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Abstract. Microsatellite instability (MSI) analysis is becoming more and more important to detect sporadic primary tumors of

the MSI phenotype as well as in helping to determine Hereditary Non-Polyposis Colorectal Cancer (HNPCC) cases. After some

years of conflicting data due to the absence of consensus markers for the MSI phenotype, a meeting held in Bethesda to clarify

the situation proposed a set of 5 microsatellites (2 mononucleotide repeats and 3 dinucleotide repeats) to determine MSI tumors.

A second Bethesda consensus meeting was held at the end of 2002. It was discussed here that the 1998 microsatellite panel

could underestimate high-level MSI tumors and overestimate low-level MSI tumors. Amongst the suggested changes was the

exclusive use of mononucleotide repeats in place of dinucleotide repeats. We have already proposed a pentaplex MSI screening

test comprising 5 quasimonomorphic mononucleotide repeats. This article compares the advantages of mono or dinucleotide

repeats in determining microsatellite instability.
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1. Introduction

Microsatellites are repetitive nucleotide sequences

distributed throughout the genome. They are highly

polymorphic, and as a consequence are widely used

to detect chromosome arms or fragments showing loss

of heterozygosity (LOH) in human cancers. The ob-

servation in a subset of tumors of new microsatellite

alleles absent in corresponding normal DNA led to the

discovery some years ago of the so-called microsatel-

lite instability phenotype [1–3] in tumors now referred

to as MSI-H [4]. The presence of microsatellite insta-

bility is the hallmark of this phenotype and is found

in about 10–15% of sporadic colon, gastric and en-

dometrial tumors and in the majority of tumors from

patients with the Hereditary Non-Polyposis colorectal

cancer (HNPCC) syndrome [4]. It is due to a defect of
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the mismatch repair (MMR) system [5–8]. This issue
of Disease Markers is completely devoted to MSI and
HNPCC tumors and hence there is no need to convince
here of the importance of rapid and reliable tests to de-
fine the MSI phenotype. We will instead compare the
sensitivity, specificity and ease of use of the different
microsatellites proposed to determine MSI tumors.

MSI in tumor DNA is defined as the presence of al-
ternate sized repetitive DNA sequences that are not seen
in the corresponding germline DNA. Many different
microsatellites have been studied with the aim of iden-
tifying MSI tumors. Depending on the type (mono-,
di-, tri-nucleotide) and number of microsatellites an-
alyzed, widely variable results have been published
for the frequency of MSI in different tumor types [9].
In 1997 an international consensus meeting proposed
a panel of five markers for the uniform analysis of
MSI [4]. This included two mononucleotide (BAT-25
and BAT-26) and three dinucleotide (D5S346, D2S123
and D17S250) repeats. Tumors with instability at two
or more of these markers were defined as being MSI-H,
while those with instability at one repeat or showing
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no instability were defined as MSI-L and MSS tumors

respectively. These markers have been reevaluated at

the last Bethesda consensus meeting held in December

2002 where the conclusions were there were caveats on

their continued use due to the dinucleotide repeats. Our

group has been heavily involved in the characterization

of mononucleotide repeats and their use to determine

the MSI phenotype [10–12]. We recently described

a pentaplex PCR assay comprising 5 quasimonomor-

phic mononucleotide repeats [13]. We outline below

the advantages of using mononucleotide repeats rather

than dinucleotide repeats to determine the MSI status

of tumors.

2. Di- and mononucleotide repeat polymorphisms

in normal DNA

Most dinucleotide repeats are highly polymorphic.

As a consequence, they frequently have different sizes

between individuals and between both alleles of the

same person.

