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Microsatellite instability (MSI) caused by deficient DNA mis-
match-repair functions is a hallmark of cancers associated with
the hereditary nonpolyposis colorectal cancer (HNPCC) syn-
drome but is also found in about 15% of all sporadic tumors.
Most affected microsatellites reside in untranslated intergenic
or intronic sequences. However, recently few genes with coding
microsatellites were also shown to be mutational targets in
MSI-positive cancers and might represent important mutation
targets in their pathogenesis. The systematic identification of
such genes and the analysis of their mutation frequency in
MSI-positive cancers might thus reveal major clues to their
functional role in MSl-associated carcinogenesis. We therefore
initiated a systematic database search in 33,595 distinctly anno-
tated human genes and identified 17,654 potentially coding
mononucleotide repeats (cMNRs) and 2,028 coding dinucle-
otide repeats (cDNRs), which consist of n = 6 and n = 4 repeat
units, respectively. Expression pattern and mutation frequency
of 19 of these genes with the longest repeats were compared
between DNA mismatch repair-deficient (MSI™) and proficient
(MSS) cancer cells. Instability frequencies in these coding mic-
rosatellite genes ranged from 10% to 100% in MSI-H tumor
cells, whereas MSS cancer cells did not show mutations. RT-
PCR analysis further showed that most of the affected genes
(10/15) were highly expressed in tumor cells. The approach
outlined here identified a new set of genes frequently affected
by mutations in MSI-positive tumor cells. It will lead to novel
and highly specific diagnostic and therapeutic targets for mic-
rosatellite unstable cancers.
© 2001 Wiley-Liss Inc.
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Tuma cells accumulagé mutatiors in componerg of cellular
pathway tha are essentibfor the maintenane of nhormd growth
ard differentiation In human epithelid tumors 2 types of genetic
instability hawe been identified chromosomkinstability (CIN),
which marks structurd and numericd chromosombaberratios in
aneuplod neoplast cells! and microsatellie instability (MSI),
which reflecs lengh variatiors at repetitive DNA sequencgin
diploid tuma cells23 The type and spectrun of mutatel genes
markedy differs amorg CIN and MSI tumors245 suggesting
distind but not mutually exclusive pathway of carcinogenesis.
MSI occus in abou 90% of hereditay nonpolyposs colorectal
cances (HNPCQ as well as in abou 15% of sporadc tumors of
the colon ard othe organ$'” ard is cause by mutationa inacti
vation of differert DNA mismatch-repaigene (hnMSH2 hMLH1,
hMSH6, hPMS1, hPMS2)8-14 However hMSH6 mutatiors ap-
pea to be associatd with alow levd of microsatellie instability
mainly affecting mononucleotid repeats516 MSI tumors show
particula clinicohistopathologidacharacteristics*® and hawe a
bette prognoss when comparel with microsatellie stabe colo-
rectd tumors3.19-21

Stratification of tumors accordirg to their MSI statws has been
proposeé to be ausefd diagnostt paramete?2 However most
microsatellits currenty used for MSI classificatio including
thos recommende by the ICG-HNPCC? resick in noncoding
intergenc or intronic sequencesUnlike lengh variatiors within
the® repeatsinstability of coding microsatellits is expecté to
resut in frameshif mutatiors of the correspondig genes inevi-
tably leadirg to truncatel proteins.

Numeros coding microsatellits are expectd to exig in the
human genome therely defining a subsé of targd genes that
might be specificaly altered in mismatd repar (MMR)-deficient
tumar cells Thus microsatellie unstabé cells might accumulate
numeros truncate proteins So far, only a limited numbe of
coding microsatellite-containig genes frequenty affected by mi-
crosatellie instability has been identified encodiry proteirs either
involved in signd transductio (TGFBRII, IGFIIR, PTEN)23-25
apoptoss (BAX, Caspas 5),26:27 DNA repair ((MSH3 hMSHS6,
MBDA4),28:2° transcriptionaregulation (TCF-4)° or immure sur
veillance (32M).31 However the frequeng of instability of these
coding microsatellits is highly variabe amorg MSI tumors of
differernt organs Frameshif mutatiors in the® genes seen to be
selecte for in MSI tuma cells since coding microsatellits of
identicd lengh in othe testal genes remainel unaffectec?® More-
over, biallelic inactivation of the® gene has been reported,
strongl suggestig tha the encode proteirs display tumor-sup-
pressie functiors and thus represehmajar targes of the mutator
pathway-associatkecarcinogenesis’-32

