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Abstract

Microsatellite instability (MSI) characterizes the hereditary nonpolypo-

sis colorectal cancer syndrome but is also found in sporadic tumors.
Frameshifts in microsatellites found in the coding regions (CDRs) of the
TGFÃŸi-RU, IGFItK, HMSH3, HMSH6, and BAX genes indicate that MSI

is involved in tumorigenesis by targeting genes that are directly implicated
in the tumorigenic process. To identify additional genes targeted for MSI,
we performed an analysis of the GenBank database that revealed 21
microsatellite repeats located in the CDR of 18 genes (12% of the analyzed
sequences) whose function could be potentially associated with the tumor
igenic process. Mutational studies of 57 sporadic gastrointestinal tumor
DNAs revealed the presence of length variations in three of them: (a)
BLM; (b) CBL; and (e) HOXA1. In the HIM gene, we found a frameshift
mutation in a polyadenine repeat, whereas in the (III proto-oncogene, an

expansion of a trinucleotide repeat was detected with no translation shift.
These alterations were present in 18 and 9%, respectively, of the geneti
cally unstable sporadic gastrointestinal tumors analyzed, but in none of
the cancers without the mutator phenotype. These changes were present in
the DNA from the tumor but not in that from normal cells of the same
patient. The HOXAl retraction of a trinucleotide repeat was as frequent
in both types of cancers and was also found in some normal paired tissues,
therefore behaving as a neutral polymorphism. Our data extend the
spectrum of unstable microsatellites located in gene CDRs and suggest
that HIM and possibly ('///. are involved in gastrointestinal tumorigenesis.

Based on its proposed function, the BLM gene could represent a link
between MSI and chromosomal instability pathways, because MSI target
ing of the BLM gene could generate hypermutability and/or chromosomal
instability.

Introduction

MMP+3 tumors accumulate thousands of somatic mutations in the

short repeat sequences present throughout the human genome (1).
Although MSI is a hallmark of HNPCC, it was also demonstrated in
various types of primary sporadic tumors, mostly in those from the
gastrointestinal tract (about 10-15% of colorectal carcinomas and
25-35% of gastric carcinomas; (Refs. 2 and 3). It has been suggested

that MSI is evidence for an intrinsic genetic instability that favors the
rapid accumulation of mutations in genes critical for tumor develop
ment. However. MSI has been mainly described in noncoding DNA,
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making it difficult to explain the link between these alterations and
tumorigenesis. Only a few genes that are targets of MSI within their
CDRs were identified. They include the transforming growth factor ÃŸ
type II receptor gene TGFÃŸl-RIIand the insulin like growth factor II

receptor gene IGfllR, the DNA mismatch repair genes hMSH3 and
hMSH6. the proapoptotic gene BAX, and the transcription factor
E2F-4 gene (4-8). With the exception of E2F-4, all mutations were

frameshifts predicted to generate truncated and nonfunctional pro
teins. The biallelic nature of some of these alterations was not defi
nitely proven. Because these mutations occur at hot spots for slippage-

generated mutations, it seems conceivable that they are the result of
preexisting defects in mismatch repair genes. This is certainly true in
HNPCC and in some sporadic tumors with MSI, in which the MSI is
caused by mutations in a variety of mismatch repair genes, including
hMSH2, hMLHI, PMS2, HMSH6/GTBP, liMSH3. or PMS1 (2), al
though many sporadic tumors with MSI show no alterations in any of
these genes (9).

Here we have investigated the possibility that additional genes
whose functions are potentially involved in tumorigenesis might be
mutated in MMP+ sporadic gastrointestinal tumors because of the

presence of microsatellite repeats, potential targets of MSI. in their
CDR. Therefore, an extensive search for new targets of MSI was
carried out. and the presence of somatic mutations in these genes in
sporadic gastrointestinal tumors with and without MMP was tested.

Materials and Methods

Tumor Samples. Fifty-seven primary tumors of the gastrointestinal tract

(39 colorectal tumors and 18 gastric tumors) and matched normal tissue were
used. All cases were identified histopathologically as adenocarcinomas. A
careful check of medical records was made to exclude patients with HNPCC
according to the Amsterdam criteria or patients with familial adenomatous
polyposis. Genomic DNAs were isolated using established procedures (10).

