals related by first-degree regardless
of age of onset, or individuals with early-onset CRC
regardless of family history. Genetic testing is indicated if
MSI is present.

The majority (90%) of mutation-positive HNPCC
cases are caused by mutations in MLLH7 or MSH2"", For
this reason, the mutation analysis is generally performed
for these two genes, MSHG6 being included in the
analysis more recently. Although several methods can
be used to detect these mutations, direct exon-by-exon
gene sequencing is considered the gold standard. The
sequencing should analyze each of the protein-coding
regions of the MILLHT7 and MSH2 genes in their entirety,
with all positive results being repeated for confirmation.
Once a specific mutation that has been found in a relative
by previous genetic testing, a test examining only the
specific portion of the gene containing the known familial
mutation can be offered to all family members.

There are some benefits and limitations of genetic
testing for HNPCC. Relying solely on family history can
underestimate the risk of developing cancer in mutation
carriers and over-estimate risk in those who do not

inherit the mutation. When an individual has a personal
or family history that suggests the possibility of HNPCC,
an important step is to determine whether the person is
interested in genetic testing. Genetic testing for HNPCC
can have important benefits for members of high-risk
families who choose to be tested””. Those who are found
to carry deleterious mutations can take steps to reduce
their cancer risk, especially through earlier and more
intensive surveillance or consideration of prophylactic
surgery. Individuals with HNPCC-related CRC can
undergo surgical management designed to address the
increased risk of a second cancer.

In families in whom a deleterious mutation has been
found, those who are mutation-negative can be spared the
need for more intensive surveillance and intervention™
However, these individuals remain at risk for sporadic CRC
and should be encouraged to adhere to age-appropriate
general population screening guidelines.

Before consenting to genetic analysis, patients should
also consider the limitations of testing. Currently, genetic
testing cannot detect unusual mutations responsible for
HNPCC, such as those occurring in MMR genes other
than MLLH7 and MSH2. Therefore, a negative result in
an individual who does not have a family member with a
documented mutation must be interpreted cautiously. The
test may also detect a variant of uncertain significance
whose effect on cancer risk has not yet been established.
In such situations, testing other family members for the
specific variant to determine if it is associated with cancer
may provide clarification of the significance™”

Immunohistochemical testing for MMR defects

At the protein level, hAMLH1/hMSH2 immunohisto-
chemistry has a role in detecting MMR defects”™ ™,
with data suggesting that the effectiveness of immuno-
histochemical screening of the MMR proteins would
be similar to that of the more complex strategy of
microsatellite genotyping” . This technique can guide
which gene to sequence and can help differentiating
spotradic from hereditary mutations: hMSH2 loss is likely
to be HNPCC, whereas hMLH1 loss could be HNPCC
or sporadic CRC (MLLH7 promoter methylation). MMR
proteins heterodimerize to function; the hMSH2 loss
almost always accompanies hMSHO6 loss and when
hMLHT1 is lost, generally so is hPMS2"°". In addition,
immunohistochemistry can miss functional loss; i.e.
presence of the protein with antigen positivity in the
absence of function. Several antibodies have been used
for these analyses, but the most widely used are hMSH2
(clone FE11, Oncogene Research), hMLH1 (clones G168
728 and G168-15, BD Pharmingen), hMSHO (clone 44,
BD Transduction Laboratories), and hPMS2 (clone A16-4,
BD Pharmingen, and polyclonal C terminus, Santa Cruz
Biotechnology).

MMR immunohistochemical studies are based on a co-
mplete absence of at least one MMR protein®™'>"">331,
But these studies do not consider the immunostaining
topographic heterogeneity*"’. Since the MMR proteins
function as heterodimers, it could be advocated to validate
the immunohistochemical results of hMSH2/hMSHG6 and
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hMLH1/hPMS2. Mote studies are required to clarify the
influence of this predictable tumor heterogeneity to select
the appropriate sample for immunohistochemical and/or
MSI analyses.

PROGNOSTIC AND THERAPEUTIC IMPLI-
CATIONS OF MSI

The CRC microsatellite profile provides useful prognostic
information™*” showing the patients with microsatellite-
unstable neoplasms have a better overall survival rate and
a modified response to conventional chemotherapy'™*”,
MSI also helps in predicting the treatment response of
CRC** " and could modify the chemotherapy protocols
offered to the patients in the future®) but these results
should be applied with caution before this predictive tool
is verified".

Molecular markers as predictive factors in treatment
decisions have been developed in the last few years. The
initial studies in sporadic CRC showed that the retention
of heterozygosity at one or motre 17p or 18q alleles in
microsatellite-stable CRCs and mutation of the gene for
the type II receptor for TGF-f1 in CRCs with high levels
of microsatellite instability correlated with a favorable
outcome after adjuvant chemotherapy with fluorouracil-
based regimens, especially for stage I CRC™**. However,
most recent studies have revealed that fluorouracil-based
adjuvant chemotherapy benefited patients with stage II or
stage [l CRC with MSS tumors or tumors exhibiting low-
frequency MSI but not those with CRCs exhibiting high-
frequency MSI™. The reasons for these responses must be
related to the distinctive cell kinetics associated with MMR
down-regulation (significantly increased apoptosis and
decreased proliferation), which can certainly contribute to
tumor cell resistance to conventional chemotherapy™**',
The topographic heterogeneity of sporadic CRC is a
key element to explain the discrepant results reported™’,
This point has not been systematically addressed yet, but
a homogeneous selection of the samples from the same
topography must be considered in the molecular test
design™.

CONCLUSIONS

Many CRC show MSI, for which confirmatory analyses
are warranted because of prognostic and therapeutic
implications. Pathologists play a critical role in identifying
microsatellite-unstable CRC, such as occur in young
patients with synchronous or metachronous tumors and
tumors with classic histologic features. In these cases,
MSI testing and/or MMR immunohistochemistry are
advisable, along with sequencing and genetic counseling if
appropriate. Microsatellite analysis is an excellent functional
and prognostic test, whereas MMR immunohistochemistry
can guide gene sequencing but can result in false negatives
(false negative in antigen positive neoplasms, especially
cases with MLH1 promoter methylation). Direct exon-
by-exon gene sequencing is considered the gold standard
and should be used to analyze each of the protein-
coding regions of the MILH7 and MSH2 genes in their
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entirety, although this technique will miss MILH7 gene
inactivation by promoter methylation. Finally, the selection
of samples for molecular tests must be carefully designed
considering predictable heterogeneity, such as topographic
heterogeneity, to avoid misinterpretations.
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