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ABSTRACT

Instability of microsatellites is a hallmark of the DNA replication error

phenotype (RER+) due to the inactivation of mismatch repair genes. In
humans, microsatellite instability has first been described in colorectal
tumors developing in either hereditary nonpolyposis colorectal cancer or
sporadic patients. Colorectal tumongenesis in RER+ and RERâ€” tumors
is probably due to distinct mechanisms, and RER+ tumors have a better
prognosis than RERâ€”tumors. The study of the RER status of a tumor
may thus be important in the future to determine biological prognosis
factors and investigate therapeutical strategies. The RER status of 134
primary tumors and 26 cell lines derived from colorectal cancers was
established by PCR amplification and analysis of a minimum of 32 mic
rosatellite loci. This characterization allowed us to unambiguously classify
35 primary tumors and 7 cell lines as RER+. Typing of a single poly(A)
tract, BAT-26, was sufficient to confirm the RER status of 159 ofthese 160
tumors and cell lines. Moreover, in DNA from unaffected individuals,
normal tissues of a subset of the RER+ patients, and all RERâ€” tumors or
cell lines, BAT-26 was quasi-monomorphic, showing only minor size
variations. BAT-26 alleles showing shortening from 4 to 15 bp were

observed in all but 1 of the RER+ tumors and cell lines. The size
difference between the range of normal large alleles and unstable small
alleles was sufficient to be detected by electrophoresis on conventional
polyacrylamide gels stained with ethidium bromide. We thus propose a
simple, low-cost, and rapid method to screen for the RER status of
colorectal cancer primary tumors and cell lines, even in the absence of
matching normal DNA and, in most cases, without the need for radioac
tivity. This method could easily be set up in routine laboratories.

INTRODUCTION

The@ tumor phenotype has been defined by frequent somatic
variation in the size of microsatellites in tumor DNA as compared
with matching normal DNAs (1â€”3).This phenotype was first observed
in colorectal tumors of HNPCC and sporadic patients (1â€”3).HNPCC
is a familial form of colon cancer that also predisposes to endometrial,
gastric, renal, ureteral, and ovarian malignancies (4). HNPCC predis

position is associated with constitutional mutations in MMR genes
hMSH2 (5, 6), hMLHJ (7, 8), and hPMSJ and hPMS2 (9). Cells
deficient in MMR gene function are not able to correctly repair errors
occurring during DNA replication. Due to their repetitive structure,
which favors strand slippage, microsatellites are particularly prone to
replication errors, and MI is thus a hallmark of MMR deficiency. MI
is observed in 92% of HNPCC tumors (10) and in about 15% of

sporadic colorectal cancers (1).
The RER phenotype is not clearly defined. In the different studies

dealing with MI, there is a large discrepancy concerning the number
of microsatellite loci examined and the percentage of unstable mic
rosatellites to be observed to classify a tumor as RER+ . In this study,
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we used a minimum of 32 poly(CA) microsatellites to unambiguously
establish the RER status of 134 colorectal cancer primary tumors and

26 cell lines. We also used several poly(A) tracts and particularly
BAT-26, a repeat of 26 deoxyadenosines localized in an intron of
/ZMSH2, which provided remarkable results.

PATIENTS AND METHODS

A total of 134 tumors were collected from patients undergoing surgery for
colorectalcancerin our institution.Patientswith a familial historysuggestive
of HNPCC were excluded. DNA was prepared from tumors and matching

normal tissues. The RER status was determined by the study of a number of
poly(CA) microsatellite loci by either single or multiplex PCR amplification,
electrophoresisin denaturingpolyacrylamidegel, transferto nylon membrane,
and hybridization with a 32P-labeled (CA)12 oligonucleotide according to
standard procedures.

Colorectalcell lines were obtainedfrom Dr Sordat (Institut Suissede
Recherches ExpÃ©rimentalessur le Cancer, Epalinges, Switzerland), Dr
Zweibaum(Villejuif, France),or purchasedfrom the AmericanType Culture
Collection.In theabsenceof matchingnormalDNA, RER statuswasdeter
minedby multiplexanalysisof 32 microsatelliteloci.