Assessment of MSI. Detection of MMP+ samples was carried out with a

panel of four dinucleotide microsatellites (D1IS1778, DÃŒIS1328,O//S922.

and DI ISI318). The primers for these four dinucleotide microsatellite loci
were obtained from information available through the Genome Data Base.
PCR amplifications were carried out as described previously (11). The CDR
microsatellites were amplified by PCR using 50 ng of template DNA: l /UM

each primer: 1.5 mM MgCI2: 50 ;U,Meach of dATP, dGTP. and dTTP: 5.0 /UM
dCTP; 0.1 unit of Taq DNA polymerase: and 1 /nCi of [a-"P]dCTP in a lO-^il

reaction volume. Conditions were optimized for each set of primers, but in
general. PCR reactions were carried out for one cycle at 94Â°C for 5 min
followed by 35 cycles at 94Â°Cfor 30 s, 55Â°Cto 58Â°Cfor 30 s, and 72Â°Cfor

30 s. PCR products were separated on a 6% polyacrylamide sequencing gel and
exposed for visuali/ation by autoradiography on Kodak X-AR films. For

verification, each PCR was repeated at least twice. As positive controls, we
have used three known intragenic microsatellites: (a) the 8 poly-G tract from
IGFIIR; (b) the 8 poly-A tract present in HMSH3; and (r) the 8 poly-C tract

from IMSH6 genes, for which we used the published primers and PCR
conditions (5,7).
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Table 1 Genes containing microxtiteHiies in Â¡heirCDRs ami PCK ampliÃŸcutionconditions

Gene"HIMBRCA1BRCA2CBLEÃŒF5HOXAIRKCQl.SHCITSCIWRNFunctionDNA

hclicaseTumor

suppressorTumor

suppressorOncogeneTranslation

regulationHmbryonic

developmentDNA

helicaseOncogeneTumor

suppressorDNA

hclicaseType

of repeat GenBank accessionno.(A)9(A)8(A)8(ATG)6(CAC)7(CAC)9(A)9(G)8(GCA16(A)8U39817U

I4680U43746X57IIOU49436UI0421L36I40U73377AF013I68L76937Primers

(5'-3')CTCTGCCACCAGGAAGAATCACAGCAGTGCTTGTGAGAACAGCCCACCTAATTGTACTGCCATGAGTTGTAGGTTTCTGTTGCTCACAGAAGGAGGACTGCATTTGCTTCAAACTGGGCTTGTTGAGGCAAGGAGCAGAGCACCAGCCAATTCCTTCATCCTCCGTATCCAGCAGTGAGACATCATCCTCCTCTTCTTCCGACGACCGCTTCCTAGTGTTCCCGGAAGTCTGGTAGTACGGAAAGGCAACAAGAGCCGGCATCAGAATCCTCTAAACCCACCTGACCATCAGTACTACCGAAGCCTCATGTCTACCATAGTGGAAGCAGAGGTGGTGACGCTTCTCCCATAGTCGTCTGGACTCTGCAAATAGGACCTGCTGTGCAGTTGTTTCCProductlength(bp)15311523710292107837812569Annealingtemperature(Â°C)58575757555757575555RIM.

BS gene: BRÃ•Al. breas! cancer type 1 gene: BKCA2. breast cancer type 2 gene: CBL. Cas-br-m ecotropic retroviral transforming sequence: EIF5. eukaryotic initiation factor
5: HOXAI. honieobox-AI gene: Rl-X'Ql. human recombinase Q-like gene: SHCI. gene for SHC transforming protein: TSCI tuberous sclerosis 1 gene: WRN. Werner syndrome gene.

