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Genomic loci susceptible to replication errors in cancer
cells
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Summary Microsatellite instability due to a deficiency in DNA mismatch repair is characteristic of a replication error (RER) phenotype. This
widespread genomic instability is well documented in hereditary non-polyposis colon cancer (HNPCC) as well as subsets of sporadic
carcinomas. Features of the RER phenotype such as the earty appearance in tumour development and better prognosis of RER+ colorectal
tumours render its examination important for cancer patients. Recently. we identified four loci that were shown to be highly susceptible to RER
in cancer cells. Here, we used these loci to detect the RER phenotype in sporadic carcinomas of colon, breast, lung, endometrium and ovary.
Replication errors revealed by these four markers followed the same tumour specificity as observed in HNPCC patients. In particular, 24%
(6/25) of colorectal. 33%0 (4/12) of endometrial and 17% (2/12) of ovarian cancers displayed the RER phenotype characterized by an
increased allelic mobility, whereas none of the breast (n = 22) and the lung (n = 27) carcinomas were found to be unstable. Assaying RERs
sensitive loci provides us with a useful diagnostic tool for HNPCC-like sporadic tumours.
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The genome-w ide microsatellite instabilitv. referred to as the repli-
cation error (RER) phenotype. is associated with a deficient DNA
mismatch-repair sy stem in patients from families affected sith
hereditary non-poix-posis colon cancer (HNPCC) (reviewed in
de la Chapelle and Peltomaki. 1995: Kolodner. 1995). In these
families. there is an excess of proximal colon cancers. or amona
extracolonic sites tumours are restricted to the endometrium. the
stomach and the ox an (Lx-nch and Smxrk. 1996). The RER pheno-
type has been also observed in sporadic colorectal carcinoma.
although in these instances its appearance was less frequently
correlated w-ith detectable mutations in know-n repair genes (Liu
et al. 1995a: Moslein et al. 1996). Recent reports suggested.
how-ever. that other mechanisms miaht also contribute to the inac-
tivation of these loci (Thibodeau et al. 1996: Kane et al. 1997).

Certain characteristics. such as the early appearance of a RER
phenotype in tumour dexelopment or a better prognosis of RER+
colorectal tumours. render examination of this phenotype impor-
tant for cancer patients (Shibata et al. 1994: de la Chapelle and
Peltomaki. 1995: Eschelman and Markow-itz. 1995: Kolodner.
1995). The frequencv of RER+ sporadic cancers is variable.
ranging from almost 70% in pancreatic carcinomas to feu cases in
liver cancer (Eschelman and Markow-itz. 1995). and there has been
onlv one documented case of childhood malignancy (Baccichet et
al. 1997). These obsernations suggest a tissue-specific relation
between defects in mismatch-repair and tumorigenesis associated
with the RER phenotype. Usin2 inter-Alu polvmerase chain reac-
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tion (PCR). we recently identified four DNA markers that were
susceptible to RER in cancer cells (Krajinov-ic et al. 1996). In this
report. we assess the stabilitx of these marker loci in sporadic
tumours and compare them w ith previously reported repeat
mark-ers.

METHODS

Patients

Paired normal and tumoral DNA samples were obtained from
patients who underwent surgery for colorectal (n = 2S). breast (n =
22). lung (n = 27). ovarian (n = 12) and endometrial (n = 12) carci-
nomas. This is an unselected group of apparently sporadic cases
w-hose clinicopathological data are summarized in Table 1. DNA
was prepared from tumours and matching normal tissue using
standard procedures.