PCR amplification of BAT-26 was performed with primers 5'-TGAC
TAC1TITGAC1TCAGCC-3' and 5'-AACCATFCAACA IlTrI@AACCC-3'
(10) at 300 nM each with 1.5 mM MgCl2, 100 @xMdeoxynucleotide triphos

phate, 0.25 unit of Taq polymerase, and 50 ng of DNA in a total volume of 20
pA.PCR conditions were 95Â°Cfor 5 mm followed by 35 cycles (95Â°Cfor 30
5, 45Â°C for 1 mm, and 70Â°C for 1 mm), and a final elongation at 70Â°C for 10

mm. The PCR products were separated on a 5.6 M urea/32% formamide/7%

polyacrylamide gel, transferred overnight on a Hybond N+ nylon membrane
(Amersham),andhybridizedwith a 32P-labeledoligo(dT),6or with the 32P-
labeled antisense primer used in the PCR reaction. Alternatively, BAT-26-

amplified products were run on nondenaturing 12% polyacrylamide gel and

stained with ethidium bromide.

RESULTS

An average of 65 poly(CA) microsatellites (and up to 100 in a
subset of the tumors) scattered over the human genome was used to
determine the RER status of a series of 90 sporadic colorectal cancers.
In each case, tumor DNA and matching normal DNA were analyzed,
and the presence of additional alleles in tumor DNA was scored.
Tumors were divided into two groups (RER+ tumors unstable on
more than 50% of the loci and RERâ€”tumors with instability on less
than 6% of the analyzed microsatellite loci) because it has been
reported that colorectal tumors unstable on few loci were similar for
clinicopathological variables to tumors without MI (11). A second
series of 44 primary tumors known to be diploid was analyzed with 40

poly(CA) microsatellites by multiplex PCR and processed as de
scribed above. Here again, tumors showing an instability index above

50% were considered as RER+ . A total of 35 RER+ and 99 RER
colorectal primary tumors was detected (due to the selection process
of the second series, this does not reflect the real percentage of RER +
tumors in colorectal cancer). None of the tumors presented an insta
bility index between 6 and 50%, thus showing an unambiguous
distinction between RER+ and RERâ€”tumors.

Twenty-three colorectal cell lines for which normal matching DNA
was not available were analyzed with 32 poly(CA) microsatellite loci.
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A microsatellite was considered to be unstable when more than two
distinct alleles were visible after hybridization of the gel. Four cell
lines showed an instability index between 24 and 44% and were thus
classified as RER+ . The other cell lines did not present any unstable
loci (12). Three additional RER+ cell lines were included in the
study, two established in the laboratory from primary RER+ tumors
(13) and SW48 (described as RER+ by other authors; Ref. 14). Taken
together, we analyzed 19 RERâ€” and 7 RER+ (HCT1 16, LoVo,
LS174T, Col 15, TC7, TC71, and SW48) cell lines.

To screen cell lines for potential alterations of GTBP, a MMR gene
involved in single-base MMR (15), we used BAT-26, a poly(A) tract
located in the fifth intron of hMSH2 (16). All but one of the cell lines
previously defined as RERâ€” by the use of poly(CA) microsatellites
seemed to be homozygous or quasi-homozygous for BAT-26. More
over, BAT-26 alleles showed only minor size variations not exceeding
2 bp from one cell line to another, thus seeming monomorphic or
quasi-monomorphic (Fig. 1D). These alleles were called large alleles.

The only RERâ€” cell line that seemed to be different was HCT15,
which is known to be mutated on GTBP (15) and thus unstable for
mononucleotide runs. On the other hand, all RER+ cell lines and
HCT15 were homozygous with amplified fragments from 4â€”15bp
shorter as compared with normal large alleles (Fig. 1D, lanes marked
with an asterisk). In the LoVo cell line, known to be homozygously
deleted for exons 4â€”8of hMSH2 (14), BAT-26 did not amplify (Fig.
1D, lane with a double asterisk).

