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Advances in Brief

Frameshift Mutations at Coding Mononucleotide Repeats of thehnRAD50 Gene in
Gastrointestinal Carcinomas with Microsatellite Instability *

Nam-Gyun Kim, Yon Rak Choi, Myung Jin Baek, Yun Hee Kim, Haeyoun Kang, Nam Kyu Kim, Jin Sik Min, and
Hoguen Kim?

Department of Pathology [N-G. K., Y. R. C., M. J. B., Y. H. K., H. Ka., H. Ki.], Cancer Metastasis Research Center [H. Ka., H. Ki.], and Department of General Surgery [N. K. K.,
J. S. M.], Yonsei University College of Medicine, 120-752 Seoul, Korea

Abstract findings suggest a multistep progression of MSI-positive tumors, a
] o B ) o model in which the MSI mutator phenotype unfolds in gradual steps
Microsatellite instability (MSI) and frameshift mutations in genes con- 1, o\,ccessive actions of the different mutator genes. Therefore, the
taining nucleotide repeats have been reported in a subset of colorectal and o . .
. . . ; ) ...~ MSI-positive tumor cascade is composed of primary and secondary
gastric carcinomas. This study describes the analysis of MSI-positive . i -
mutator genes, accelerating the level of genomic instability.

colorectal (39 cases) and gastric carcinomas (36 cases) for the presence o . . .
frameshift mutations of the six genes known to be involved in DNA repair It was recently reported that the DNA mismatch repair proteins

and containing mononucleotide repeats in their coding region. Our mu- form a comp.lex Wit_h other genes involved in DNA repair. DNA
tational study of the 75 MSI-positive tumors revealed frequent mutations damage repair proteins ((MSH2, hMSH6, hMLH1, ATM, and BLM),
in hRAD50 (23 cases, 31%)BLM (16 cases, 21%), andiMSH6 (16 cases, hRAD50-hMRE11-NBS1 protein complex, and DNA replication fac-
21%); rare mutations in BRCA1(1 case, 1%) andATM (3 cases, 4%); and tor C associate with BRCAL to form a large complex named BASC
no mutation in NBS1. In contrast, no frameshift mutation was found in 60 that serves as a sensor for DNA damage (10) |nteresting|y' many
MSI-negative colorectal and gastric carcinomas. The mutation of genes in this BASC have mononucleotide repeats within the coding
hRADS0, a gene that is involved in the response to cellular DNA damage regions: (a) the (A)tract in thehRAD50andBLM genes; (b) the (A)
and _forms a complex with hMRE11 and NBSl, has qot been reported tract in theBRCALgene; (c) the (Gtract in thehMSH6gene; (d) the
previously. Our results suggest that frameshift mutations ofhRAD50, -

(A) tract in theNBS1gene; and (e) the (F)tract of theATM gene.

BLM, and hMSH6 are selected and play a role in the tumorigenesis of . .
colorectal and gastric carcinomas with MSI. The MSI targeting of the Frameshift mutations of these genes, excepthf@ADS0,ATM, and

hRAD50 and BLM genes represents an additional link between MSI and NBSlin t.he.MSI-positive tumorS., had been reported previqusly with
DNA repair because alteration of these genes could accelerate defectivevariable incidences (8, 9, 11). Given that the mononucleotide repeats

DNA repair. in hRAD50, ATM,and NBS1might be another important target of
] tumors with MSI, we investigated the occurrence of frameshift mu-
Introduction tations in these genes and compared these results with the occurrence

A subset of sporadic gastrointestinal carcinomas exhibits a molt-f')é_-frameShl'ft mtutlatlogs |ntt_he oth_er genes'tLo:\r/]lelr:g the BASC in
ular phenotype commonly referred to as MSWSI is detected as primary colorectal and gastric carcinomas wi )

alterations in the size of microsatellite DNA sequences in DN'ﬁ/l terials and Methods
derived from tumor and matched normal tissue. MSl is a consequenc%

of defects in the DNA mismatch repair genes, includimgSH2, Patients and Tissue SamplesA total of 230 colorectal carcinomas and
hMLH1, hPMS1, hPMS2, hMSHand hMSH6 (1). Recent studies 414 gastric carcinomas were included in this study for the selection of tumors
indicate thahMLH1 promoter hypermethylation and lack of hMLH1with MSI. All cases were identified consecutively for the Gastrointestinal
expression play a major pathogenic role in sporadic tumors with MBlimor Working Group Tissue Bank at Yonsei University Medical Center
(2, 3). Defective DNA mismatch repair is thought to promote tumofSeoul, Korea) between December 1996 and November 1999. All cases were

igenesis by accelerating mutations in the oncogenes and tumor gﬂﬁtplogically confirmed as adenocarcinoma by two pathologists (H. Ka. and
pressor genes (4) H. Ki.) without prior knowledge of the molecular data. Tumor specimens were