PCR amplification

To perform locus-specific amplifications. the following primners
Awere designed usincg the sequence data generated from the
downstream region of the unstable oligo- A) Alu tails in
loci: R12A1267-3-381 (3-381). 5-CGCAGCAAGATGTGAGAAT-
3 : R12A1267-4-567 (4-567). 5-TCAGGGAAAAGGTGTTATh-
3: R12A1267-4--61 1 (4-611). 5-GAAGCCTGTCTATCTCTAG-3
and Rl2A!267-3-896 (3-896). 5 -CTGTTATTAACGTGTCTG-3 .
These oligonucleotides were radioactivelx labelled as described previ-
ouslv (Jamik et al. 1996) and used together with a non-locus-specific
Alu RI2A-67 primer (5-AGCGAGACTCCG-3 ) for PCR amplifi-
cation. The R12A/-67 Alu primer used to amplift the loci 4-567 and
4-611 was modified. and corresponding oligonucleotide sequences
wxere 5-AGCGAGACTCCGTCA-3 and S-AGCGAGACTC-
CGTCTA-3'. After an initial denaturation at 940C for 7 min. the PCR
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Table 1 Clinicopatological data of the cancer cases displaying microsatellite instability

Patient Cancer site Age at dagnosis Familial Multiple Poyps Lymph node Locationc
appearance tunoursb involvment

1 Colon 71 ++ - + - R
2 Colon 53 + - + - NA
3 Colon 76 - + + + R
4 Colon 74 + - - - L
5 Colon 78 - - - + R
6 Colon 74 - - - - R
7 Colon 78 ++ - - - R
8 Endometnum 79 - +
9 Endometrium 56
10 Endometrium 67 +
11 Endometrium 77 ++ +
12 Ovary 44
13 Ovary 58 - +
14 Ovary 58 - +

a +, Famity history of any type of cancer in at least one family member; ++, famity history of colon, endometriai or ovarian cancer in first degree relative.
"Prevlous history of any type of cancers. CL, left; R, right colon; NA, not available.
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Figure 1 PCR analysis of instability-prone loci in matched paired normnal (N) and tumoraJ (T) DNA samples from patients affected with sporadic colorectal
carcinoma. Four instability prone Ioi were analysed: 3-381 (A), 4-567 (B), 4-611 (C), 3-896 (D). A change in size of microsatellite alleles in tumour cells is
considered as instability. Patients assigned as RER+ are denoted by the same number as in Table 2. RER+ patients that do not display a RER phenotype at a
parbcular locus (Table 2) are marked by the number and an astersk RER- patients are indicated only by an asterisk

reaction was performed by adding 1 U of Taq DNA polymerase
(BRL) at 80'C. followed by 35 amplification cycles (30 s at 94°C.
45 s at annealing temperature and 30 s at 72CC) and a final exten-
sion at 72°C for 7 min. Annealing temperatures were 50°C for loci
4-567 and 3-896 and 58°C and 60°C respectively for loci 3-381
and 4-61 1. PCR products were analysed on a 6% denaturing poly-
acrylamide gel. Matched DNA sample pairs were also genotyped
using the microsatellite markers DMD. BAT-26. D3S 161 1.
D3S 1286. D9S 169. D12S320. THRA and D21S1436 as described

previously (Baccichet et al. 1997). Information on microsatellites
and the primer sequences is available at the Human Genome
Database.

RESULTS AND DISCUSSION

Genetic instability affecting the four loci tested is revealed by the
presence of new shorter alleles (Figure 1). These changes were due
to the contractions of poly(A) tails of Alu elements (Krajinovic et
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Table 2 Extended microsatellite anatysis of tumours displaying instability in at least one locus

Patient Cancer site 3-381a 4-567 4-611 3-896a DUD BAT-26 D3S1611 D3S1286 D9S169 D12S320 THRA D21S1436

1 Colon + + + + + + - + +: - +: +

2 Colon - + + + LOH + - +: + + LOH +
3 Colon _ + + + + + + + _ +

4 Colon + + + + + + LOH - + + + +
5 Colon + + + _ _ +
6c Colon - - - - - LOH LOH
7 Colon - + -+

8 Endometnum + + + + + + - + - + + +
9 Endometrium + + + + + + - - + LOH
10 Endometrium + + + + ND ND ND ND ND ND ND ND
11 Endometnum - - + - _ _ _ _ _ _ _ +
12c Ovary - - + - - - - - - - LOH -