Mononucleotide repeats in the 20–30 bp range are

common in non-coding intronic and 5’ and 3’ UTR

sequences of human genes [14]. A number of these

repeats are polymorphic and will not be discussed here

since they probably share similar properties concern-

ing instability as dinucleotide repeats. For unknown

reasons however, some mononucleotide repeats are

monomorphic, or at least quasi-monomorphic. BAT-

26 is the best known example of this type of repeat

and our group was the first to show its quasimonomor-

phic nature [10]. We also showed that BAT-25 had

similar properties [11,12] and more recently character-

ized the NR-21, NR-22 and NR-24 mononucleotide re-

peats [13]. Polymorphisms in each of these repeats are

found in less than 1% of the Caucasian population [10,

11,13,15] and in approximately 10% of African and

Afro-American populations [13,15,16]. The ethnic

variation of these repeats has not been fully reported

up until now. It appears that BAT-26 is also monomor-

phic in Asian populations [17,18] with the exception

of North Indians where it shows some genetic varia-

tion [19].

3. Methods used to analyze the MSI status with di-

and mononucleotide repeats

To analyze microsatellite instability with dinu-

cleotide repeats the comparison of tumor DNA with

matching germline DNA is mandatory. This allows

identification of additional alleles in the tumor DNA as

compared to normal DNA.

For the quasimononomorphic BAT-26, BAT-25, NR-

21, NR-22 and NR-24 mononucleotide repeats, the size

of the PCR products in any non-tumor DNA is by defini-

tion almost always the same. We proposed that a tumor

should be classified as MSI-H when at least 3 out of 5

mononucleotide repeats show instability [13]. With an

average polymorphism frequency of 1% and 10% for

each mononucleotide marker in Caucasian and African

populations respectively, the probability of having 3

polymorphic markers will be 10−6 for Caucasians and

10−3 for Africans. The analysis of matching normal

DNA is therefore not an absolute necessity in order to

establish the MSI status of human tumors when using

mononucleotide repeats. 0–1.

4. Di- and mononucleotide repeats instability in

MSI-H tumors

When unstable in an MSI-H tumor, one or both al-

leles of a dinucleotide repeat can be the target of in-

stability. The consequence of this is the deletion or

insertion of one or more DNA repeat units. When both

alleles have a different size in a particular individual,

the instability of one allele may by chance result in

it having the same size as the other allele. In these

situations, instability can be interpreted as loss of het-

erozygosity. Dinucleotide microsatellites are not al-

ways unstable in MSI-H tumors. In two reports that

analyzed MSI status using the Bethesda markers, the

sensitivities of the dinucleotide repeats were reported

to be 85–89% for D2S123, 77–81% for D17S250 and

59–69% for D5S346 [20,21]. Moreover, dinucleotide

microsatellite amplification profiles are sometimes dif-

ficult to interpret and there have been cases where three

experienced reviewers reported discrepancies in scor-

ing [20].

Quasimonorphic mononucleotide repeats are far

more sensitive than dinucleotide repeats in detecting

MSI. We have shown that BAT-26, BAT-25, NR-21,

NR-22 and NR-24 each had sensitivities above 95% in

a series of 64 MSI-H colon primary tumors [13]. We

took a cut-off value of instability on 3 of the 5 mononu-

cleotide repeats to define MSI-H tumors, but in fact,

more than 99% of the MSI-H tumors we analyzed were

unstable on 4 or 5 of the markers. That makes very

unlikely to confuse a MSS tumors from a patient with

multiple polymorphisms on the markers with a MSI-H
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tumor. Loukola et al. showed that BAT-26 and BAT-25

were unstable in 100% of 27 MSH2 or MLH1 mutation-

positive HNPCC cases [20]. Moreover, there was not

a single scoring discrepancy between three reviewers

with BAT-26 and BAT-25. 0–2.