In an attemp to gain more insight into the molecula mecha-
nisms of the microsatellie mutato pathway we performel a
systemat databas seart for translatel (coding mono ard dinu-
cleotice microsatellits in human As afirst approach15 cMNRs
ard 4 cDNRs consistirg of at leag 9 and 5 repea units, respec-
tively, were examine for genett instability. The majority of
cMNRs but nore of the analyzel cDNRs showel ahigh frequency
of genett instability in MSI-H colorectd tumors ard cel lines.
Gene affectal by frameshif mutatiors encoc proten kinases,
hormonesgrowth factois as well as proteirs with differert enzy-
matic or yet unknown functions Ten of the 15 gene were found
to be expressd in all MSI-H ard MSS colorecté cance (CRC)
cel lines tested the remainirg 5 gene showirg a highly variable
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expression pattern. However, no correlation was observed betwéigrosatellite analysis

mRNA expression level and mutation frequency. These resultsgenomic DNA was isolated from 5-8 haematoxylin- and eosin-
demonstrate the existence of a broad spectrum of cMNR-contaifjained 5um sections after microdissection using the Qiamp
ing genes highly susceptible to frameshift mutations in MSI-Hissye Kit (Qiagen, Hilden, Germany). Preparation of DNA from
tumors. The knowledge of the whole spectrum of such genes, the| |ines was performed according to standard protocols. PCR
mutation frequency and type of frameshift mutations not onlyrimers were designed to closely flank the target sequence, yield-
enables novel diagnostic and therapeutic approaches but glg9 short amplimeres of about 100 bp, thus allowing precise
should help to uncover the pattern of genetic alterations contripagment sizing and robust amplification from archival tissues
uting to and specifying the microsatellite mutator pathway Qfraple I). PCR reactions were performed in a total volume g5

tumorigenesis. containing 50 ng genomic DNA, 245l 10X reaction buffer (Life
Technologies), 1.5 mM MgGJ 200 .M dNTPs, 0.3uM of each

MATERIAL AND METHODS primer and 0.5 U Taq DNA polymerase (Life Technologies) and

Database analysis using the following conditions: initial denaturation at 94°C for 4

To extract cMNRs and cDNRs, we screened the 109,289 entrf@d), followed by 35 cycles of denaturation at 94°C for 30 sec,
with human sequences in the EMBL database (EMBL Rel. 6&nnealing at 58°C for 45 sec and primer extension at 72°C for 30
March 2000). Using various Perl scrig&we obtained annotated S€C- The final extension step was carried out at 72°C for 6 min.
coding sequence (a total of 46,520 entries) and applied a rigordt/sR fragments were analyzed on an ALF DNA sequencing dewcoe
redundancy check at the 98% level, thus detecting a total of 33,5@¥nersham Pharmacia Biotech, Freiburg, Germany) using 6.6%
coding sequences in these entries. cDNA entries were compaPédyacrylamide/7 M urea gels. Size, height and profile of micro-
with genomic DNA to identify corresponding mRNA. If both Satellite peaks were analyzed using the AlleleLinks software (Am-
information sources were available for a particular gene, priori§fsham Pharmacia Biotech). Coding microsatellite instability was
was given to the genomic sequence, since repeats in cDNA miggered if smaller or larger-sized amplimeres were detected in
span several exons. We finally considered 22,577 cDN tgmor DNA compared with DNA from nonneoplastic cells. Allele
(MRNAs) and 11,018 coding sequences in genomic entries fpfensities were determined and ratios of wild-type and novel
further analysis. The list of candidates is routinely updated evedleles in normal and tumor tissues were calculated, defining a
3 months referring to the most recent EMBL database release. -fold difference as threshold for allelic shifts. Similarly, unstable

- . L lleles in tumor cell lines were identified by comparison with 36
In the codlng. regions, a minimum repeat length of 6 mpn_onuclg- matched normal mucosae. To determir)(e theppredicted repeat
roég::tsnlg ég;‘é?g?ﬁg%‘?n‘ggz éﬁgg';gg e"‘; St,haelllgévzlirﬂlg?étn?{;d@ e and length, amplified coding microsatellites were subjected to
of dinucleotide repeats were taken into consideration. cDNA a Dye terminator cycle sequencing (Perkin Elmer, Darmstadt,

genomic DNA entries were analyzed separately. Using seve ?rmany) and subsequent analysis on an ABI 310 sequencing

filters, repeat tracts within pseudogenes, vector sequences as ce.

as homopolymeric nucleotide stretches at the most 3’ ends of RT_pcRr

sequences were excluded. All candidate sequences were storeﬁ Messenaer RNA of 14 colon cancer cell lines was prepared as
a relational database for further analysis. Subsequently, 2 indepen- b chA t of 100 v A RNA prep
dent BLASTN analyses were performed: Initial database analyrggfgc'riﬁea usninzng)ogg oﬁgo ( dT)rllg p(i)nya fral vollﬁ: c:]?\zlgife
was done using the BLASTN included in the HUSAR progra ith 200 U M-MLV Reverse Trgﬁgcriptase (SuperScript, Life
package of the German Cancer Research Center in Heidelb thnologies) for 1 hr at 37°C. RT-PCR am lifications. were
followed by an Advanced BLAST analysis of the high throughpu g : P