13 Ovary + + + + + + + - + + + LOH
14 Ovary - - + - - + + + LOH +

aLoci susceptible to replication error described in this study. WMicrosatellite instability type 11 (difference equal to or less than two repeat units). the other unstable
loci show a type alteration (additional allele is different by more than two repeat units). cPatients with microsatellite instability at only one locus. ND, Not done:
+ denotes the presence of microsatellite instability: LOH loss of heterozygosity although the finding that appears as LOH could not be distinguished with
certainty from instability in the cases of polymorphic markers.
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Figure 2 Sensitivty of microsatellite markers to detect RER. Fraction of
the RER+ tumours identified by a given marker is indicated on the y-axis
(per cent)

al. 1996). Tumours were classified as RER+ when additional
alleles were observed in more than one marker locus in tumour
cells w-hen compared with the allelic pattern obtained from the
normal cells of the same patient (Figure 1. Table 2). Replication
errors were detected in at least one of our markers in 7 out of 25 of
the sporadic colorectal carcinoma cases. Six (24%) of these
patients displayed a RER+ phenotype (Table 2). Therefore. the
four loci were efficient in the detection of a RER+ phenotype in
the sporadic form of colorectal cancers. This frequency falls
A-ithin the range of 12-28%7 reported in the literature (Ionov et al.
1993: Thibodeau et al. 1993: Kim et al. 1994). However. no insta-
bilitv at the same loci was detected in breast (22 cases) or in lung,
(27 cases) cancers (data not shown). which is not concordant with
literature data (Eschelman and Markow itz. 1995) reporting that up
to 45% of lung and 20% of breast carcinomas are of the RER
phenotype. This discrepancy could be ascribed to a less stringent
definition of the RER phenotype or to differences among the sets
of marker loci assayed. For instance. some loci might be more or
less sensitive to replication errors. or they could be located within
genomic domains sensitive to RER in a tumour-specific manner.

To determine whether the four ne%v markers might also be
altered in non-colonic tissue)s) that are usuallv transformed in
HNPCC patients (Eschelman and Markowitz. 1995: Lynch and
Smyrk. 1996). we analy sed patients affected by endometrial (n =
12 ) and ovarian (n = 12) cancer. Four (33%c) endometrial and three
(25%) ovarian carcinoma patients displayed RERs in at least one
of the new loci analysed. although only two (2/12. 17%s) of the
ovarian carcinomas were considered RER+ (Table 2). The occur-
rence of the RER phenotype in endometrial carcinoma was higher
than reported previously (Eschelman and Markowitz. 1995). The
sensitivity of 3-381. 4-567. 4-611 and 3-896 to reveal RERs was
compared with eight other microsatellites. both mono- (BAT-26
and DND loci) and dinucleotide repeats. that were used by other
groups to study microsatellite instability. The results for cases onlv
in which microsatellite instabilit vwas found are shown in Table 2
and Figure 2. Loci 4-567 and 4-611 together with BAT-26
appeared preferentially to display the RER phenotype in the
analysed carcinomas (Figure 2). Marker 4-611 was shown to be as
good as BAT-26 (Table 2) in detecting, hig>hly unstable cases
(10/10). although its predictive xalue seems to be limited because
of false-positive cases (patients 6 and 12. Table 2). The other
markers (3-381. 4-567 and 3-896) were less sensitive. detecting
respectively seven. nine and eight of the ten highly unstable cases.
However. markers 3-381 and 3-896 showed greater susceptibility
to RER than any dinucleotide and the DMD mononucleotide
repeats tested (Figure 2). Interestingly. in one of the RER+
tumours (patient 5). instability wvas seen at four markers with
mononucleotide repeats (including BAT-26) but not at a single
dinucleotide repeat. thus reinforcinac the notion that the former
markers have a good predictive value for RER. These results indi-
cate that the four new marker loci. particularly 4-567 and 4-611.
are sensitive to RER in sporadic carcinomas affecting the same
tissues as in cancer patients from HNPCC families.