5. Di- and mononucleotide repeat instability in

non-MSI-H tumors

Tumors showing instability at only one microsatel-

lite are defined as MSI-L when using the Bethesda

panel [4]. In most cases, the single unstable repeat

is a dinucleotide. We have analyzed a series of 90

colon primary tumors and matching normal DNA with

a large number of dinucleotide repeats (average suc-

cessful amplifications was 65 repeats for normal/tumor

DNA pairs). Of the 90 samples, 48 (53%) were un-

stable in at least one dinucleotide repeat, but in less

than 50% of the repeats (13 MSI-H cases) [10]. Other

groups have obtained similar results and it has been

suggested that, if a great number of dinucleotide mi-

crosatellites is analyzed, all colorectal tumors would

be classified as MSI-L [22,23]. Depending on which

dinucleotide repeats are chosen in a small panel of mi-

crosatellites, a tumor could be classified as MSI-L or

MSS. In fact, the existence of MSI-L tumors is still

a matter of debate [24]. Real clinical differences be-

tween MSI-L and MSS tumors have not been reported,

and MSI-L tumors (like MSS tumors) have never been

demonstrated to have a mutation in any mismatch re-

pair gene responsible for microsatellite instability. It

appears that a given dinucleotide repeat may show in-

stability in tumors which are not mismatch repair de-

ficient. In some cases, it has even been reported that

this fact is a non-reproducible PCR artifact due to the

quality and/or quantity of DNA rather than real insta-

bility [25]. Although unstable on 2 out of the 5 mi-

crosatellites of the Bethesda panel, a tumor is not nec-

essarily MSI-H if the two unstable microsatellites are

dinucleotide repeats. This fact was acknowledged at

the recent Bethesda consensus meeting. It is the main

caveat of the original Bethesda panel of microsatellites,

since it is now recommended to analyze more mononu-

cleotide repeats in these particular cases.

As discussed farther, deletions in BAT-26 are pro-

posed to be stepwise during tumor progression. The

same should be true for other quasimonomorphic

mononucleotide repeats. Instability of these repeats in

MSI-H tumors is due to the accumulation of successive

deletions during tumor progression. As a consequence,

if such a repeat shows instability in non-MSI-H tumors

due to a general instability phenomenon, it will be a

short deletion that will not be considered to represent

genuine instability when scoring MSI status. Thus,

the use of mononucleotide repeats will never results

in scoring of MSI-L tumors, nor it will falsely score a

MSI-L tumor as a MSI-H one. 0–3.

6. Mutations in MSH6 and di- and

mononucleotide repeat instability

The MSI-H phenotype is due to a defect in the cell

mismatch repair system. Generally, this is a point

mutation in the hMSH2 or hMLH1 genes in the HN-

PCC cases, or methylation of the hMLH1 promotor in

sporadic MSI-H cases. Other mismatch repair system

genes have been reported to be altered in some cases

and responsible for the MSI phenotype. The hMSH6

gene is one such example [26]. The mismatch repair

system is composed of a number of proteins recogniz-

ing mismatches introduced by errors of the DNA poly-

merase during DNA replication. It is known that the

components of these protein complexes are different

according to the sizes of the deletions/insertions to re-

pair, and hMSH6 is not involved in the mismatch repair

of two or more bp. In other words, a tumor with a

hMSH6 mutation is stable at dinucleotide repeats [26].

Accordingly, the analysis of dinucleotide repeats will

not recognize such tumors.

The hMSH6 protein is specifically involved in the

mismatch repair of nucleotide substitutions and 1 bp

deletions or insertions [26]. Two cell lines mutated on

hMSH6, HCT-8 and HCT-15, are unstable at BAT-26

and the other mononucleotide repeats [13]. Our penta-

plex PCR reaction with 5 quasi-monomorphicmononu-

cleotide repeats is thus sensitive for the detection of

MSI tumors with mutations on hMSH6. 0–4.

7. DNA mislabeling and di- and mononucleotide

repeat instability

All those involved in the MSI field have seen at least

once in a published figure the dinucleotide PCR pro-

files of a tumor where one or two alleles are completely

different to those of the compared matching normal

DNA, and where there is no normal sized allele. Since

primary tumors, as opposed to cell lines, are very rarely

100% pure even after an enrichment step, the complete

absence of normal-sized alleles in these PCR profiles
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Fig. 1. Allelic profiles of NR-21 and BAT-26 (panel A), NR-27 and BAT-25 (panel B) and NR-24 (panel C) are shown for a MSS cell line (profiles

1), two MSI-H primary tumors (profiles 2 and 3) and a MSI-H cell line (profiles 4). For each marker, normal allelic size is indicated by shaded

areas. PCR artefacts or contaminating bands are marked by asterisks, but they do not interfere with scoring mononucleotide repeats since 1) they
are far from products with the same dye and 2) do not have the specific profiles of mononucleotide repeats containing PCR products.

raises the possibility of mislabeling of DNA samples.