The- Search for Microsatcllites in CDRs. Based on a literature search, we

selected a panel of I4X human genes whose function could be potentially
associated with processes that are disturbed in malignant cells, such as DNA
metabolism, cell cycle regulation, signal transduction. apoptosis. development,
and differentiation. cDNA and genomic sequences were retrieved from the
GenBank database and analy/ed for the presence of microsutellites in the CDR
of these genes with the use of the FINDPATTERNS program (GCG Wisconsin
program package version Unix-8.1). Arbitrarily, we searched for microsatel-
lites containing at least eight mononucleotide repeats or at least six di-, tri-, or

tetranudeotide repeats. Because only the cDNA sequence was available for
most of the genes in which microsatellite repeats were found. PCR primers
were designed to amplify the smallest possible fragment to avoid difficulties
caused by the potential presence of intron sequences.

Nuclcotidc Sequence Determination and Analysis. Genomic DNA frag
ments exhibiting band shifts were reamplified under the same conditions,
except for the omission of labeled dCTP. Before sequencing, the PCR products
were purified either directly or after separation in a 2% agarose gel using
Qiagen purification kits. Both DNA strands were sequenced using PCR prim
ers and an automated Applied Biosystem 377 sequencing station. Nucleotide
sequences were analy/.ed using the Wisconsin program package version Unix-

8.1.

Results

Identification of MMP"1"Tumors. We used 4 microsatellite mark

ers from human chromosome 11 (D11SI778. D1ISI328. DÃŒIS922,
and DI ISÂ¡318) to analyze 57 matched pairs of sporadic gastrointes
tinal tumors. We considered only the tumors showing MSI in at least
two microsatellites us MMP'. Using these criteria, 11 MMP+ tumors

were identified: 9 tumors with 4 unstable microsatellites: 1 tumor with
3 unstable microsatellites: and 1 tumor with 2 unstable microsatellites.
Of these, six were colorectal tumors, and five were gastric adenocar-

cinomas. Although our dinucleotide markers differ from the BAT
markers suggested to be the most sensitive markers for typing MMP+

tumors (4), we used stringent criteria (e.g., at least 50% of the markers
had to be unstable) and a number of loci (four) that was shown to be
powerful enough to decrease the risk of misclassification (12). Fur
thermore, both clinical and pathological correlations argue for a
correct classification. We found significant statistical differences be
tween the MMP' and MMP" cancers regarding the location on the
proximal colon (P < 0.05, Fisher's exact test) or the presence of

abundant lymphoid infiltrate (P < 0.05). Differences were found also
for two markers of poor prognosis, lymph node mÃ©tastasesand vas
cular invasion, but without statistical significance (data not shown).
All of these data are in agreement with the previously published

reports showing an association between the location on the right
colon, the presence of moderate/abundant lymphoid infiltration, or a
better prognosis and MMP+ gastrointestinal cancers (13, 14).

Identification of Microsatellites Located in the CDRs of Genes
Potentially Involved in Cancer. Previous work has reported the
search for either a limited number of genes (4) or for whole genes,
which were analyzed mainly in noncoding regions (introns, 3'-/5'-

untranscribed regions, or promoters; (Ref. 15). Here we searched for
the presence of microsatellite repeats only in the CDRs of 148 human
cloned genes with the use of the FINDPATTERNS program. The
selection of genes was nonrandom; some genes were selected because
they were directly involved in human neoplasia as tumor suppressor
genes or oncogenes, whereas the majority were selected because they
were involved in cellular processes such as DNA metabolism, cell
cycle regulation, signal transduction. apoptosis, development, and
differentiation that could potentially have a role in tumorigenesis. We
arbitrarily searched for the presence of microsatellite repeats of at
least eight mononucleotides or at least six di, tri-, or tetranucleotides.

All of the nucleotide combinations were searched. Using the 148
cDNA entries, we found 21 microsatellites located in 18 CDRs (12%
of the total). In addition to the genes presented in Table 1. the list
includes the CASP5, CDC25A, FGFR. TRF1. KIP2, PAK!, SMAD7,
and TRADD genes. The corresponding genomic sequence was avail
able for four of these cDNAs. Most of the CDRs contain only one
repeat, whereas in four cases (CBL, CASP5. HOXAI, and RECOL)
two different types of microsatellites were present. We were able to
amplify only 10 of the fragments containing CDR microsatellites
(Table 1). In the remaining 11 cases, we were unable to obtain PCR
products, presumably because introns closely adjacent to the repetitive
tracts were too large to be amplified and/or because of the presence of
high GC-rich regions.