MSI has usually been demonstrated in the noncoding portions rBFrodlssected on a cryostat and fractionated to enrich the tumor cell popu-

th H . lated di ﬁjlon. Genomic DNA was prepared by the SDS-proteinase K and phenol-
€ genes. However, In some cancer-related genes and in some o0 Woform extraction method.

mls_match repair genes, MSI has been identified in the protein codlngSmeenmg of MSI. DNAs from colorectal carcinomas (230) and gastric
regions. Known target genes affected by defective mismatch repgifcinomas (414) and matched normal DNAs were PCR amplified at five
include TGF-BRII, IGFIIR, and BAX (5-8). Mutations targeting microsatellite loci (BAT26BAT25, D2S123,D55346, andD175250) to
monotonic runs within the two mismatch repair get®ddSH3and evaluate MSI. PCR reactions were carried out in a mixture ofu20
hMSH6have also been identified in MSI-positive tumors (9). Theseontaining 1.5 m MgCl,;, 20 pmol of primer; 0.2 m each of dATP,
dGTP, and dTTP; 5um dCTP; 1 uCi of [a-*2P]dCTP (3000 Ci/mmol;
Received 7/27/00; accepted 11/13/00. DuPont New England Nuplear, Boston, MA); 50 ng of s_ample DNK; 1
The costs of publication of this article were defrayed in part by the payment of pafecR buffer; and 1.25 units of Tag DNA polymerase (Life Technologies,
charges. This article must therefore be hereby masgdwtrtisemenin accordance with Inc., Grand Island, NY). After denaturation at 95°C for 5 min, DNA
18 U.S.C. Section 1734 solely to indicate this fact. amplification was performed for 25-30 cycles consisting of denaturation at

1 Supported in part by grants from the Korean Science and Engineering Foundat ; ; °~_@a0N° ;
through the Cancer Metastasis Research Center Yonsei University College of Medicine C for 30 s, primer annealing at 55°C-60°C for 30 s, and elongation at

and 1999 Good Health R&D Project Grant HMP-99-M-03-0001 from the Ministry of 2 C for 15 s. PCR products were separated in 6% polyacrylamide gels
Health and Welfare, Republic of Korea. containing 5.6u urea, followed by autoradiography. MSI was determined
2To whom requests for reprints should be addressed, at Department of Patholqgly,the mobility shift of products from PCR. In tumors with MSI, additional

Yonsei University College of Medicine, CPO Box 8044, Seoul, Korea. Phone: 82-2-361: . -
5263; Fax: 82-2-362-0860; E-mail: hkyonsei@yumc.yonsei.ac.kr. %3ands were found in the normal allele regions. Based on the number of

3The abbreviations used are: MSI, microsatellite instability; BASC, BRCAL-assodarkers displaying instability per tumor, the tumors were initially divided
ated genome surveillance complex. into three groups: (athose with two or more of the five markers showing
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instability (high MSI, MSI-H); (B those with one of five markers showing A. Colorectal carcinomas

instability (low MSI, MSI-L); and €) those with no instability (MSI stable,

MSS; Ref. 12). MSI-H tumors were classified as MSI positive, and MSI-L 12 3 4 5 6 7 8 9 10
and MSS tumors were classified as MSI negative. NTNTNTNTNT h_T—TN_HN_T NT

Detection of Frameshift Mutations. Frameshift mutation in thd&dRAD50
gene was detected using a PCR-based assay. Genomic DNA was amplified with ——————
primers RAD50F (5AACTGCGACTTGCTCCAGAT-3) and RAD50R (5
CAAGTCCCAGCATTTCATCA-3) encompassing an 87-bp region of the

hRAD50segment [codon 704-733; (QA)epeats are located between codon 719 B. Gastric carcinomas

and 722]. Frameshift mutations of tAdM andNBS1genes were also analyzed

using the same method. The primersAdiM were ATMF (5-:CATGCTGTTAC- 12 3 4 5§ 6 7 8 9§ 10
CAAAGGATGC-3) and ATMR (5-TCGCACACTGAATAGCCTTG-3), en- NTNTNTNTNTNTNTNTNTNT

compassing an 88-bp region of th& M segment [codon 192-221; (TFepeats are —_—————r —
located between codon 213 and 215], and the primer&BB1were NBS1F

(5'-AGCAGACCAACTCCATCAGA-3) and NBS1R (5CAGAGACAT-
GAGAGAAGTTATC-3'), encompassing an 81-bp region of tiBS1segment
[codon 450—466; (A)repeats are located between codon 464 and 466]. Fig. 1. Alteration qf the coding p(_)lydeoxyadenosine mononuc!eotide_repeat numbers
. f . . . of the hRAD50gene in the MSI-positive colorectal (A) and gastric carcinomas NB).
Frameshift mutations in the coding nucleotide repeats of the other gengss from normal tissueT. DNA from carcinoma fissue.
(BRCAL, BLMandhMSH®6) were also analyzed using a PCR-based assay by o
using previously described primers (8, 11). DNA denaturation, electrophoresis,

and autoradiography were performed as described in the MSI analysis.