; ; . ; ied out as described above usingullcDNA in 50 pl total
genomic sequencing (htgs) database (http://www.ncbi.nim.nftf"e ( : .
o : : reaction, 5ul 10X reaction buffer (Life Technologies), 1.5 mM
gov/). Exon-intron boundaries were determined by MALIGN anal gCl,, 200 uM dNTPs, 0.25.M of each primer and 0.5 U Taq

ysis, matching a candidate cDNA with homologous genomic DN A polymerase (Life Technologies). PCR products were visu-

sequences. Finally, true coding microsatellites were verified by & . X
dirgct sequencingyof repeat ce?ndidates amplified from geno ed on ethidium bromide-stained 2% agarose gels. As a control

DNA of loading and integrity of mMRNA, RT-PCR analysis of GAPDH
. ) was included. All PCR primers are listed in Table I. Fragment
Cell lines and tumor tissues analysis was performed as for genomic analysis using fluorescein-

Fifteen human colorectal cancer cell lines were obtained frolabeled primers. PCR reactions for cDNA MSI analysis were done
ECACC (http://www.camr.org.uk/frame.htm, SW48, HCT116)as described for expression analysis with the exception that'one 5
the German Cancer Research Center-Tumorbank (HT29, Swtggrescein-labeled primer was used.

SW948, Caco 2, CX-2, CXF94, SwW480, COLO320, LoVo,
LS174T, LS180) or CLS Cell Lines Services, Heidelberg, Ger- RESULTS
many (COLO-60H, LS-513). The human colorectal adenocarci- . ) )

noma cell line KM12 subclone KM12134 was originally received Database search for coding mono- and dinucleotide

from Dr. I.J. Fidler, MD Anderson Cancer Center, Houston, TXnicrosatellite candidates

The human colorectal adenocarcinoma cell lines CO115 and RKOOur database searches revealed 17,654 cMNRs and 2,028
were kindly provided by Dr. R. Hamelin, INSERM, Paris, FrancesDNRSs, consisting o6 and=4 repeat units, respectively. The
and Dr. M. Brattain, University of Texas, Health Science Centelgngest cMNR was composed of 32 adenines, whereas the longest
San Antonio, TX, respectively. Cells were grown in RPMI ocDNR contained 42 nucleotiddsg.,21 GT repeat units. Note that
DMEM supplemented with 10% FCS (Life Technologieswe did not consider poly A or poly T stretches at or near the
Karlsruhe, Germany), penicillin and streptomycin at 37°C with 5%ermini of annotated coding sequences. More than 90% of the
CO,. MSI-H (LoVo, KM12L4, HCT116, LS174T, LS180, CO115, identified cMNRs and cDNRs consisted of less than 9 or 5 repeat
RKO, COLO-60H and SW48) and MSS (CXF94, SW948, SW70Tnits, respectively, indicating an inverse correlation between re-
Caco2, HT29, Colo320, SW480, CX-2 and LS-513) cell lines haygeat length and frequency of occurrence in the genome (Fig. 1).
been previously classified with respect to their MSI status usirdINRs containing homopolymeric stretches o&md nucleotides

the NCI ICG-HNPCC microsatellite reference markerepresented only 2.1% (365/17,654) of candidate sequences, in
panel?? Formalin-fixed and paraffin-embedded matched normabntrast to about 9.2% of cDNRs (187/2,028) consisting &f &

and tumor tissues of 20 MSI-H colorectal tumors, 1 MSI-H ovaryepeat units. In addition to many novel coding region microsatel-
tumor and 2 MSI-L/MSS colorectal tumors had been MSI clasdlites affected by MSI, our set of cMNR sequences also included
fied accordingly?s previously described coding microsatellites such as thetract in
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Ficure 1 — Distribution of cMNR and cDNR candidate sequences in

current databasega) Mononucleotide repeats are depicted according
to repeat length and nucleotide type; the inset displays an enlarged
view of distribution differences among homopolymeric runs ct ®

repeat units(b) Cumulative distribution of dinucleotide repeats.

Since coding microsatellites of increased repeat length are ex-

our computational approach identified a comprehensive and un-
pected to show a higher probability of instability in MMR-defi-

Ag-tracts in the TCF-4 and CHK1 genes. These results suggest that
biased subset of candidate coding microsatellites.

the TGRBRII gene, the Gtracts in IGFIIR and BAX genes, the
Ag-tract in the hMSH3 gene, theg@ract in the hMSH6 gene, as
well as the recently described, ftract in the Caspase 5 and the
Identification of novel coding mono- and dinucleotide

microsatellites

cient cells than shorter repeat tracts, we chose 31 cMNR candi-

dates [(A)=10 (Mn=10 (Caz=ga: (G)=o] and 4 of the longest
cDNR candidates [(XY,)z] for further analysis relying on EMBL

database rel. 58. Subsequent computational comparison of cDNA
and genomic sequences revealed that 4/4 cDNR and 7/31 cMNR
candidates were present as contiguous repetitive sequences both in
cDNA as well as in genomic DNA, 2/31 cMNR candidates oc-
curred in genomic DNA only, whereas 22/31 cMNR candidates
were found exclusively in cDNA sequences. When PCR primers