This fact has already been pointed out by Perucho in

1999 [9]. In our analysis of BAT-26 and of a large num-

ber of dinucleotide repeats in a series of 160 tumors

and cell lines to compare their efficiency to determine

MSI status, we had a single sample showing conflicting

data [10]. This was a colorectal primary tumor unstable

on dinucleotide repeats and not on BAT-26. After fur-

ther investigation, we found that there were 2 tubes with

the same number in our bank of frozen samples. Indeed

the instability of dinucleotide repeats in this sample

was because the tumor and normal DNA were not from

the same individual. The same explanation is probably

true for many of the supposedly matched tumor/normal

samples showing very different PCR profiles, which are

not due to instability but rather to sample mislabeling.

Due to the quasi-monomorphic nature of mononu-
cleotide repeats, the analysis of matching normal DNA
is not required and the above type of sample mixing
cannot occur. In the second Bethesda meeting report, it
will be reported that “dinucleotide repeats. . . may pro-
vide internal control for the prevention of sample mix-
up”. We feel this is not necessary and propose to keep
things as simple as possible. Indeed, when any anal-
ysis is done on patient samples, there is no control to
check if the sample being analyzed is really that of the
patient to be analyzed other than careful tracking of the
samples by an appropriate coding system. The same
could easily be achieved with DNA extracted from tu-
mors without resorting to normal matching DNA and
to dinucleotide repeats. The only necessary precaution
is, as usual, to perform a control PCR without DNA to
avoid potential PCR contamination problems. 0–5.
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Table 1

Name Gene Genbank number Repeat Primer sequences Size

BAT-26 hMSH2 U04045 26 A intron 5 CTGCGGTAATCAAGTTTTTAG

AACCATTCAACATTTTTAACCC

183 bp

BAT-25 c-kit X06182 25 T intron 16 TACCAGGTGGCAAAGGGCA

TCTGCATTTTAACTATGGCTC

153 bp

NR-24 Zinc finger 2 X60152 24 T 3’UTR GCTGAATTTTACCTCCTGAC

ATTGTGCCATTGCATTCCAA

131 bp

NR-21 SLC7A8 XM 033393 21 T 5’UTR GAGTCGCTGGCACAGTTCTA

CTGGTCACTCGCGTTTACAA

109 bp

NR-27 inhibitor of

apoptosis protein-1

AF070674 27 A 5’UTR AACCATGCTTGCAAACCACT

CGATAATACTAGCAATGACC

87 bp

8. Additional information provided by di- and

mononucleotide repeat instability

As far as we know, no additional information can be
obtained by the analysis of dinucleotide repeats.

In contrast, mononucleotide repeats can provide sig-
nificant additional information. It has been shown that
shortening of the BAT-26 and BAT-25 alleles are pro-
gressive and concomitant [11,27,28]. In MSI-H ade-
noma, shortening of BAT-26 is less than in the corre-
sponding MSI-H carcinoma [29]. It is known that MSI-
H tumor progression is due to the accumulation of mu-
tations in short coding repeats within genes involved in
growth control and other important pathways [30]. The
number of genes known to contain such mutations is
increasing as recently reviewed [31]. We have defined
a Shortening Index at Non Coding repeats (SINC) with
BAT-26 and BAT-25 and showed it to be positively cor-
related with the accumulation of mutations in coding
repeats, suggesting that it could be a molecular clock
for tumor progression [30]. Moreover, the percentage
of mutation for a given target gene for instability in
MSI-H tumors can be very different between differ-
ent studies [31]. We have demonstrated that BAT-26
andBAT-25 amplification profiles can indicate the per-
centage of contamination of a primary tumor sample
by normal stromal cells (Brennetot et al. submitted for
publication). We have suggested that highly contami-
nated tumor samples, as indicated by mononucleotide
amplification profiles, should be enriched by microdis-
section or other methods prior to further molecular
studies, particularly those involving screening for mu-
tations in target genes for instability. All of the above,
defined with BAT-26 and BAT-25, can be extended to
NR-21, NR-22 and NR-24 giving even more precise
information. 0–6.