Three Microsatellites Show Length Variations between Normal
and Tumor DNA. The analysis of the 10 fragments containing
repeats revealed that some tumors harbored variations in the length of
amplified products in the BLM, CBL, and HOXAI genes (Figs. 1 and
2). The BLM and CBL alterations were found only in genetically
unstable cancers [2 of 11 and 1 of 11 cases ( 18 and 9%, respectively)],
and none was present in the 46 cancers without MSI. The alterations
were found only in tumor DNA, not in the corresponding matched
normal DNA. The HOXAI gene microsatellite variants displayed the
same frequency (9%) in stable and unstable tumors (4 of 46 and 1 of
11 cases, respectively). Furthermore, although in unstable tumors, this

3778

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/17/3777/2467393/cr0580173777.pdf by guest on 19 M

ay 2023



MSI IN THE KIM AND CBL GENES

IGFIIR
40 49

N T N T

hMSH3
5 42

NT NT

HMSH6

63 69
NT NT

N T

69
N T

79

t
N T

33

N T

40

N T

71

N T
79

CBL HOXA1
Fig. 1. Representative examples of MSI detected in repetitive tracts of the various

coding regions. /V,normal DNA; 7",tumor DNA. Case numbers are shown above or hehw

each matching normal-tumor pair. Arrows indicate the abnormal bands. Tumors 5. 33, 40,
42, 49. and 71 are colorÃ©ela!adenocarcinomas. and tumors 63. 69. and 79 are gastric
adenocarcinomas. All tumors except 33 and 71 were classified as MMP+. Tumors 40 and

79 are examples of samples in which no hand shifts in both tumor and normal DNAs were
detected, whereas case 71 shows the same shift in both tumor and normal tissue DNAs.
Because of the tendency of Taq polymerasc to add an extra nucleotide at the end of the
synthesized DNA fragments, the PCR producÃsappear as double hands.

change was somatically acquired, the same change was also found in
other normal genomic DNAs. These results suggest that HOXA1
alteration is probably a neutral polymorphism. The sequencing data
for the abnormal products and the predicted functional consequences
at the amino acid level are presented in Table 2. Sequencing analysis
confirmed that the deletion of one nucleotide in the polyadenine tract
from the BLM gene, the insertion of three bases in the repeat motif
from CBL gene, and the deletion of three nucleotides from the HOXAI
microsatellite accounted for the observed band shifts.

For the remaining seven coding microsatellites (located in the
BRCAÃŒ,BRCA2, EIF5, RECQL, SHC1, TSCÃŒ.and WRN genes), we
did not identify any abnormal band in either MMP+ or MMP~

tumors.
From the analysis of genes that are known to be mutated in MMP+

tumors (IGFIIR, hMSH6, and hMSH3), we were able to demonstrate
frequencies comparable with the previously reported ones (27% for
IGFIIR, 18% for liMSHo, and 45% for hMSH3; Fig. 1). None of these
genes were found to be mutated in gastric or colorectal carcinomas
with only one or no MSI. These data confirm the distinction between
our MMP+ and MMP~ cancers and support that an adequate number

of tumors were included in both groups.
Some of the tumors revealed the presence of mutations in more than

one gene. In tumor 5 (a colorectal adenocarcinoma), we found muta
tions in the BLM and hMSH3 genes, whereas in tumor 69 (a gastric
adenocarcinoma), alterations in the BLM, CBL, HMSH3, and HMSH6
genes were present. No tumor with mutations in IGFHR displays BLM
or CBL alterations. Because of the limited number of MMP+ tumors

with intragenic MSI, we cannot draw any correlation between the
described intragenic mutations.