flanking these repetitive sequences were designed, amplicons of

the expected size could be obtained from genomic template DNA
for all 4 cDNR and 18 cMNR candidates, including 9 cMNR

candidate sequences originally lacking any information about
genomic exon/intron boundaries. For 17/18 cMNR candidates,
direct sequencing of the PCR-amplified microsatellites confirmed
the presence of the predicted repeat tracts in coding regions of
genomic DNA. In addition, 2 of these 17 cMNR candidates were
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excluded because the predicted cDNA sequences were incorrectn contrast to cMNRs, cDNRs appeared to be remarkably stable
Overall, 15 novel cMNRs and 4 novel cDNRs (Table I) have been MSI-H tumors and cell lines. Only 1 unstable (AC3DNR
experimentally verified as coding microsatellites in the corrdKIAAOO40 gene) appeared in a single MSI-H tumor (data not
sponding genes and were used in subsequent analyses. Duringsttvn), suggesting that cDNRs consisting of less than 9 repeat
course of this study, 3 of the newly identified cMNR-containinginits are less error prone in mismatch repair-deficient cells. These
genes (SYCP1, ATR, MBD4/MED1) were reported by other inresults suggest a high frequency of cMNR instability in MSI-H
vestigatorg7.29.37 colorectal tumors and cell lines, while cDNRs rather rarely display
MSI.

Frequency of coding microsatellite instability in MSI-H tumors . - . . .
and cell lines Expression of genes containing coding microsatellites
; ; o ; . ; .. When we examined the expression levels of 15 cMNR-contain-
We examined instability at these newly identified coding mic- . ;
rosatellites in 9 MSI-H and 9 MSS colorectal cancer cell lines. A|[9 9enes by RT-PCR in 6 MSI-H and 8 MSS colon carcinoma cell

cMNRs were found to be unstable in at least 1 of the MSI-H cell€S: major differences were observed. Three of these genes either

lines but remained unaltered in almost all MSS tumor cell “nﬁlti‘sompletely lacked or showed only marginal expression in all cell

; ; SYCP1, FLT3LG and SLC4A3; Fig. 3). Two additional

(Table I1). To explore whether the observed genetic alteratio]8€S ( el J .
arose only in cultured cancer cell lines, we also investigated cM ONR-bearlng genes (AC1 and PTHL3) were expressed in about
instabilities in MSI-H and MSI-L/MSS primary tumors and 18°0% Of the cell lines at a rather mixed pattern, ranging from a very
MSS controls. cMNRs within 7 different genes (PTHL3 AC1low level up to highly abundant transcripts in distinct cell lines.
HPDMPK, OGT, U79260, SEC63 and SLC23A1) showed a high'€ _rémaining cMNR-containing genes (10/15) showed consis-
frequency of repeat-length variations, affecting at least 40% Nty high expression levels in all MSI-H and MSS cell lines
MSI-H tumors (Table Il). The same genes displayed framesh sted. No relationship between expression level and MSI status
mutations at similar frequencies in MSI-H CRC cell lines. ASoUld be observed.
expected, the majority of these novel cMNRs (13/15) maintainggg analysis of cDNAs
stable repeat length in almost all matched normal mucosae, in d . heth . f hif .
MSI-L/MSS tumors and in 9 MSS CRC cell lines. A control panel 10 _détermine whether somatic cMNR frameshift mutations
of 7 known cMNRs confirmed previously reported mutation freldentified in genomic DNA also occur in stable transcripts, we
quencies on our set of MSI-H tumors and cell lines, ranging froff{'°S€ 11 cMNRs identified in our study as well as 6 known
9% for hMSHS to 80% for TGBRI! in the MSI-H tumors and thus SMNR-containing genes for cONA mutation analysis, excluding
excluding any sampling bias. The observed cMNR instabilities ﬁlf-C4A3’ FLT3LG, AC1 and SYCP1, Wh:ldl‘. showedblelther no or
MSI-H tumors and cell lines included both deletions and insertiot3 rec|1uent CDNA exprlt(essmn in CRChce ines r(lTa e ”|)|' Orr:e
inevitably shifting the translational reading frame of the affecte@®Vé! (ART) and 1 known cMNR (hMSH6) showed only the

wild-type repeat length in the cDNA sequence. Concordance of
MRNA also showed in frame deletions of 3 nucleotides in 7/9 cd€nomic and transcribed cMNR frameshift mutations was ob-
lines and 3/20 tumors. No correlation could be observed betwegffved for 6 newly charact%nze(lj( (MAC30X, PRKhDC' HPDMPK,
the type of frameshift, the frequency of mutations and the nucl@ST, U79260, MBD4)han 4 J‘OW” cMNRs (hMSHS3, BA}X’
otide composition or length of the analyzed coding repeats. FF4 TGFB%”)' A ra;t er mixe pqtterng.g.,genomlltlz lDNA q
more than 50% of the MSI-H cell lines showing cMNR instability CPNA concor anﬁe of cMNR mutations in some cell lines an
only 1 allele was affected, while the repeat tract on the Seco‘ﬂ@cordanceoln others occurred in SLC23A1, SEC63 and IGFIIR.
allele remained stable. In most cases of MSI-H tumors showi.& about 30% of cases, mutant and wild-type alleles of equal