9. Conclusions

0-6, game, set and match for the mononucleotide
repeats!!

We showed in this review that mononucleotide re-

peats are much more informative, sensitive, specific

and easy to use than dinucleotide repeats to detect MSI-

H tumors, without beeing hindered by MSI-L tumors

whose real existence has yet to be proven.

We have already characterized 5 mononucleotide re-

peats, namely BAT-26, BAT-25, NR-21, NR-22 and

NR-24, and proposed that concurrent use of these

five microsatellites allows accurate evaluation of tu-

mor MSI status with 100% sensitivity, 100% specificity

and without the need to analyze corresponding normal

DNA [13]. Moreover we have defined conditions to

amplify all these in a single pentaplex PCR reaction

making this detection a one-step procedure [13]. This

assay is thus technically simpler to use than assays with

dinucleotide markers. It also reduces the number of

PCR amplifications from 10 to 1 making this test much

less expensive. Although the PCR products of these 5

markers are labeled with different dyes, one can have

some interference between the different markers if the

laser detection system is imperfectly adjusted. To avoid

this possible technical problem, we have defined new

primers to obtain PCR products of non-overlapping

sizes (see appendix).

As indicated by the last Bethesda consensus meet-

ing, the set of 5 quasimonomorphic mononucleotide

repeats defined here is likely to provide the best option

described so far for determining the MSI status of spo-

radic or hereditary human tumors. This method does

not require new specific equipment, and is not only

more sensitive and specific, but is also lower time and

cost consuming than previously used methods.
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Appendix

The sizes of the PCR products of the 5 mononu-

cleotide repeat markers described by Suraweera et

al. [13] are 121, 124, 104, 143 and 134 bp for BAT-26,

BAT-25, NR-21, NR-22 and NR-24 respectively. Due

to an average deletion of 5–12 bp for these markers

in MSI tumors, PCR products overlap. Our aim was

to shift the primers so that each amplification prod-

uct would have sizes differing by at least 20 bp from

each other, allowing a clear separation of each of them,

even when deleted due to microsatellite instability in

tumor DNA. Due to this change, any potential scoring

problem due to an imperfect adjustment of the laser

detection problem will be eliminated.

We were not able to set up good new conditions

with marker NR-22. Alternatively, another quasi-

monomorphic mononucleotide repeat termed NR-27

was used with success together with BAT-26, BAT-25,

NR-21 and NR-24. Genes names, primers sequences,

size of the PCR products and accession numbers of the

corresponding cDNA are given Table 1.

In each case, the anti-sense primer was labeled with

a fluorescent dye: FAM for BAT-26 and NR-21, HEX

for BAT-25 and NR-27, and NED for NR-24.

BAT-26, BAT-25, NR-24, NR-21 and NR-27 amplify

in a standard multiplex PCR with an annealing temper-

ature of 55◦C. PCR products are 183, 153, 131, 109 and

87 bp respectively when normal DNA (or MSS tumor

DNA) is amplified. There is thus, as we requested, a

minimum size difference of at least 20 bp between each

PCR product. Figure 1 shows amplification profiles

obtained with one MSI-H cell line, one MSS cell line

and two MSI-H primary colorectal tumors using these

new conditions.
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A. de la Chapelle, K.W. Kinzler and B. Vogelstein, Mutation

of a MutL homolog in hereditary colon cancer, Science 263

(1994), 1625–1629.

[7] R. Fishel, M.K. Lescoe, M.R.S. Rao, N.G. Copeland, N.A.

Jenkins, J. Garber, M. Kane and R. Kolodner, The human mu-

tator gene homolog MSH2 and its association with hereditary

nonpolyposis colon cancer, Cell 75 (1993), 1027–1038.
[8] F.S. Leach, N.C. Nicolaı̈des, N. Papadopoulos, B. Liu, J.