The homozygous or heterozygous status of the described mutations
in primary tumor specimens must be interpreted with caution, because
of the presence of the variable contamination of the tumor with
normal tissue. In this respect, we determined the percentage of non-

tumoral cell contamination on histological slides for the tumors with
BLM and CBL mutations. Tumor 5 with a BLM mutation showed a
characteristic abundant lymphoid infiltrate, and the number of non-

malignant and malignant cells was almost equal, whereas in tumor 69,
about 60-65% of the cells were malignant. Comparing the proportion

of nonaltered versus altered nucleotide sequences at the BLM locus in
these tumors, approximately the same ratio indicated on the pathology

specimens was found, suggesting that the malignant cells contained
only the abnormal BLM gene, with the normal nucleotide sequence
generated by DNA from the contaminating normal cells (Fig. 2).
Likewise, we estimated that the tumor with the abnormal CBL gene
contained the same amount of both normal and mutant alÃeles.

Discussion

An important question is whether the described mutations confer a
selective advantage during the tumorigenesis of MMP+ gastrointes

tinal tumors, or whether they are simply innocuous bystander events.
Indirectly, the absence of MSI internal to seven of the tested genes
indicates that, where found, the mutations may confer a selective
advantage. However, the answers are different for each of the genes in
which abnormalities were identified.

The BLM gene is a member of the RecQ gene family of helicases
and has a proven DNA unwinding activity (16, 17). Although the
physiological function for most of the DNA helicases has not been
established, the BLM protein could be involved in processes that are
disturbed in malignant cells, such as DNA replication, repair, tran
scription, and recombination or chromosome segregation. BLM mu
tations are shown to be the cause of the BS (OMIM 210900), a rare
autosomal recessive disorder characterized by chromosomal instabil
ity and a high predisposition to all types of human cancers, including
gastrointestinal tumors (16).

The one-nucleotide deletion from the BLM gene generates a stop
codon 45 bp downstream of the deletion, and a truncated 529-amino
acid protein (approximately one-third of the normal BLM product) is

predicted. The helicase domains are concentrated in a region between
residues 649 and 1041 ; therefore, the frameshift abolishes the helicase
function of the BLM protein. The mutation was found only in MMP +

gastrointestinal tumors, the same siutation as that described for the
previously well-documented alterations in the IGFIIR, hMSH3,
liMSHo, and BAX genes (5-7). Interestingly, we have not observed

alterations in the monotonous adenine tracts from WRN and RECQL,
two members of the same helicase family of genes as BLM. WRN is
the gene responsible for the Werner's syndrome (OMIM 277700), an

uncommon inherited disease characterized by premature aging and an

Normal

N T

Tumor 5

N T

-

10 BO

Tumor 69

Fig. 2. Frameshift mutation of the BLM gene. Left, when compared with the paired
normal DNA (N). an abnormally migrating band located below the BLM wild-type band

is present in the lanes for tumor DNAs 5 and 69 (T). Right, the sequences from tumor
DNAs 5 and 69 show a deletion of one adenine residue in the polyadenine tract (a
reduction from nine to eight) in both tumors. Note that in tumors 5 and 69. the proportion
of the ninth adenine (green peak} to thymidine (reel peak, arrows) (that is. of normal to
altered sequences, respectively) reflects the proportion of normal versus tumor cells as
expected from the analysis of the pathological specimens (see the text)
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Table 2 Structural tmd functional characterization of initiations in the unstable microsatellites located in CDRs

Gene" DNA sequence alteration Functional consequence Significance

HIM
CHL
HOXAI

l-hp (A) deletion
3-bp (ATO) insertion
3-bp (CAO deletion

Synthesis of a truncated polypeptide (529 amino acids)
Elongation of a 5-Asp repeat with 1 amino acid
Deletion of 1 amino acid from a 10-Hys repeat

Frameshift mutation
Insertion
Polymorphism (7 of 100 cases)

' BIM. BS gene: CRL. Cas-br-m ecotropic retroviral transforming sequence; HOXAI, homeobox-Al gene.

increased frequency of malignancy (18). RECQL is the human homo
logue of the Escherichia coli DNA helicase RecQ, and it has not yet
been associated with any human disease (19). These findings support
the hypothesis that targeting of BLM by MSI was not casual, and that
BLM mutation could be selectively advantageous for the neoplastic
cells.