MNR instability. the wild-t lenath detectable besides tHatensity were present in cMNR transcripts, and we noticed stable
rﬁwutate:jnssigngly’ € wiid-type fength was detectable besides maintenance of 3 different-sized alleles for some cMNRs (SEC63,

hMSH6, BAX) in different MSI-H CRC cell lines (Table III).
These results demonstrate that about half of the genomic cMNR

TABLE Il — FREQUENCY OF MNR INSTABILITY IN MSI-H frameshift mutations are also found at the cDNA level in MSI-H

COLORECTAL TUMORS AND CELL LINES tumor cell lines.
Gene Repeat Cell Lines Tumors  Mucosae Controls
type  msi+ wmsi-  MSI+ MSI- MS1— DISCUSSION
FLT3LG Cy 6/9"  0/9 7/20  0/18 1/16 In our study, we applied computer-based algorithms to genome-
SYCP1 Ao 209 0/9 321 2/18 0/18  wide screening of coding mono- and dinucleotide microsatellites.

i'(-:(i“A?’ TCQ gf;g 8;8 12%% g’&g gﬁg Our analysis not only identified a series of novel genes containing
PTHL3 A g9 09 1820 117 018 cMNRs but also detected all currently described genes with trans-
SLC23A1 le 7/9 0/9 9/20 0/18 0/18 lated mononucleotide repeats, thus making any selection bias of
GART A 3/9 0/9 521 0/18 0/17 our approach unlikely. It is important to note that not all candidate

MAC30X Aig 2/9 0/9 7/21  0/18 0/18 coding microsatellite sequences obtained in the primary database

PRKDC A, 7 0/9 7/20  0/18 0/16 search represent true coding microsatellites and thus several re-

ATR A, 29 0/9 4/20  0/16 0/18 strictions apply. The quality of sequence retrieval is limited by the
MBD4 A, 19 0/9 2/21  0/18 0/18 quality of the sequence information available in the database,
SEC63 Ao 99 0/9 1521 0/18  0/18  aphout 2/3 of cMNR candidate sequencesrd) were excluded
OGT To 49 09 820 0/18  0/18  gye to sequencing artifacts, incomplete sequence annotation or if

HPDMPK T 6/6 0/8 19/20 7117 5/17 : : P
U79260 Tii 9/9 3/9  16/20  3/18 118 repeats were located in genes affected by somatic recombination.

hMSH3 A 206 0/8 510  0/10 n.d Microsatellites identified in EST or cDNA sequences always had
hMSH6 G 5/6 0/8 111 0/10 nd. to be compared with corresponding genomic DNA in order to

BAX Gg 5/6 0/8 5/11 0/10 n.d. verify repeat-length and to exclude those candidate repeats which
IGFIIR Gg 2/6 0/8 4/11  0/10 n.d. originate from intron-spaced, bipartite repeats at the genomic DNA
TCF-4 A 3/6 0/8 5/10  0/10 n.d. level. Thus, incorporation of expert knowledge as well as addi-

Caspase 5 f, 5/6 0/8 8/11  0/10 n.d. tional filters are an essential component of the proposed strategy in

TGRBERIL Ay, 6/6  0/8 810 0/10 n.d. order to reduce the huge amount of false-positive candidates.

IListed are the numbers of unstable over the total number of sample€Our resultjs shqw that cMNRs occur_redl more frequently .than
analyzed.—n.d., not determined. cDNRs with identical repeat length, which is in agreement with a
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wi wi wi

*
*
ATR FLT3LG MBD4 SEC63 SLC23A1 SYCPI
25 5.0 3.0 4.6 27 1.0 24
wi, +1 wi, =1 wi, =1 wi, =1,-2 wi, =1 wi, =1 wi, =1

Ficure 2 — Electropherograms of coding microsatellite instability. Fragment analysis of a representative set of coding mononucleotide repeats
in matched normal (N) and tumor (T) tissues is shown. Corresponding wild-type alleles (wt) in normal and tumor tissues are indicated togethel
with tumor-specific allelic shifts marked by asterisks. Calculation of peak intensity ratios is described in Material and Methods. Ratios above
2 are defined as threshold for shifted alleles.

st =

fe soffggiistyail
Gene é[:‘.ﬁxﬂﬂmUUmﬂmazam
FLT3LG Fms-related tyrosine kinase 3 ligand c,
SYCPI Synaptonemal complex protein | A _
SLC4A3 Anion exchanger 3 brain isoform Cy _
ACI Differentially expressed in neuroblastoma T, TN
PTHL3 Parathyroid hormone-like protein (PTHrP), splice variant 3 A e
SLC23A1  Nucleobase ransporter (PR o o - - - - -
GART Trifunctional ribonucleotide transferase/ synthetase Ay o M a”
MAC30X Differentially expressed in meningeoma Ap
PRKDC DNA dependent protein kinase, subunit ¢ A
ATR Ataxia teleangicctasia and Rad3-related A
MBD4 Methyl-CpG binding domain protein 4 A
SEC63 ER membrane protein A
OGT O-linked GleNAc transferase Tw