Jen, R. Parsons, P. Peltomaki, P. Sistonen, L.A. Aaltonen, M.

Nyström-Lahti, X. Y. Guan, J. Zhang, P.S. Meltzer, J.W. Yu,

F.T. Kao, D.J. Chen, K.M. Cerosaletti, R.E. Keith-Fournier, S.

Todd, T. Lewis, R.J. Leach, S.L. Naylor, J. Weissenbach, J.P.

Mecklin, H. Järvinen, G.M. Petersen, S.R. Hamilton, J. Green,

J. Jass, P. Watson, H.T. Lynch, J.M. Trent, A. de la Chapelle,

K.W. Kinzler and B. Vogelstein, Mutation of a MutS homolog
in hereditary nonpolyposis colorectal cancer, Cell 75 (1993),

1215–1225.

[9] M. Perucho, Correspondence re: C.R. Boland et al., A Na-

tional 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, 58: 5248-5257,
1998, Cancer Res 59 (1999), 249–256.

[10] J.M. Hoang, P.H. Cottu, B. Thuille, R.J. Salmon, G. Thomas

and R. Hamelin, BAT-26, an indicator of the replication error

phenotype in colorectal cancers and cell lines, Cancer Res 57

(1997), 300–303.

[11] X.P. Zhou, J.M. Hoang, P. Cottu, G. Thomas and R. Hamelin,

Allelic profiles of mononucleotide repeat microsatellites in

control individuals and in colorectal tumors with and without
replication errors, Oncogene 15 (1997), 1713–1718.

[12] X.P. Zhou, J.M. Hoang, Y.J. Li, R. Seruca, F. Carneiro, M.

Sobrinho-Simoes, R. Lothe, C.M. Gleeson, S.E. Hilary Rus-

sell, F. Muzeau, J.F. Flejou, K. Hoang-Xuan, R. Lidereau, G.

Thomas and R. Hamelin, Determination of the replication er-

ror phenotype in human tumors without the requirement for

matching normal DNA by analysis of mononucleotide repeat

microsatellites, Genes Chromosom Cancer 21 (1998), 101–
107.

[13] N. Suraweera, A. Duval, M. Reperant, C. Vaury, D. Furlan, K.

Leroy, R. Seruca, B. Iacopetta and R. Hamelin, Evaluation of

tumor microsatellite instability using five quasimonomorphic

mononucleotide repeats and pentaplex PCR, Gastroenterology

123 (2002), 1804–1811.

[14] N. Suraweera, B. Iacopetta, A. Duval, A. Compoint, E.

Tubacher and R. Hamelin, Conservation of mononucleotide
repeats within 3’ and 5’ untranslated regions and their in-



O. Buhard et al. / Quasimonomorphic mononucleotide repeats for high-level microsatellite instability analysis 257

stability in MSI-H colorectal cancers, Oncogene 20 (2001),

7472–7477.

[15] W.S. Samowitz, M.L. Slattery, J.D. Potter and M.F. Leppert,

Bat-26 and Bat-40 instability in colorectal adenomas and carci-

nomas and germline polymorphisms, Am J Pathol 154 (1999),

1637–1641.

[16] R. Pyatt, R.B. Chadwick, C.K. Johnson, C. Adebamowo, A.
de la Chapelle and T.W. Prior, Polymorphic variation at the

Bat-25 and Bat-26 loci in individuals of African origin, Am J

Pathol 155 (1999), 349–353.

[17] T.W. Prior, R.B. Chadwick, A.C. Papp, A.N. Arcot, A.M. Isa,

D.K. Pearl, G. Stemmermann, A. Percesepe, A. Loukola, L.A.

Aaltonen and A. de la Chapelle, The I1307K polymorphism

of the APC gene in colorectal cancer, Gastroenterology 116

(1999), 58–63.
[18] M.S. Wu, C.W. Lee, J.C. Sheu, C.T. Shun, H.P. Wang, R.L.

Hong, W.J. Lee and J.T. Lin, Alterations of BAT-26 iden-

tify a subset of gastric cancer with distinct clinicopathological

features and better postoperative prognosis, Hepatogastroen-

terology 49 (2002), 285–289.