To extend this observation, we analyzed normal DNA from 72
unrelated healthy family members from the Centre d'Etude du Poly

morphisme Humain. In every instance, the BAT-26 profile was quasi
homozygous and quasi-monomorphic with normal large allele(s)
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BAT-26 size variation
Fig. 2. Size variation of BAT-26 alleles as determined in denaturing polyacrylamide

gels. The percentage of DNA samples showing the indicated BAT-26 allelic size variation
is represented by U (normal individuals), A (RERâ€”tumors and cell lines), and U (RER+
tumors and cell lines). Vertical line, the limit between large normal and shortened unstable
BAT-26 alleles. Shadowed area, the shortened BAT-26 alleles at the limit of detection by

electrophoresis in standard polyacrylamide gels stained with ethidium bromide.

(Figs. 1A and 2). The same phenomenon was observed in DNA from

the 99 colorectal primary tumors defined as RERâ€” by the use of
poly(CA) microsatellites (Figs. lB and 2). On the contrary, DNA from
34 of 35 RER+ primary tumors showed unstable shorter BAT-26
alleles (Figs. lC and 2). Matching normal DNA of 21 of these RER+
tumors showed only the large BAT-26 alleles (data not shown).

The size difference between large normal and small unstable
BAT-26 alleles was sufficient to be detected by electrophoresis in
conventional polyacrylamide gel stained with ethidium bromide as
shown in Fig. 3. In lanes marked by open circles, the size difference,
although visible when loading small amounts of amplified DNA, was
at the limit of detection and corresponds to those tumors in the
shadowed area of Fig. 2. These particular cases are the ones showing

the smaller BAT-26 allelic size differences analyzed on sequencing
gels and revealed by autoradiography.

DISCUSSION

Microsatellites are widely used for linkage analysis and studies on
losses of heterozygosity and are generally highly polymorphic. In this

paper, we report that BAT-26, a poly(A) tract, did not show important

size variation either between both alleles or among individuals, except
for RER+ primary tumors and cell lines (Fig. 2). The only RER+
primary tumor that did not present shortening of the BAT-26 allele
may have been homozygously deleted within the hMSH2 gene in a

manner similar to that observed in the LoVo cell line; therefore, it may
have been unable to have BAT-26 amplified in tumor DNA. In RER+
cell lines, normal large BAT-26 alleles were completely absent. This
can be explained either by the shortening of one allele and the allelic

loss of the other or by a synchronous shortening of both BAT-26

alleles. The large alleles present in RER+ primary tumors were
probably due to DNA from contaminating normal cells. With some
exceptions (see, for example, the first lane of Fig. 1C), the shortening
of BAT-26 alleles also seemed to be synchronous in primary RER+

tumors.
It has been reported very recently in a series of colon cancers that

BAT-26 allelic size was reduced in 21 of 36 RER+ tumors (17), but
the RER+ definition was less stringent than that used in our study (at
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Fig. 1. Analysis of BAT-26 alleles by electrophoresis in denaturing polyacrylamide
gels and hybridization with a 32P-labeled probe. DNA was extracted from unrelated
Centre d'Etude du Polymorphisme Humain family members (A), RERâ€”primary tumors
(B), RER+ primary tumors (C) and RERâ€”and RER+ cell lines (D). C, the lane marked
by a black dot indicates the only RER+ primary tumor that does not show a shortened
BAT-26 allele. D, the PCR products were obtained from the following cell lines: Gly (A),
Col15(B),SW480(C),EB(D),IsreCol(8), LS513(F),LSI74T(G),CBS(H),FET(I),
V9P (J), Ala (K), LoVo (L), TC71 (81), Fri (N), LS1034 (0), HT29 (P), Isreco2 (Q),
Colo32O (R), HCT15 (S). and HCT1 16 (7). RER+ cell lines, asterisk.
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status should be added as a criterion to refine the diagnosis of HNPCC
(23).Thus,it is importantto havea simpleandefficientmethodto
establish the RER status of colorectal tumors. The use of a small
number of arbitrarily chosen microsatellite loci may not be adequate
because an instability background exists in RERâ€” tumors. Alterna
tively, the use of a minimum of 32 microsatellites, although efficient
in determining the RER status, is time-consuming. We have shown in
this paper that analysis of BAT-26 was able to confirm the RER status
of 159 of 160 colorectal tumors and cell lines (99.4% efficiency, Fig.
2).