HPDMPK Hypothetical protein downstream of DMPK and DMAHP locus Ty

il

U79260 Clone 23745 mRNA T
CALCA Calcitonin related polypeptide alpha (AG)s
HPR Haptoglobin related protein (GT)g
KIAAO0040  Human mRNA for KIAAGO40 gene (AC),
APl4 Apoplosis inhibitar 4 (Survivin) (AG)s
GAPDH

Ficure 3—RT-PCR expression analysis of cMNR- and cDNR-containing genes in MSI-H and MSS CRC cell lines. Results of gel
electrophoresis of RT-PCR for 15 cMNRs and 4 cDNRs are shown. As a control for RNA quality and reverse transcription GAPDH RT-PCR
was performed.

recent study on primate librari€8. Repeat length among our novel cDNRs of more than 10-repeat units. Detailed analysis
verified cMNRs or cDNRs did not exceed 14 or 16 nucleotidesevealed that they represent noncoding microsatellites. It is con-
reflecting 14- or 8-repeat units, respectively. It is important to noteivable that normal cells encounter problems in replicating, tran-
that the most recent database search (EMBL rel. 62) revealedctibing and/or translating longer runs of repetitive sequences.
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TABLE Il —ALLELE PATTERN REFLECTING cMNR INSTABILITY IN MSI-H CRC CELL LINES
Gene R{;gga‘ Templaté LoVo KM12 HCT116 LS174T Sw4s LS180

SLC23A1 G g wt wt,+1 wt,—1 wt,—1 wt,+1 wt,—1

c wt wt wt wt wt,+1 wt
GART Ao g wt wt,+1 wt wt wt,+1 wt

c wt wt wt wt wt wt
MAC30X Ao g wit wit wt,—1 wit wit wit

c wt wt wt,—1 wt wt wt
PRKDC Ao g wit wt,+1 wit wit wit wit

c wt wt,+1 wt wit wt wit
ATR Ao g wit wit wit wit wit wit

c wt wt wt wt wt wt
MBD4 Ao g wt wt wt,—1 wt wt wt

c wt wt wt,—1 wt wt wt
SEC63 Ao g wt,—1,—2 wt,—1 wt,—1,—2 wt,—1,—2 wt,—1,+1 wt,—1,—2

c wt wt wt wt,—1 wt
OGT Tio g -1 -1 wt -1 wt -1

c -1 -1 wt -1 wt -1
PTHL3 A, g -1 -1 -2 wt,—1 wt,—1 wt,—1

c -1 n.e. -2 n.e. n.e. n.e.
HPDMPK Tia g —-5,-2 -5-3 -3 —-4,-1 —-4,-3 —-4,-1

c —5,-2 -5 -3 —4,-1 -4 —4,-1
U79260 Tia g -1 -3 —-4,—-3 -3,-2 -2 -3,-2,-1

c -1 -3 -4 -3,-2 -2 -3,-2
hMSH3 A g wt wt—1 -1 wt wt wt

c wt wi—1 -1 wt wt wt
hMSH6 G g wt wt,+1 wt,+1,+2 wt,—1 wt,+1 wt,—1

c wt wt wt wt wt wt
BAX Gg g wt,—1,+1 wt,—1,+1 wt,—1 -1 wt -1

c wt,—1,+1 wt,—1,+1 wt,—1 -1 wt -1
IGFIIR Gg g wit wt,+1 wit wit wt—1 wit

c wt wt,+1 wt wt wt wt
TCF-4 Ay g wt,—1 wit wit wt,—1 wit wt,—1

c wt,—1 wit wt wt,—1 wt wt,—1
TGRBRII Ao g wt,—1,—2 wt,—1 -1 -1 -1 wt,—1

c -1,-2 wt,—1 -1 -1 -1 -1

IResults obtained from genomic DNA (g) or cDNA (c) templates, respectively. Results of 11 novel and 6 previously reported cMNR markers

are shown for 6 MSt colorectal cancer cell lines.—wt, wild-type repeat lengtfi;, 1 nucleotide insertion;-1, 1 nucleotide deletion; n.e., no
MRNA expression detectable by RT-PCR.