Sequencing Analysis 0hRAD50 Frameshift Mutants. To confirm that o 9 I 9 o] E l 9— & 9 I E b 9 I 9
the shifted band represents a frameshift mutation of HRADS50 gene, - - - -
genomic DNA fragments exhibiting bandshifts were excised and eluted from By “g '= | ==
the polyacrylamide gel and subcloned to pT7Blue vector (Novagen, Madison, -__-:"" = — oms
WI). Plasmids were sequenced using T7 sequencing kit (USB, Cleveland, OH) —] =1 "-_:" pa
and separated in 8% denaturing polyacrylamide gels. b - - E

=L = - -
Results - T - - ™ -

Frequency of MSI in Colorectal and Gastric Carcinomas.We - e = -~:
defined a tumor as MSI positive when two or more of the five markers =
examined exhibited new microsatellite alleles in the tumor specimen V(A7 V(Ar  WT(A)s  AANo
compared with the corresponding nonneoplastic tissue. The frequency of v

MSI-positive tumors was higher in colorectal carcinomas than in gastricFig. 2. Nucleotide sequence analysis of the representative cloneRAD50from
carcinomas: MSI was found in 39 of 230 (17%) colorectal carcinomyf§'Fostve sesc carenomadnanales paring por doun ndcate inserton or
and in 36 of 414 (9%) gastric carcinomd £ 0.002, y? test). tively.
Mutational Analysis of hRAD50, BLM, hMSH6, BRCA1, ATM
and NBS1in Colorectal and Gastric Carcinomas with MSI. We
analyzed the frameshift mutations of the mononucleotide repeat $ebp deletions and were confirmed by sequencing analysis. The
guences in the genes of the BASC complex by PCR amplification BkSH6 gene microsatellite variants were found in nine colorectal
the regions comprising the (4)ract in thehRAD50andBLM gene, carcinomas (23%) and seven gastric carcinomas (19%). Frameshift
the (C), tract in thehMSH6gene, the (Aj tract in theBRCAlgene, mutation analysis in the mononucleotide repeat sequences of the
the (T), tract in theATM gene, and the (A)tract in theNBS1gene BRCA1ATM, andNBSlgenes revealed no mutation or rare mutation
(Table 1). of these genes. THBRCA1frameshift mutation was found only in one
Alterations of hRAD50were found in 13 colorectal carcinomascolorectal carcinoma (3%). The sequencing analysiBREA1con-
(33%) and 10 gastric carcinomas (28%). The alterations of tfiemed a 1-bp deletion in the tumor DNA, whereas DNA from the
hRAD50included either 1- or 2-bp deletions or 1-bp insertions in theatched normal mucosa showed the normal sequence, indicating that
(A)o repeats of the coding region of tHeERAD50gene (Fig. 1). this mutation is a somatic mutation rather than a germ-line mutation.
Sequencing analysis confirmed that the deletion and insertion Sifnilarly, ATM frameshift mutations were found in one colorectal
nucleotides in the polydeoxyadenosine tract from tRRAD50gene carcinoma (3%) and two gastric carcinomas (6%). No frameshift
accounted for the observed bandshift (Fig. 2). Frameshift mutationsiutation of theNBS1gene was observed in MSI-positive colorectal
the BLM gene were found in seven colorectal carcinomas (18%) aagld gastric carcinomas. As controls, none of the 60 MSI-negative
nine gastric carcinomas (25%). All of the alterationsBifM were carcinomas had mutations in any of the genes.
The overall mutational profiles of the six evaluated genes revealed
Table 1 Frequency of frameshift mutations of the six genes involved in DNA repair irglverse Combmat_lons' _Among the 75 MSI-positive carcmo_mas,_ 44
75 MSI-positive gastrointestinal carcinomas (59%) had mutations in more than 1 gene, 15 had mutations in 2
genes, and 29 had mutation in 1 gene. The mutatiomRéfD50and
BLM were not mutually exclusive. Of the 23 cases witRAD50