To determine the RER status of primary tumors and cell lines, we
propose to amplify BAT-26 in tumor DNA by PCR and first analyze
the amplified products in conventional polyacrylamide gels stained
with ethidium bromide, because these gels do not require specific
equipment and radioactivity. In cases in which the BAT-26 size
variation seems small or absent, electrophoresis in sequencing gels
and hybridization should be performed. It has to be noted that the
availability of matching normal DNA is not an absolute prerequisite to

establish the RER status of tumors and cell lines. This method is
simple and inexpensive, and a large number of samples can be
analyzed simultaneously within a few hours in routine laboratories.
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Fig. 3. Analysis of BAT-26 alleles by electrophoresis in nondenaturing polyacrylamide
gels and ethidium bromide staining. Panels and symbols are the same as in Fig. 1. Larger
contaminating amplified products are visible on the gel but do not prevent the analysis of
BAT-26 alleles and can be good intemal amplification controls in cases in which the
MSH2 gene is partially or totally deleted, as it is shown for the LoVo cell line (D, double
asterisk). Circles in C and D, RER+ tumors and cell lines for which allelic size difference
is not apparent in these conditions. D, the PCR products were obtained from the following
cell lines: Gly (a), Col 15 (b), SW480 (c), EB (d), IsreCol (e), LS513 (J), CBS (g), FET
(h), V9P (I), Ala (j). LoVo (k), TC71 (I), Fri (m), LSIO34 (n), HT29 (o), Isreco2 (p),

Co1o320(q), HCTI5 (r), HCTI 16 (s), SWI 116 (t), Isreco3 (u), SW480 (i'), TC7 (w), and
HEC59 (x).

least one microsatellite showing instability out of only four poly(CA)
loci analyzed). It has also been reported that BAT-26 showed insta
bility in 100% of 27 RER+ colorectal cell lines, but the authors did
not report that this microsatellite was monomorphic in DNA from
normal individuals and RERâ€” tumors (18). Such size conservation
can be explained if BAT-26 is included in sequences important for
gene expression. BAT-26 is located just downstream of the GT splice
donor site of intron 5 of hMSH2. Work is in progress to determine
whether BAT-26 shortening would interfere with the efficiency of the
splicing of hMSH2 intron 5.

The quasi-monomorphic profile of BAT-26 is not a general rule for
poly(A) tracts because BAT-25 and BAT-40, two poly(A) tracts
located in introns of the c-kit oncogene and 3-@3-hydroxysteroid de
hydrogenase gene, respectively (18), although showing instability, are
more polymorphic in normal DNA (data not shown). Such a phenom
enon, however, has been reported for some poly(A) tails of Alu
elements, which have also been shown to be shortened in a small
number of RER+ colon tumors (19, 20) but for which size variation
was less important than the one described for BAT-26 in this work.

We are presently studying whether BAT-26 could also be an
indicator of the RER status in cancers from tissues other than colon.
HEC59, a RER+ cell line of endometrial origin (21), contains unsta
ble short BAT-26 alleles (Fig. 3D, Lane x). This observation needs to
be extended to a greater number of primary tumors.

Colorectal RER+ tumors have a better prognosis than RER

tumors (2, 11), and RER+ and RERâ€” carcinogenesis pathways are
probably distinct (3, 12, 22). Moreover, it has been proposed that RER
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