Replicative DNA polymerases preferentially generate single-baaetually will elucidate the exact number of genes contributing to
deletion and additional errors at homopolymeric repeat sequendéS| carcinogenesis.
and at a rate that increases with the number of repeats in thavismatch repair-deficient tumors accumulate mutations in
sequencé? This also might explain the high frequency of instagenes with microsatellites in coding regions. However, genetic
bility of mono- but not dinucleotide repeats in our study. Wenstability does not affect all coding microsatellites to the same
suppose that the number of long cDNR units in sequence databasg@nt2o Survival of cell clones harbouring mutations in coding
is too low to show a mutation rate comparable with cMNRsegions particularly underlie selective pressure. Frameshift muta-
Presumably, evolutionary reasons may account for the obsergfhs at some loci may confer a selective advantage during carci-
lack of cDNR sequences extending beyond 11-repeat units. We @iggenesis. In favor of this hypothesis, a significant variation in the
not observe any relationship between repeat tract length and nfriéquency of repeat instability could be observed among different
tation rate, which could be due to the small number of repeai®NRs, even when comparing repeats of identical type and tract
investigated. length (A, of SEC63 like TGBRII vs. A,, of PRKDC, MBD4,
Most of the previous studies have focused on single genes lIR&R, MAC30X and SYCP1). Similarly, cMNR mutation fre-
TGFBRII, BAX, IGFIIR and others and suggested that specifiguency did not correlate with the expression status of the corre-
genes with known relation to carcinogenesis in other cancer ma&ponding genes. As an example, SYCP1 shows no remarkable
els were targets of MSl-associated mutations in MSI tumors. In ootutation rate, although it is not expressed in the colon at all,
study, we undertook for the first time a comprehensive approachvihereas SEC6E3 is frequently mutated in spite of its high transcrip-
identify genes affected by MSI in mismatch repair-deficient tuional activity. Preliminary data on mutation frequencies of several
mors independent of their known role in other cancer model@MNRs identified in our study in endometrial carcinomas (data not
Therefore, we systematically identified candidate genes containi#lgown) support and extend the previous observation of organ-
coding microsatellites and began to analyze those with the longépecific difference?27.%0 Finally, some genes harbor multiple
repeat sequences and thus theoretically highest chances of maggling microsatellites (PRKDC, MBD4, OGT, SEC63, HPDMPK,
tions3° Using this approach, an initial subset of 15 experimental TR, SLC4A3, FLT3LG and SLC23A1). Recent studies on other
verified coding microsatellites could be identified, which wer@enes containing multiple coding microsatellites indicate that only
characterized in our study. Clearly, these studies will be extendédepeat tract seems to be affected by genetic instab#ity32
and the final goal will be to characterize all potential targdturther functional experiments may reveal whether frameshift
sequences with coding repeats, which ultimately allows the estdButations in specific genes provide growth-promoting properties
lishment of a detailed map of genes and their mutational freque®i- circumvent apoptotic pathways.
cies in the different progression steps of MSl-associated carcinot is generally assumed that microsatellite instability observed in
genesis. Only large-scale testing of all candidate microsatellitggsnomic DNA also manifests at the transcript level. Our results
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only partially support this hypothesis. Although we have examinedgulatory and a C-terminal catalytic domain. Frameshift muta-
microsatellite length of 11 novel and 6 known cMNRs at théons affecting the T, mononucleotide repeat are expected to
transcript level in a small number of MSI-H CRC cell linestruncate the protein in the N-terminal half, thereby eliminating
somatic genomic DNA frameshift mutations could be confirmed icatalytic activity. Since reciprocal O-linked glycosylation and
cDNA in about 50% of cases. Lack of mutation in the cDNA waghosphorylation have been reported on serine/threonine residues
observed in a small subset of cMNRs including SLC23A1, GARTimportant in modulating oncoprotein activity,it is tempting to
SEC63 and hMSHS. If a given gene is not expressed in a particugreculate that altered glycosylation might contribute to MSI-me-
tissue like, for example, in colon, somatic mutations in the codirdjated carcinogenesis.

region of this gene even if they occur at high frequency are likely Mammalian SEC63 is a ubiquitously expressed component of
to be functionally irrelevant. However, if transcription occursihe ER protein translocation machinggyé In yeast cells, a mu-
failure to detect a given transcript even by RT-PCR could be dggtion in SEC63 abolished peptide export and reduced misfolded
to low transcript levels or increased turnover of mutant trarprotein export from the ER? Since in mammalian cells transport-
scripts?® Transcription and translation of frameshift mutationgrs associated with antigen processing (TAP) efficiently import
might be of high importance for the carcinogenic process. Wentigenic peptides from the cytosol into the ER of mammalian
emphasize that deletion/insertion mutations in coding region ngjells but only a fraction of these peptides can bind to the MHC
crosatellites cause frameshift mutations that result in truncateghss | complex for antigen presentation at the cell surface, the
proteins. These mutant proteins by themselves might exert trafsajority of TAP substrates are rapidly exported from the ER to the
dominant functions on eventually remaining wild-type proteingytosol28 thereby ensuring that class | molecules are loaded pref-
and they might interact with other proteins, thereby representiggentially with high-affinity peptide4? Impaired SEC63 function
“gain of function” mutations. Particularly important might be thén MSI tumor cells might lead to the accumulation of frameshift
fact that MSl-induced mutations result in the expression of novghd low-affinity peptides in the ER, and their aberrant presentation
frameshift peptides at the C-terminus of mutant and expressgdthe cell surface would make these cells vulnerable to cellular
genes. Expression of such mutant transcripts and encoded fraf@mune surveillance. Moreover, SEC63 deficiency generally is
shift peptides would be a prerequisite for processing and presefpected to interfere with ER protein import and could be delete-
tation of derived neo-antigens, which would be MSI tumor-specifigous to these cells. Both mechanisms would provide a molecular
and might provide a source for new and tumor-specific antigenskplanation for the better prognosis of MSI tumors.