Incidence of frameshift mutation

Type of nucleotide oo N = %] Stomach [N= 36] mutation and the 16 cases with tB&M mutation, 5 revealed con-
Gene repeat No. (%) No. (%) comitant mutations within the same tumor.
hRAD50 (Ao 13 (33) 10 (28) We evaluated the homozygous and heterozygous status of the
E'\%HB (é)g Z) (;g) 3 (ig) mutations by comparing the intensity of the normal and abnormal
BRCA1 EA))Z 1 ((3)) 0 19) (s_hifted)_ banq. The percentage qf tumor _cells, determined on the
ATM (T); 1 3) 2 (6) histological slides for the tumors with mutations, was about 50-90%.
NBS1 (A)7 0 0 Taking the percentage of tumor cells into account, we could differ-
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entiate 30 homozygous mutations of 58 frameshift mutations of thkeown to be a secondary mutator gene. The mutationsMBH6 in

(A) 1o repeats of thd GF-BRII gene from our 75 MSI-positive tumors MSI-positive tumors are proposed to accelerate genomic instability as-
(data not shown). Among the frameshift mutations of the six genessaciated with MSI (9). Thé8LM gene is a member of tHeecQgene

the BASC, homozygous mutations were rare; 2 oldMSH6muta- family of helicases, and its germ-line mutation is responsible for Bloom
tions were homozygous, whereas all of the mutations of the other fisgndrome. The possible mechanisms of altered BLM in tumorigenesis,
genes were heterozygous. which include disturbing DNA replication, repair, and recombination or
chromosomal segregation, had been proposed previously (11). Moreover,
Bloom syndrome is a cancer-prone disease and is well known for its
chromosomal instability. Therefore, the mutationiBAD50andBLM,

either single or putative, may selectively have effects on the genomic

In this study, we identified theRAD50gene as an important target
in tumors with MS. Frameshift mutations bRADSOwere present in ig_stability associated with chromosomal instability, thus contributing to

both MSI-positive colorectal and gastric carcinomas, and the fr - .
uency of this mutation was higher compared with other genes of t%ancer formation and/or progression.
q eIn conclusion, we have identified frequent frameshift mutations of

DNA repf':ur system._ . . HRADSO, BLM,and hMSH6 in tumors with MSI. Based on their
Alteration of the mismatch repair genes is the cause of MSI, and the .
: . o roposed function, theRAD50and BLM genes could represent an
genetic progression of MS-positive tumors has been proposed to a%iitional link between MSI and DNA repair because MSI targeting

based on the occurrence of accelerating mutations in tumor-reIaF1 . .
9 . q hgse genes could accelerate defective repair of the damaged DNA.
genes, such as oncogenes, tumor suppressor genes, apoptosis-relate

genes, and genes involved in DNA repair (5-9, 13-15). Several gemesferences
mvc_)lved in DNA repa_.lr Conta_m mononUCIeOtld_e repeats in the COdlng. Thibodeau, S. N., French, A. J., Roche, P. C., Cunningham, J. M., Tester, D. J.,
region, and frameshift mutations of these regions have been reportecLinéior, lﬁl M., Mosleini G.,dBaker, S. M, Lifskhay, R. M., lzu;]gart, L. J., Honchel, RH
: : and Halling, K. C. Altered expression of hMSH2 and hMLH1 in tumors witl

(8, 9). We found frequ_ent frgmeshlft mUta“(_)r_‘SBm-M andhMSH6 microsatellite instability and genetic alterations in mismatch repair genes. Cancer
and rareBRCAL mutations in our MSI-positive tumors. We also _ Res.,56: 48364840, 1996. )

. .. . . K . 2I Cunningham, J. M., Christensen, E. R., Tester, D. J., Kim, C-Y., Roche, P. C.,
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i ini i i i i colon cancer with microsatellite instability. Cancer R&8; 3455-3460, 1998.

DNA repair genes containing mononucleotide repeats in their COdm:g Fleisher, A. S., Esteller, M., Wang, S., Tamura, G., Suzuki, H., Yin, J., Zou, T-T.,

region, which have not been examined previously. We could not find Abraham, J. M., Kong, D., Smolinski, K. N., Shi, Y-Q., Rhyu, M-G., Powell, S. M.,

Discussion

frequent frameshift mutations in thTM andNBS1genes, however, James, S. P., Wilson, K. T., Herman, J. G., and Meltzer, S. J. Hypermethylation of the
frequent frameshift mutations 6BRAD50were found in MSI-positive
tumors, suggesting th&tRAD50might be another target gene in the
tumors with MSI.

All of the hRAD50frameshift mutations found in this study were
expected to result in truncated proteins of approximalély3,000
in size, as opposed td, 154,000 for the normal hRAD50 protein.

The expression of truncated hRAD50 protein and its direct impli-
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