Table 1 shows that the RER phenotype tends to be more frequent
in colorectal carcinoma patients u-ith a familial historv of cancer.
proximal location, the presence of polvps and the absence of lymph
node involvement. i.e. with the clinical features known to be asso-
ciated with HNPCC-related colon cancers (Kim et al. 1994: Liu et
al. 1995a. 1995b: Moslein et al. 1996: Muta et al. 1996). The
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Table 3 Polymorphic status of 3-381 4-567. 4-611 and 3-896
mononucleotide repeats

Locus name Chromosomal Number of Allele number/
localizaborn individuals allele range (%)h

analysed

3-381 7q22.3 46 3/130-132 bp (94o0)
4-567 6p25.1 51 7/97-105 bp'
4-611 2q35 61 4/68-73 bp (780)
3-896 16q23.2 46 1/240 bp (100° )

aKrajinovic et al (1997). =Frequency of the most common allele for loci 3-381.
4-611 and 3-896 is given in parenthesis. cHighly polymorphic marker.

pattern of RER phenotype w-as anal-sed with respect to the number
of loci altered and the degree to which the allele in tumour tissue
was shifted (Table 2). A pattern similar to that seen in colorectal
carcinoma was also observed in endometrial and ovarian cancers.
Most patients showed alterations at multiple loci wvith pronounced
differences between shifted and normal alleles. This. so-called type
I alteration (in which the additional allele is shifted by more than
tw-o repeat units) is a feature known to be tvpical for RER+
HNPCC cells (Thibodeau et al. 1993). The fact that microsatellite
loci particularly sensitive to RER in cancer cells display similar
alterations in sporadic cases suggests similarities in the deficiency
of the repair system. On the other hancL patient 7. who had
colorectal carcinoma, and patient 11. who had endometrial carci-
noma (Table 2). displayed a weaker RER phenotype (two loci
altered) that is associated with type II alterations. which shift in size
by only one or two repeat units (Table 2). Owing to the small
number of patients with this phenotype. it is not possible to estab-
lish the predictive value of our markers in such cases. However.
this finding might reflect different gene defects or alterations in
distinct mismatch repair pathways. as suggested by different muta-
tional spectra in DNA mismatch repair genes in sporadic colon
cancers and HNPCC (Liu et al. 1995a: Moslein et al. 1996).

Here. we demonstrated that the alteration of loci sensitive to
RER in the sporadic HNPCC-related cancers is similar to one
observed in hereditary forms of these tumours. The fact that
HNPCC patients are prone to develop particular tumours led to the
suggestion that specific genomic domains might constitute prefer-
ential targets of RER in a tissue-dependent manner. Several docu-
mented examples (Mao et al. 1994: Shibata et al. 1994: Parsons et
al. 1995: Krajinovic et al. 1996: Malkhosyan et al. 1996: Hoang, et
al. 1997: Rampino et al. 1997) suggested that locus sensitivity to
RERs could be related to certain characteristics. such as the
sequence context. the chromatin organization or the expression
and replication status of chromosomal domains (review in
Coleman and Tsongalis. 1995). For instance. we and others have
noticed that loci susceptible to displaying a RER phenotype are
not necessarily polymorphic (Jamik et al. 1996: Krajinovic et al.
1996: Hoang et al. 1997). The loci 3-381 and 4-611 are barely
polymorphic in the population. whereas at the locus 3-896 no Vani-
ability was observed among normal individuals (Table 3). The
apparent tissue specificity may also reflect an increased suscepti-
bilitv- of the RER+ cells to exposure to specific mutagens at the
colorectal level. It has recently been proposed that mismatch repair
genes might play a significant role in carcinogenesis by fixing, the
environmentally induced DNA lesions (Holzman. 1996). The
understanding of how certain chromosomal regions are more
susceptible than others to the expression of a RER phenotype

opens the possibility of improving this diagnostic tool for certain
cancer types, more specifically for those in which prognosis value
is associated with the RER status.
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