Recent results from our laboratory on some of these neo-antigengince 4 of these cMNRS (PTHL3, SEC63, HPDMPK and

consistently expressed in MSl-associated colorectal cancers SURY260) show mutation rates of 80% or more in MSI-H colon

port this hypothesist Taken together, these data suggest that Etrcinoma samples or cell lines, our approach yields new candidate
particular the expression of mutant genes with coding microsatglsnes suitable for diagnostic purposes. One might argue that
lites will explain many biological features of MSI cancers and wilkoging microsatellites are not eligible for diagnostic use since they
also provide an ideal source for the identification of new and reallye gyhject to selection mechanisms. However, our data show that
tumor-specific tumor antigens for diagnostic and therapeutic apaquently mutated coding microsatellite genes have a high spec-
plications. ificity for the MSI status, despite the underlying selection pro-
Our genomic DNA and cDNA mutation analyses clearly dencesses.
onstrated the occurrence of both mutated and wild-type cMNR g results have several implications for molecular diagnostic
alleles in primary tumors and cell lines. Despite microdissectionn therapy of MSI-H tumors. First, our strategy allows the iden-
we cannot exclude the contamination of tumor tissue with Sm%ﬁcation of novel genes affected by MSI potentially involved in
amounts of admixed stromal cells and lymphocytes, which migffe mutator pathway of carcinogenesis. The regulation of these
explain the wild-type signal in tumor tissues. However, cell linegenes together with structural and functional analysis of their
are expected to represent a clonal population. Interestingly, WRcoded proteins might facilitate the design of novel therapeutics
found different alleles in the majority of cell lines with mutatedsecific for the treatment of genetically unstable tumors. Second,
cMNRs. We speculate that subclones may emerge from 1 Clo'FgJ)nomorphic coding microsatellites represent a powerful tool for
cell population under high selective pressure and cell cultufgg) typing. Combined analysis of 2 of the most frequently altered
conditions. This hypothesis can be experimentally tested by ligyging mononucleotide repeats identified in our study would be
iting dilution experiments of mutated cell lines. The presence _%Efficient to detect MSI-H CRC tumors with high sensitivity, thus
wild-type and mutated alleles does not necessarily exclude bighyiating the need for matched normal tissue and significantly
lelic inactivation of MSI target genes, since genomic imprinting Qfequcing time and costs of this prescreening method. Third, vari-
promoter methylation of the wild-type allele might also contributgp|e instability frequencies among individual coding microsatel-
to inactivation of the second allele. Alternatively, truncated prQpes in MSI-H tumors of different orgafig’ (data not shown)
teins caused by frameshift mutations may confer a dominaffjicate a complex pattern of somatic frameshift mutations in these
negative phenotype, thus conferring a growth advantage to hgipetitive sequences. Such cMNR instability profiles should reflect
erozygous cells? different tumor biology and thus might represent a potentially
The algorithm developed for the identification of potential MSuiseful parameter for tumor stratification. Fourth, instability in each
target genes also provides a clue to the biologic relationship of tbeding microsatellite causes a limited number of repeat mutations
disease and the mutations implicated. In addition to known M@hd predictable frameshifts that would facilitate the development
target genes, whose products are involved in diverse cellulgirsequence-based and protein-based diagnostic screening assays.
processes like signal transduction, transcription, apoptosis dridewise, the resulting predictable translational frameshifts often
DNA repair, our study revealed frameshift mutations in proteingenerate unique tumor antigens suitable for MSI tumor-specific
including O-linked N-acetylglucosamine transferase (OGT) and &accination approaches.
endoplasmic reticulum membrane protein (SEC63) that have notoyerall, our results provide a platform of candidate cMNR-
yet been shown to be involved in colon carcinogenesis. OGhntaining genes. High-throughput MSI analysis technology will
attaches GIcNAc residues to serine/threonine residues of nuclgaryequired to systematically uncover the spectrum of potential
and cytoplasmic proteins in response to cellular signals in mugdyget genes and central components of the mutator pathway most

the same way that kinases regulate protein phosphorylation. It hﬁﬁquenﬂy altered by somatic frameshift mutations.
been suggested that OGT plays a direct role in regulating a number

of cellular functions including protein synthesis, neurofilament
assembly and transcriptidd.This eukaryotic enzyme is highly
conserved throughout evolution and consists of an N-terminalP. Bork is supported by DFG and BMBF.
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