[19] M. Mukherjee, M. Vaish, R.D. Mittal and B. Mittal, Allelic

variation of BAT-26 and BAT-40 poly-adenine repeat loci in

North Indians, Int J Mol Med 9 (2002), 91–94.
[20] A. Loukola, K. Eklin, R. Salovaara, P. Kristo, H. Jarvinen,

J.P. Mecklin, V. Launonen and L.A. Aaltonen, Microsatellite

marker analysis in screening for hereditary nonpolyposis col-

orectal cancer (HNPCC), Cancer Res 61 (2001), 4545–4549.

[21] G. M. Nash, M. Gimbel, J. Shia, A.T. Culliford, D.R.

Nathanson, M. Ndubuisi, Y. Yamaguchi, Z.S. Zeng, F. Barany

and P.B. Paty, Automated, multiplex assay for high-frequency

microsatellite instability in colorectal cancer, J Clin Oncol 21

(2003), 3105–3112.

[22] S. Halford, P. Sasieni, A. Rowan, H. Wasan, W. Bodmer, I.

Talbot, N. Hawkins, R. Ward and I. Tomlinson, Low-level

microsatellite instability occurs in most colorectal cancers and

is a nonrandomly distributed quantitative trait, Cancer Res 62

(2002), 53–57.

[23] P. Laiho, V. Launonen, P. Lahermo, M. Esteller, M. Guo,

J. G. Herman, J.P. Mecklin, H. Järvinen, P. Sistonen, K.M.

Kim, D. Shibata, R.S. Houslton and L.A. Aaltonen, Low-

level microsatellite instability in most colorectal carcinomas,

Cancer Res 62 (2002), 1166–1170.

[24] I. Tomlinson, S. Halford, L. Aaltonen, N. Hawkins and R.

Ward, Does MSI-low exist? J Pathol 197 (2002), 6–13.
[25] N.L. Sieben, N.T. ter Haar, C.J. Cornelisse, G.J. Fleuren and

A.M. Cleton-Jansen, PCR artifacts in LOH and MSI analysis

of microdissected tumor cells, Hum Pathol 31 (2000), 1414–

1419.

[26] N. Papadopoulos, N.C. Nicolaides, B. Liu, R. Parsons, C.

Lengauer, F. Palombo, A. D’Arrigo, S. Markowitz, J.K.V.

Willson, K.W. Kinzler, J. Jiricny and B. Vogelstein, Mutations

of GTBP in genetically unstable cells, Science 268 (1995),
1915–1917.

[27] A. Percesepe, M. Pedroni, E. Sala, M. Menigatti, F. Borghi,

L. Losi, A. Viel, M. Genuardi, P. Benatti, L. Roncucci, P.

Peltomaki and M. Ponz de Leon, Genomic instability and

target gene mutations in colon cancers with different degrees

of allelic shifts, Genes Chromosom Cancer 27 (2000), 424–

429.

[28] C. Blake, J.L. Tsao, A. Wu and D. Shibata, Stepwise deletions
of polyA sequences in mismatch repair-deficient colorectal

cancers, Am J Pathol 158 (2001), 1867–1870.

[29] K.M. Kim, R. Salovaara, J.P. Mecklin, H.J. Järvinen, L. A.

Aaltonen and D. Shibata, PolyA deletions in hereditary non-

polyposis colorectal cancer; mutations before a gatekeeper,

Am J Pathol 160 (2002), 1503–1506.

[30] A. Duval, S. Rolland, A. Compoint, E. Tubacher, B. Iacopetta,

G. Thomas and R. Hamelin, Evolution of instability at coding
and non-coding repeat sequences in human MSI-H colorectal

cancers, Hum Mol Genet 10 (2001), 513–518.

[31] A. Duval and R. Hamelin, Mutations at coding repeat se-

quences in mismatch repair deficient human cancers: toward

a new concept of target genes for instability, Cancer Res 62

(2002), 2447–2454.



Submit your manuscripts at

http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 

Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment

AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 

Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