The mechanism by which mutations in the BLM gene contributes to
cancer is not known, although it was proposed that the absence of the
BLM gene product could destabilize enzymatic complexes that par
ticipate in DNA replication and repair (16). It was shown that the
persistent genetic instability critical for the development of colorectal
cancer can arise through two distinct pathways: (a) MSI; and (b)
chromosomal instability (20). Either type of genetic instability may be
suffiicient to drive the neoplastic process, but they can also coexist (as
in the case in the LoVo and VI394 cell lines; Ref. 20). At least in
some cancers, chromosomal instability is associated with the loss of a
mitotic checkpoint caused by mutations in the hBUBI gene (21), and
interestingly, the fission yeast BLM gene homologue (mdJ2+/rqhl +)

has been shown to regulate the S-phase checkpoint and proposed to

couple chromosome integrity with cell cycle progression (22, 23).
Alterations in this function fit with the phenotype of the BS, which is
a clastogenic syndrome with great chromosomal instability character
ized by an increased number of cytogenetically visible and randomly
distribuied chromosome abnormalities (gaps, breaks, rearrangements,
and chromatid exchanges; Ref. 24). Another characteristic of the
genomic instability present in BS patients is the excessive number of
mutations in both coding sequences and noncoding repetitive DNA
(25, 26). Our findings suggest that the BLM gene could represent a
link between the two pathways of genetic instability; MSI targeting of
the BLM gene could generate hypermutability and/or chromosomal
instability, which are relevant for tumor progression. Could this
identify a new class of tumors within the MMP+ neoplasms? We

think this is an interesting hypothesis to be tested in the future.
The CBL protein is a member of a new class of proteins that modify

receptor tyrosine kinase-mediated signal transduction. CBL works as

a complex adaptor protein linking multiple signaling elements in a
highly defined manner, some of which are altered during human
tumorigenesis (27, 28). In addition, it was shown that deregulation of
CBL tyrosine phosphorylation is associated with oncogenesis (29).
The product of the proto-oncogene CBL contains several distinctive

regions suggestive of possible functional domains such as the central
45-amino acid RING finger, the COOH-terminal putative leucine
zipper, or proline-rich regions.

The trinucleotide insertion in CBL described in our study is located
in a repeat motif that maps in a region with an abundance of nega
tively charged amino acids that lacks a definite function. This inser
tion generates no frameshift in the coding sequence. Therefore, we
cannot draw any functional prediction for this mutation. The fact that
it was identified only in MMP+ cancers and not in the corresponding
normal counterparts or in any of the 46 MMP~ tumors suggests that

this alteration might play a role in tumorigenesis. The only trinucle
otide repeat alteration described to date in MMP+ cancers is the ACG

expansion/retraction from the E2F-4 gene, for which no frameshift

was predicted (8).
The oncogenic activation of CBL has been described as involving

deletions of functional domains. In 70Z/3 pre-B lymphoma cells, the

CBL oncogene is activated by tyrosine phosphorylation as a conse
quence of a 17-amino acid loss due to a splice acceptor site mutation
(29). A truncated form of CBL protein occurs in the cutaneous T-cell

lymphoma cell line HUT 78, in which the leucine zipper region and
a part of the proline-rich domain are lost (30). Although the 1-amino

acid insertion detected in our study does not fit with this model, the
heterozygous nature of the mutation is in agreement with the domi
nant effect of oncogene activation.

Homeodomain-containing proteins are transcription factors in

volved in the coordinated expression of multiple genes with roles in
development, differentiation, and malignant transformation. It has
been proposed that the HOXAI gene could be one of the regulators of
breast epithelial cell differentiation, and that the alteration of HOXAI
expression could play a role in breast cancer progression (31). The
3-bp deletion from HOXAI was observed with the same frequency in

both genetically stable and unstable tumors as well as in normal
tissues. Therefore, we consider it a neutral mutation. Additional
support for its polymorphic nature comes from its location in a stretch
of 10 histidines, which show length variation between man and mouse
(32).

In summary, this is a large-scale report of a search for microsatel-

lites located only in CDRs. We identified more than 20 potential new
targets, and we present a mutational analysis from about half of them.
We conclude that the frameshift mutation in the BLM gene and
possibly the mutation of the CBL oncogene may represent new alter
ations in MMP+ sporadic gastrointestinal tumors.
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